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Preface 

Silicon-On-Insulator (SOl) CMOS VLSI technology has been regarded as another 
major technology for VLSI in addition to bulk CMOS technology. Owing to the 
buried oxide isolation structure, SOl technology offers superior CMOS devices with 
higher speed, higher density, and reduced second order effects for deep-submicron 
low-voltage, low-power VLSI circuit applications. In addition to VLSI applications, 
SOl technology has also been used to realize communication circuits, microwave 
devices, BiCMOS devices, and even fiber optics applications for its superior prop­
erties. There are three key factors in engineering SOl CMOS VLSI- processing 
technology, device modeling, and circuit designs. The mutual influences from three 
factors are important in developing a creative SOl CMOS VLSI technology. Im­
provements in the processing technology and understanding of the device behaviors 
lead to progresses in the SOl circuit designs. Requirements for low-voltage low­
power high-performance SOl circuits in the world-wide portable systems serve as an 
incentive to further evolve the SOl CMOS processing technology. Understanding 
of the SOl CMOS device behaviors can provide new ideas for development of the 
next-generation SOl CMOS technology. In addition, the developed SOl CMOS de­
vice models can provide CAD tools for circuit simulation. In this book, these three 
key factors in engineering SOl CMOS VLSI are covered. Starting from the SOl 
CMOS processing technology and the SOl CMOS digital and analog circuits, be­
haviors of the SOl CMOS devices are presented. In addition, a CAD program-ST­
SPICE, which incorporates models for deep-submicron fully-depleted mesa-isolated 
SOl CMOS devices, is described. This book is written for undergraduate senior stu­
dents and first-year graduate students interested in CMOS VLSI. The arrangement 
of the book is designed for a 3 semester-unit course. This book is also suitable for 
electrical engineering professionals interested in microelectronics. 
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Taipei, Taiwan 
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Chapter 1 

Introduction 

sal CMOS technology has been becoming another major technology for next­
generation VLSI[1]-[6]. In this chapter, starting from the fundamentals of SOl, 
the advantages of the SOl CMOS technology are described. The applications of 
SOl CMOS technology for realizing VLSI digital circuits are introduced. The ob­
jectives of this book in terms of processing technology, device modeling, and circuit 
designs for SOl CMOS VLSI are outlined. 

1.1 What is SOl? 

sal is Silicon On Insulator- on the top of an insulator layer, a layer of silicon thin­
film is used to build active devices and circuits. In the early stage of sal technology, 
this insulator is made from silicon nitride or sapphire-silicon on sapphire (SOS). 
Nowadays, the insulator in the sal is based on the oxide layer- the buried oxide 
layer is used to isolate the active device thin-film region from the substrate. Fig. 1.1 
shows the cross section of an sal CMOS device. As shown in the figure, on the 
bulk silicon substrate, a buried oxide layer is formed. On the top of the buried oxide 
layer there is a silicon thin-film, where active MaS devices and circuits are located. 

At the beginning, the motivation of the development of the sal technology is 
from the radiation hard properties of the sal devices. Owing to the excellent isola­
tion provided by the buried oxide, immunity of the sal devices against high-energy 
particle illumination is excellent. Fig. 1.2 shows the radiation effects on bulk and 
SOl MaS devices. As shown in the figure, the radiation effects on bulk and SOl 
MaS devices are quite different. When illuminated by a ray of the a-particles, in the 
silicon region where the high-energy particles pass, electron-hole pairs are generated. 
As a result, a large amount of current is produced. For the sal MaS device, the ac-

1 
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Figure 1.1: Cross section of an MOS device built on an SOl wafer. 
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Figure 1.2: Radiation effect on bulk and SOl MOS devices. 
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Figure 1.3: Comparison of the parasitic capacitances between bulk and SOl CMOS 
devices and the multiplication time of a 16bit x 16bit multiplier circuit built on a 
O.611m CMOS gate array in bulk and SOl technologies. 

tive thin-film region is totally isolated from the substrate. Therefore, the a-particle 
induced current has little influence in the device performance. In contrast, for the 
bulk MOS devIce, this a-particle induced current may flow to the active region. 
As a result, the operation of the bulk MOS device is seriously affected. Therefore, 
compared to the conventional bulk MOS devices, the SOl MOS devices are more 
suitable for operation in the environment with high energy radiation. Hence, at 
the beginning, the applications of the SOl technology are toward space or military 
oriented purposes. 

In addition to the radiation hard property, owing to the buried oxide layer, the 
parasitic capacitances of SOl MOS devices are smaller than those of bulk ones. 
Fig. 1.3 shows the comparison of the parasitic capacitances between bulk and SOl 
CMOS devices and the multiplication time of a 16bit x 16bit multiplier circuit built 
on a O.611m CMOS gate array in bulk and SOl technologies[4]. As shown in the 
figure, except the gate-related delay, other delays of the multiplier circuit due to 
the junction capacitances and the wiring capacitances of the SOl CMOS have been 
improved substantially as compared to the bulk CMOS. As a result, the speed of 
the multiplier circuit using the SOl CMOS technology has been enhanced. This is 
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Figure 1.4: Power versus delay of the inverter circuit using O.15p,m bulk and SOl 
CMOS devices. 

why the SOl CMOS technology has been receiving lots of attention. 

Fig. 1.4 shows the power versus delay characteristics of the CMOS inverter cir­
cuit using SOl and bulk CMOS devices with a channel length of O.15p,m[5]. The 
channel width of the devices used in the inverter is 15p,m for the NMOS and 30p,m 
for the PMOS. Various power supply voltages have been used. From this figure, 
owing to smaller parasitic capacitances in the SOl MOS devices, the power-delay 
product of the SOl inverter circuit is much smaller as compared to the bulk one. 
From this figure, SOl CMOS technology has high-speed and low-power properties. 

For SOl CMOS devices, buried oxide has been used for isolation. For bulk CMOS 
devices, between devices and between device and substrate, depletion regions of the 
reverse-biased pn-junction have been used for isolation. Therefore, device density 
of the bulk CMOS technology cannot be high. As shown in Fig. 1.5, for a deep­
submicron down-scaled bulk CMOS technology based on n-well or p-well, the in­
creased substrate doping density may degrade the device performance. In addition, 
the parasitic npn and pnp BJTs in the well and the substrate may be accidentally 
turned on to cause latch-up. In contrast, in the SOl technology, owing to the buried 
oxide isolation, no latch-up exists. In addition, device isolation is much simpler for 
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Figure 1.5: Cross section of bulk and SOl CMOS devices. 

the SOl CMOS technology. Therefore, from processing point of view, SOl CMOS 
technology has a higher device density and an easier device isolation structure. 

Owing to the superior properties, in addition to space and military applications, 
SOl CMOS technology has been gradually recognized as another major VLSI tech­
nology. Fig. 1.6 shows the technologies for high-speed digital circuits[7]-[13]. As 
shown in the figure, in addition to VLSI applications, SOl technology has also been 
used to realize communication circuits, microwave devices, BiCMOS devices, and 
even fiber optics applications for its superior performance. 

Recently, due to the rapid progress in VLSI, CMOS devices have been scaled 
down continuously and the size of the CMOS circuits has been expanding. In addi­
tion , meeting the needs in the portable systems, low-voltage and low-power designs 
have become indispensable. In this aspect, SOl technology is suitable for integra­
tion of the low-voltage and low-power VLSI circuits. Fig. 1.7 shows the scaling of 
CMOS threshold voltages [14] . For down scaling CMOS devices and for reducing 
power consumption, power supply voltage for a VLSI circuit has been shrunk. In 
order to maintain the driving current at a certain level, the threshold voltage of 
the CMOS devices should also be scaled down. For bulk CMOS devices, since the 

T 
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subthreshold slope is not steep enough, a reduction in the threshold voltage may 
cause an increase in the leakage current. As a result, standby power consumption 
is increased. On the other hand, for SOl CMOS devices, their subthreshold slope is 
steeper. Hence, their threshold voltage can be scaled down more easily. Under an 
identical situation, their leakage current is much smaller as compared to the bulk 
CMOS devices. Therefore, SOl CMOS devices are more suitable to be scaled down 
in deep-submicron VLSI technology for low-voltage low-power system applications. 

Recently, many semiconductor companies have been devoted to development of 
SOl CMOS VLSI circuits. Table 1.1 shows the SOl circuits recently published[15]. 
As listed in the table, SOl CMOS technology has been used to realize low-voltage 
low-power high-speed VLSI circuits from portable communication electronics, to 
gate array, DRAM, SRAM, and other system circuits. Fig. 1.8 shows the multipli­
cation time versus supply voltage of a 48-bit multiplier circuit using bulk and SOl 
CMOS technologies[15]. As shown in the figure, at an identical off leakage current, 
the SOl multiplier circuit is faster. In addition, when the power supply voltage is 
scaled down, the advantage of the SOl circuit is even more noticeable. 

Generally speaking, manufacturing cost of the SOl wafer is more expensive than 
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Circuits Gate Length Speed Supply Company Conference 

Portable 
Prescaler O.4l1m 2GHz 2V NTT 92 VLSI 
PLL 0.2411m 2.2GHz 1.5V NTT 931EDM 
I1controller 0.511m 5.7MHz 0.9V Motorola 951EDM 

Communication 
I/O 0.2511m 2.5GHz 2V NTT 961SSCC 
4:1 MUX 0.2511m 2.98GHz 2.2V NTT 961SSCC 
8x8ATM sw 0. 2511m 40Gb/s 2V NTT 97ISSCC 

Gate Array 
16KG 0.611m l1.4ns 3V Mitsubishi 911EDM 
300KG 0.2511m 70MHz 2V NTT 961SSCC 
220KG 0.3511m 2.5ns 2V Mitsubishi 97VLSI 
250KG 0. 2511m 18MHz 0.5V NTT 97ASIC 

SRAM 
512Kb 0.211m 3.5ns IV IBM 931EDM 

DRAM 
16Mb 0.6 - 0.711m 50ns 3V Samsung 95VLSI 
16Mb 0.511m 46ns IV Mitsubishi 97ISSCC 

Others 
ALU 0.2511m 40MHz 0.5V NTT 96ISSCC 
16x16multiplier O.4l1m 18ns 0.5V Toshiba 96ISSCC 
ALU 0.311m 200M Hz 0.5V Toshiba 971SSCC 

Table 1.1: SOl circuits. 
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that of the bulk one, which is a bottleneck for development. Fig. 1.9 shows the 
profit factor versus 8-in wafer cost factor for SOl relative to bulk[16]. As shown in 
the figure, although the wafer cost is more expensive, due to fewer steps and fewer 
masks needed in the SOl CMOS technology and due to a higher integration density, 
a smaller die area and a better performance, SOl CMOS technology can produce 
more profits. Therefore, in the future commercial VLSI circuits, the potentials of 
SOl CMOS technology are yet to be utilized. 

Along with development of new techniques, the cost of the SOl wafers is con­
tinuously falling. Fig. 1.10 shows the trend on the SOl wafer production[17]. Due 
to the continuously growing demands on low-voltage low-power high-performance 
VLSI wafers, the demands for the SOl wafers are continuously growing. Therefore, 
the potentials of the SOl CMOS technology are high. 

1.2 Objectives 

Fig. 1.11 shows three key factors in engineering SOl CMOS VLSI. Processing tech­
nology, device modeling, and circuit designs are comparably important. Mutual 
impacts among three factors are important in developing a creative SOl CMOS 
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VLSI technology. Improvement in the processing technology and understanding of 
device behaviors lead to progresses in the SOl circuit designs. The requirements 
for low-voltage low-power high-performance SOl circuits in the world-wide market 
serve as an incentive to further evolve processing technology. Understanding of de­
vice behaviors can provide new ideas for development of next-generation SOl CMOS 
technology. In addition, developed device models can provide CAD tools for circuit 
simulation. In this book, most of the three key factors in engineering SOl CMOS 
VLSI will be covered. Starting from SOl CMOS processing technology and SOl 
CMOS VLSI circuits, device behaviors of the SOl CMOS devices are presented in 
the following chapters. In addition, a SPICE program-ST-SPICE, which incor­
porates device models for deep-submicron fully-depleted mesa-isolated SOl CMOS 
devices, is described. 
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Chapter 2 

SOl CMOS Technology 

In this chapter, SOl CMOS technology is described. Starting from the evolution 
of SOl technology, various SOl substrate and isolation techniques are introduced. 
Then, a 0.25J-tm SOl CMOS fabrication processing sequence is described, followed 
by major SOl CMOS device structures. In the final portion of this chapter, special­
purpose SOl technologies including DRAM, BiCMOS, and power are described. 

2.1 Evolution of SOl 

Table 2.1 shows the evolution of the mainstream SOl technology. As shown in the 
table, the CMOS industry began to be interested in the SOl technology in late 1970s. 
Initially, it was based on silicon-on-sapphire (SOS) wafers[l]. Since early 1980s, SOS 
technology has been replaced by SIMOX (separation by implantation of oxygen) 
and ZMR (zone-melting-and-recrystallization) SOl technologies [2]-[5]. Owing to 
the progress in bond-and-etch-back SOl (BESOI), ZMR SOl technology has been 
replaced[6][7]. As a result, SIMOX and BESOI have become the mainstream SOl 
technologies. SIMOX technology is suitable for realizing ultra-thin SOl devices. 
However, the quality of the silicon thin-film is inferior. In contrast, the quality of 
the silicon thin-film in BESOI technology is better but uniformity control of the 
thin-film is inferior. Therefore, SIMOX and BESOI technologies have their own 
strengths[9]. Recently, smart-cut SOl technology has emerged[10]. In the following 
sections, each of the major SOl technologies is described one by one in details. 
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Evolution of the mainstream SOl Technology. 

Year First Author 
1978 Maurits[l] 
1983 Lam[2] 

1986 Partridge[3] 
1989 Colinge[4] 
1990 Auberton-Herve[5] 
1991 Vogt[6] 
1991 Colinge[7] 
1993 Feijoo[8] 
1993 Kawamura[9] 
1996 Auberton-Herve[lO] 

Technique 
SOS (silicon-on-sapphire) 
SIMOX (separation by implantation of oxygen) SOl 
ZMR (zone-melting-and-recrystallization) SOl 
SOS, SIMOX, ZMR SOl 
SIMOX, ZMR SOl, BESOI (bond-and-etch-back SOl) 
SIMOX, ZMR SOl, BESOI 
SIMOX, BESOI, ZMR SOl 
SIMOX, BESOI 
SIMOX, BESOI 
SIMOX, BESOI 
SIMOX, BESOI, Smart-Cut SOl 

Table 2.1: Evolution of the mainstream SOl Technology. 

Process Flow 

Silicon 

Silicon 

Figure 2.1: Basic steps of implant, anneal, and epitaxial silicon deposition in SIMOX 
wafer fabrication. 
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Figure 2.2: Buried oxide thickness versus the superficial silicon thickness for SIMOX 
produced at implant energies of 150keV, 175keV, and 200keV and oxygen doses of 
1 - 2 x 1018cm-2. 

2.2 SIMOX sal Substrate 

Implanted buried oxide layers for SOl were initially discussed in the late 1960s. 
Intensive work on Separation by Implantation of Oxygen (SIMOX) technology was 
begun in early 1980s. Fig. 2.1 shows the basic steps of implant, anneal, and epitaxial 
silicon deposition in SIMOX wafer fabrication[l1]. As shown in the figure, first, oxy­
gen is implanted into the silicon wafer. The profile of the implanted oxygen dopants 
is Gaussian-shape with its peak at some distance below the surface. Then, with 
a high-temperature anneal, the oxygen dopants react with silicon to form a buried 
oxide layer around the peak of the oxygen profile. During the high-temperature an­
neal, the oxygen dopants above the buried oxide move to gather at the peak region, 
thus react with silicon to form silicon dioxide. As a result, a single-crystal silicon 
thin-film above the buried oxide layer can be formed. If necessary, the thickness of 
the single-crystal silicon thin-film can be increased by epitaxy. Fig. 2.2 shows the 
buried oxide thickness versus the superficial silicon thin-film thickness for SIMOX 
produced at implant energies of 150keV, 175keV, and 200keV and oxygen doses of 
1- 2 x 1Q18cm-2[11]. As shown in the figure, when the buried oxide produced by the 
SIMOX technology becomes thicker, the top single-crystal silicon thin-film becomes 
thinner. The thickness of the top single-crystal silicon thin-film is related to the 
energy of the oxygen implant. A higher energy leads to a deeper distribution of 
the oxygen dopants. As a result, the buried oxide layer is formed at a deeper loca-
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Figure 2.3: Schematic illustration of an oxygen implanter. 

tion from the surface. Consequently, the thickness of the silicon thin-film becomes 
greater. 

Fig. 2.3 shows the schematic illustration of an oxygen implanter[12]. The 0+ 
ions, which are excited from the ion source, travel through the analyzer magnet. 
During this time, the unwanted molecular ion beam is dissipated. Then, the 0+ 
ions are accelerated by the post accelerator. After passing through the scanner and 
the bending magnet, the 0+ ions hit the target wafer, which is heated to 600C to 
suppress the generation of defects in the top silicon layers and to prevent silicon 
sublimation at the surface[14]. 

Fig. 2.4 shows Auger spectroscopy of an oxygen-ion-implanted silicon substrate[13]. 
The oxygen implant is at an energy of 150keV and a dose of 1.2 x 1018cm-2 . After 
the oxygen implant, the wafer is annealed in the N2 environment at 1150C for two 
hours. As shown in the figure, the distribution of the oxygen dopants is below the 
surface at a certain depth in the wafer. In addition, after the anneal procedure, the 
oxygen dopants react with silicon to form silicon dioxide. 

Fig. 2.5 shows the breakdown electric field of the buried oxide versus the dose 
of the oxygen implant[14] in a SIMOX process. The oxygen ions were implanted 
at 180keV and 550C. Subsequent anneal was performed at 1350C for 4 hours. The 
breakdown field was calculated by dividing the breakdown voltage by the mean 
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Figure 2.5: Breakdown electric field of the buried oxide versus the dose of the oxygen 
implant. 
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Figure 2.6: Schematic diagram illustrating the cross-sectional view of SIMOX wafers 
to explain the dose dependence of threading dislocation generation. 

value of the buried oxide thickness, which was estimated from an XTEM observa­
tion. The doses identified by A, B, C, and Dare 0.4,0.7, 1.2, and 2.0 x 1018cm-2, 

respectively. As shown in the figure, the dose of the oxygen implant affects not 
only the thickness of the buried oxide but also the quality of the buried oxide. In 
Region I, since no continuous buried oxide layer is formed yet, the breakdown field 
is OMV fcm. In Region II, some improvement in the breakdown electric field can 
be seen. However, as compared to the thermal oxide, the breakdown electric field 
is still inferior due to the wavy interface. In Region III, due to high-density silicon 
pipes, the breakdown electric field becomes 0 again. After Region IV, when the 
dose of the oxygen implant increases, the quality of the buried oxide layer increases. 
In Region IV, many silicon-islands are present, hence the breakdown electric field 
is still not good enough. In Region V, silicon-islands almost disappear. Instead, 
they are present at the bottom of the buried oxide layer. Therefore, the breakdown 
electric field is the highest. From this figure, Region II provides a dose window 
often used for the low-dose implant, which offers low-cost, high through-put pro­
duction. In addition, using the low-dose implant, the buried-oxide layer is thinner, 
which improves the self-heating of the device and the short-channel effects. Fig. 2.6 
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shows the schematic diagram illustrating the cross-sectional view of SIMOX wafers 
to explain the dose dependence of threading dislocation generation[14]. The doses 
of the oxygen implants in (a), (b), and (c) are 0.2 x 1018cm-2 , 0.4 x 1018cm-2 , and 
2 x 1018cm-2 , respectively. At a low dose of 0.2 x 1018cm-2 (a), the implanted oxygen 
ions are distributed at depths between Dp and Rp. After a low-temperature anneal 
at 1250C, oxide precipitates begin to form at a depth between Dp and Rp. Since at 
each depth, these oxide precipitates are still not continuous, a large stress leads to 
dislocations. After the high-temperature anneal, the oxide at the depth Dp disap­
pears and the oxygen dopants follow the dislocation path to join the precipitates at 
the depth Rp to form larger buried oxide layer regions. At this time, the buried oxide 
regions are not continuous. Therefore, there exists a larger stress, which results in 
threading dislocations. With a relatively higher dose (b), the situation is similar to 
(a). However, due to a higher dose, the buried oxide structure is more solid with 
the threading dislocations. With a high dose (c), before anneal, a buried oxide layer 
is already formed. Under a low-temperature anneal, below and above the buried 
oxide layer, there exist oxide precipitates. The bottom precipitates are connected 
to the buried oxide layer. Therefore, silicon-islands are formed. The number of 
the precipitates above the buried oxide layer is much smaller. Hence, in the silicon 
thin-film, there are threading dislocations to the surface. After a high-temperature 
anneal at 1350C, the threading dislocations still exist. Note that precipitates can 
prevent dislocations from spreading to surface. MFD is multiple faulted defects, 
which exist in the silicon wafer before the process. 

Fig. 2.7 shows the formation mechanisms of the threading dislocation [15]. When 
the high-temperature anneal starts, buried oxide is gradually formed. The excess 
silicon interstitials migrate toward surface to form the new epi-layer. If the anneal 
process is too fast, silicon atoms are easily accumulated in the location with an 
uneven stress. As a result, a large amount of precipitates with irregular crystal 
structures are formed. In addition, these precipitates grow continuously with the 
threading dislocations throughout the silicon thin-film. The threading dislocations 
affect the quality of the thin-film. The threading dislocations can be reduced by 
improving the annealing process. Fig. 2.8 shows the schematic diagram of an im­
proved annealing sequence [15] to reduce dislocations. As shown in the figure, the 
ramp-up period from 1050C to 1300C in the annealing sequence has been inten­
tionally lengthen to suppress the accumulation of the excess amount of the silicon 
interstitials for forming dislocations. 

Fig. 2.9 shows the microstructure evolution of low-dose SIMOX wafers during 
a high-temperature anneal[16]. As shown in the figure, during the annealing pro-
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Figure 2.7: Formation mechanisms of the threading dislocation. 
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Figure 2.9: The microstructure evolution of low-dose SIMOX wafers during a high­
temperature anneal. 

cess , due to the multiple faulted defects (MFD) at the top of the buried oxide in 
the silicon thin-film, large oxide precipitates and dislocations are generated. After 
the high-temperature anneal, these precipitates dissolve and move along the path 
of dislocations to join the buried oxide layer. As a result, not many vacancies are 
produced. In contrast, the situation under the buried oxide is different , where no 
multiple faulted defects exist. Therefore, most of the oxide precipitates under the 
buried oxide are small. During the high-temperature anneal, most of the oxide 
precipitates dissolve quickly, thus a large quantity of vacancies-stacking faults are 
generated. Therefore, for low-dose oxygen-implanted SIMOX wafers, the quality 
of the silicon thin-film is good. However, below the buried oxide, there are lattice 
defects in the substrate. The lattice defects beneath the buried oxide also provide 
advantages-impurity gettering. Fig. 2.10 shows the schematic representation of the 
gettering option for SIMOX wafers at lattice defects formed inside the thin silicon 
substrate located just beneath the buried oxide[16]. As shown in the figure, these 
defects can absorb some heavy-metal atoms at surface such that the quality of the 
thin-film can be raised. 

In order to further improve the quality of the buried oxide and the micro rough­
ness of interface, a high-temperature oxidation technique has been used for the 
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Figure 2.10: Schematic representation of the gettering option for SIMOX wafers at 
lattice defects formed inside the silicon substrate located just beneath the buried 
oxide. 

SIMOX wafers. Fig. 2.11 shows the thickness of the internal thermal oxide (ITOX) 
versus the reciprocal of the oxidation temperature in a SIMOX wafer implanted 
with an oxygen dose of 4 x 1017 em -2 at 180ke V[17]. As shown in the figure, after 
a high temperature oxidation, thermal oxide is grown at the surface. In addition, 
some oxygen atoms diffuse to the interface between the silicon thin-film and the 
buried-oxide, where reaction takes place. As a result, buried oxide thickens with an 
improved quality. Besides, the microroughness of interface has been improved. As 
shown in the figure, at a higher oxidation temperature, the oxygen atoms diffuse to 
the interface between the silicon thin-film and the buried oxide more easily. There­
fore, its internal thermal oxide becomes thicker. 

As for general silicon wafers, the surface roughness of SIMOX wafers can be 
improved by the hydrogen anneal. Fig. 2.12 shows the dependence of roughness 
on scale for the samples without a hydrogen anneal and with hydrogen anneals at 
1000C/30min, 1100/30min, and 1100/2hours[18]. As shown in the figure, with a 
longer anneal time, the surface roughness improves more. 
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Figure 2.13: The OVD reaction chamber for silicon-on-sapphire deposition. 

2.3 Other SOl Substrates 

In the previous section, SIMOX technology has been described. In addition to 
SIMOX technology, there are several other technologies available for SOL In this sec­
tion, silicon-on-sapphire (SOS), zone-melting-recrystallization (ZMR SOl), bond­
and-etch-back (BESOI), and smart-cut technologies are described. 

2.3.1 SOS Substrate 

The deposition of single crystal layers of silicon onto sapphire surfaces is called 
SOS technology. In preparing SOS substrate, single crystal sapphire substrates 
are cut approximately 60 degrees to the c axis and then polished carefully and 
ultrasonically cleaned in chloroform before being placed in the growth apparatus. 
As shown in Fig. 2.13, single crystal sapphire substrates are placed in the chemical 
vapor deposition (OVD) chamber, which is flushed with hydrogen, and heated to 
1050-12000 by an RF generator. After thermal equilibrium has been established, 
the silane (SiH4 ) flow is started for the silicon deposition process[19]. After the 
designated thickness of the silicon thin-film has been obtained, the silane flow is 
stopped. Then, the wafers are slowly cooled in hydrogen such that annealing and 
crystallization can be taken place. The quality of the silicon thin-film near sapphire 
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Figure 2.14: Solid phase epitaxy and regrowth (SPEAR) recrystallization process. 

in the epitaxial SOS wafers may not be good, which can be improved by solid phase 
epitaxy and regrowth (SPEAR) technique as shown in Fig. 2.14 [20]. As shown 
in the figure, the starting SOS material has a 0.211m silicon thin-film grown using 
silane. Silicon is implanted into the SOS wafers at an energy such that the surface 
crystal structure of the silicon thin-film is not seriously damaged. Due to the silicon 
implant, at the bottom of the silicon thin-film near the sapphire, the silicon has been 
damaged to become amorphous. At a high-temperature anneal at 910C, using the 
top single-crystal silicon thin-film as the seed, the bottom amorphous silicon layer 
is recrystallized. Thus, the whole silicon thin-film is recovered to be single-crystal 
silicon. This technique is called solid phase epitaxy (SPE). During SPE process, 
CVD can be taken place simultaneously such that the thickness of the single-crystal 
silicon thin-film can reach the designated value. 

2.3.2 ZMR SOl Substrate 

Fig. 2.15 shows the cross section of a typical zone-melting-and-recrystallization 
(ZMR) starting wafer and the process showing a wafer being scanned across by 
a wire heater, which sits on a heated lower platen[21]. A thermal oxide layer of 
111m is grown on the top of the wafer as the buried oxide. Then the thermal ox­
ide at the edge of the wafer is etched off such that silicon is exposed as the seed 
during recrystallization. A layer of the polysilicon of 0.75 - 311m is deposited by 
LPCVD (low-pressure CVD). Then another layer of oxide, which is deposited by 
low-temperature CVD, is used as the capping oxide to isolate the wafer from con­
tamination. In addition, this capping oxide layer can be used to reduce the thickness 
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Figure 2.15: Cross section of a typical zone-melting-and-recrystallization(ZMR) 
starting wafer and the process showing a wafer being scanned across by a wire 
heater, which sits on a heated lower platen. 

variation of the single-crystal silicon thin-film after zone-melting recrystallization. 
Then, the wafer is heated to 1200C. At an appropriate distance from the top of the 
wafer, a 2200 C graphite stripe heater is used to scan the wafer back and forth at a 
moving speed of 0.1 - 1.1mm/sec. As shown in the figure, the polysilicon layer un­
der the graphite stripe heater is melted. When the heater moves away, this portion 
of the polysilicon layer is cooled down to be recrystallized to become single-crystal 
silicon thin-film. Since the scan of the graphite heater is started from the edge of 
the wafer, the exposed silicon substrate functions as the seed during the recrystal­
lization process. 

In addition to the graphite stripe heater, arc lamp can also be used as the scan­
ning heater for the zone melting recrystallization process. As shown in Fig. 2.16[22]' 
on the top of the scanning arc lamp heater, an elliptical reflector is added such 
that the thermal energy can be concentrated on the surface of the wafer for the 
zone melting recrystallization process. Fig. 2.17 shows the schematic diagram of the 
RF-heated micro-zone-melting method[23]. The wafer is moved across the surface 
of the carbon susceptor, which is heated to a high temperature by the RF coil. Due 
to the thermal buffer plate between the wafer and the susceptor, the temperature of 
the wafer is about 1370C. In the portion of the wafer where the thermal buffer plate 
is open, it is exposed to the heat of the susceptor. As a result, the temperature at 
this portion of the wafer is 1450C, which is higher than the melting point of the 
silicon (1412C). Consequently, only the portion of the polysilicon thin-film above 
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Figure 2.16: Schematic representation of scanning arc lamp system. 
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Figure 2.17: Schematic diagram of the RF-heated micro-zone-melting method. 
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Figure 2.18: Principle of the laser-beam seeding technique for lateral epitaxy. 

this opening of the thermal buffer plate is in the melting zone. Other procedures 
are similar as the one described above. 

In addition to the techniques described above, laser and electron beam techniques 
are also effective heat sources. Fig. 2.18 shows the principle of the laser-beam seeding 
technique for lateral epitaxy[24]. The wafer is heated by a 9W Ar+ C-W laser. The 
laser beam is concentrated on an area of 20 x 100j.lm2 of the wafer, which is heated 
to 500e. Only at the area exposed to the laser beam, the polysilicon is melted. The 
scanning speed of the laser beam is 10-30 cm/sec. In addition, the scan of the laser 
beam starts from the area with an opening in the underlying oxide to the silicon 
substrate used as the seed during the process. 

Zone melting recrystallization technique is especially suitable for 3D integra­
tion. Fig. 2.19 shows the stacked CMOS SOl structure using seeding lateral epitaxy 
technique[25]. When the CMOS devices at the surface of the bulk silicon substrate 
are accomplished, an oxide layer is added to be used for planarization. A 2j.lm open­
ing in the oxide layer is used as the seed area. A polysilicon layer followed by a 
Si3N4 layer and a tungsten of 2000A is deposited. The heat source is the 12KeV 
2mA electron beam, which has an effective exposed area with a radius of 100j.lm on 
the wafer. The electron beam scans the wafer at a speed of 10cm/sec. The pur­
pose of the tungsten layer is used to limit the temperature variations in the wafer 
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Figure 2.19: Stacked CMOS SOl structure using seeding lateral epitaxy technique. 

such that a steady recrystallization process can be obtained- the quality of the 
single-crystal silicon thin-film can be enhanced. The single-crystal silicon thin-film 
after zone melting recrystallization can be used to build other devices. As shown 
in the figure, using this technique, a 3D integration of CMOS devices has been ob­
tained. The top and the bottom layers of the devices are separated by an oxide 
layer of 0.9/Lm such that during the zone melting recrystallization process, the dop­
ing profile of the bottom layer device is not affected. In addition, the temperature 
of the fabrication process of the top layer device should be kept under 900C to avoid 
the influence in the bottom layer. Therefore, LOCOS isolation technique based on 
thermal oxidation can not be used for the top-layer devices. 

2.3.3 BESOI Substrate 

Fig. 2.20 shows the fabrication procedure of bond-and-etch-back SOl (BESOI) tech­
nology. In the BESOI process, two wafers-the device wafer and the handle wafer 
are needed. First, a special epitaxial layer is grown on the top of the device wafer, 
which is used as the etch-stop layer. For various techniques, the contents of this 
etch-stop layer may be different. Another epitaxial layer is grown for the device 
thin-film region. Then a thermal oxide layer is grown on both the device wafer 
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Figure 2.20: The fabrication procedure of bond-and-etch-back (BESOI) technology. 

and the handle wafer. The oxide layer on the handle wafer is used as the buried 
oxide. The device wafer and the handle wafer are bonded together with the device 
wafer upside down at a raised temperature. The front surface of the device wafer 
is now in the center portion of the bonded wafer. The back surface of the device 
wafer is ground until only lOpm left, followed by a high selective etch to remove the 
remaining silicon on the top of the etch-stop layer. Another highly selective etch is 
used to remove the etch-stop layer such that only the device thin-film layer is left 
at the device wafer side. The thickness of the device thin-film layer can be further 
reduced by thermal oxidation or etch. A hydrogen anneal is used to improve the 
surface roughness of the wafer. 

The mechanism of the bonding in the bond-and-etch-back SOl (BESOl) process 
is explained here. When two wafers covered with oxide are in close contact with 
each other in an oxidizing environment at 700C, the oxygen in the two wafers will 
penetrate through the oxide and react with silicon to form silicon dioxide. As a 
result, two wafers are connected more firmly. Fig. 2.21 shows the surface of the 
silicon dioxide prior to bonding, which is composed of Si-OH bonds[26]. When two 
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Figure 2.21: Surface of the silicon dioxide prior to bonding. Si-OH bonds on oppos­
ing wafer surfaces react to form Si-O-Si. 

wafers are in contact, Si-OH reacts with each other to form 

Si - OH + Si - OH -+ 0 - Si - 0 + H20. 

This implies that the previous oxide surface disappears. Instead, the structure has 
been reorganized to form a siloxane network- a block of oxide. At this step, the 
bonding procedure has been accomplished. This bonding can be further strength­
ened by heat. 

For the BESOI technology, the key processing step is the etch-stop layer. Fig. 2.22 
shows the schematic of the silicon-on-quartz approach using an etch-stop layer[27]. 
A P++ epi-layer followed by a P- epi-layer is grown on the top of the p-type device 
wafer. The P++ layer is used as the etch-stop layer, while the P- layer is the thin­
film device region. Following the processing procedure described before, this device 
wafer and the handle wafer are bonded together with the device wafer upside down. 
The redundant top portion of the silicon layer and the etch-stop layer are etched off 
by the ethylene diamine pyrocatechol and HF + HN03 + CH3 COOH, respectively. 
Since these etches are impurity sensitive, finally only the p- thin-film device region 
is left for the subsequent processing procedure. 

Fig. 2.23 shows a BESOI wafer fabrication flow diagram with SiGe-layer as the 
etch-stop layer[28]. The fabrication procedure of this BESOI technology is similar to 
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Figure 2.22: Schematic of the silicon-an-quartz approach using an etch-stop layer. 
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Figure 2.24: Schematic process flow of epitaxial layer transfer (ELTRAN) technique. 

the one described before. After bonding is accomplished, via grinding and polishing, 
a selective etch is used to remove the SiGe etch-stop layer and the remaining silicon 
layer above it . Finally, only the silicon thin-film device layer is left for building the 
SOl device. 

Fig. 2.24 shows the schematic process flow of epitaxial layer transfer (ELTRAN) 
technique[29]. In this process, a lOttm porous silicon layer is used as the etch-stop 
layer. The etchant for the etch-stop layer is HF(3%) + H20 2 (25%). As shown in the 
figure, due to the effective penetration of the etchant into the porous silicon layer, 
compared to other etch-stop layers, a high selectivity exists for this etchant. As de­
scribed in the figure, the surface of the silicon wafer is first transformed into a lOttm 
porous silicon layer, followed by a silicon epitaxy step to grow a silicon thin-film 
device region. After similar procedures for bonding, grinding, and selective etch, 
the fabrication process of the SOl wafers is accomplished. 

Fig. 2.25 shows the fabrication procedure of BESOI wafer without epitaxy and 
using LOCOS as the etch-stop layer[30]. As shown in the figure, a non-uniform oxide 
layer is grown on the wafer using LOCOS process. Then a thermal oxide used as 
the buried oxide is grown, followed by chemical mechanical polishing (CMP) to pla­
narize the surface of the oxide-layer. After bonding the device wafer with the handle 
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Figure 2.25: Fabrication procedure of BESOI wafer without epitaxy and using LO­
COS as the etch-stop layer. 

wafer, most of the silicon portion of the device wafer has been removed. Then a 
rough CMP is used to further grind the remaining silicon such that some of the local 
oxide is exposed. Next, a double-step CMP is used to remove all of the redundant 
silicon layer. Since this double-step CMP can remove silicon only, when it touches 
the polishing-stopper oxide, the etch stops. Therefore, the thin-film device region 
with a thickness identical to the polishing-stopper oxide is automatically left. In 
this processing technique, no epi-Iayer is needed- production throughput is high. 
However, device density may be low. 

In the BESOI fabrication process, if the environment is not sufficiently clean 
during bonding or if the surface of the oxide layer is not even, dust or gas bubbles 
may exist between the bonded oxide layer. As a result, voids as shown in Fig. 2.26 
may be formed[31]. As a result, the bonded wafers can't sustain the following 
high-temperature procedures. The thickness of the device thin-film region can't be 
uniform. Therefore, voids should be avoided during the BESOI process. In addition, 
polishing is commonly used in the BESOI technology. After grinding or polishing, 
the microscratch may further complicate the problem. 

2.3.4 Smart-Cut SOl Technology 

Smart-cut SOl technology is derived from BESOI. Two wafers are needed. As shown 
in Fig. 2.27, the device wafer is grown with a thick thermal oxide layer to be used 



2.3. OTHER SOl SUBSTRATES 

Thickness 
Variation Particle 

Edge 
Roughness 

~ 
Void 
Microvoid 

Substrate 

Figure 2.26: Potential defects in BESOI. 

M~MM~7'd· 1 
f -- -- -w~ie~ -A -- --I I 

H+ Implantation 
Step 1 

Wafer B 

It, Wafer Bj 

71" Wafer AI 
Heat Treatment 

Step 3 

Wafer A lt4fflfi%1!k Wafer B , 
Cleaning + Bonding 

Step 2 
Polishing 
Step 4 

Figure 2.27: Principle of smart-cut SOl process. 

37 



38 CHAPTER 2. SOICMOSTECHNOLOGY 

as the buried oxide in the final SOl structure[32]. A hydrogen ion (H+) implant at 
a dose of 2 x 1016 - 1 x lO17cm-2 is carried out. After cleaning the device wafer 
and the handle wafer, they are bonded together at a temperature slighter than the 
room temperature. Then wafers are heated at 400-600C. The implanted hydrogen 
atoms at a depth under the oxide layer gather to form blistering. If the amount of 
the implanted hydrogen atoms is sufficient, this blistering will cause flaking of the 
whole silicon layer. As a result, a thin-film silicon layer with a thickness identical 
to the depth of the hydrogen implant is left at the top of the buried oxide. Then, a 
lOOOC heat cycle strengthens the bonding of the two wafers. Due to the blistering, 
the microroughness of the wafer surface may not be acceptable. Application of CMP 
(chemical mechanical polishing) to smooth the wafer surface finalizes the smart-cut 
SOl procedure. The removed portion of the device wafer after flaking by blistering 
can be reused as wafers. In addition, no epitaxy is required for the smart-cut 
technology. Therefore, production throughput is high. Since the hydrogen profile 
after the H+ implant is sharp, the thickness variation of the produced thin-film is 
small. Therefore, production cost and quality of the smart-cut technology are good. 

2.4 Isolation Technology 

In this section, three isolation technologies for SOl CMOS devices are described. 
They are mesa-isolation, LOCOS isolation, and shallow trench isolation. Mesa­
isolation is frequently used for SOl devices. Fig. 2.28 shows the mesa-isolation of 
the SOl MOS devices[33]. During fabrication, the active thin-film region is masked 
and the thin-film in the field region is etched off. As a result, the active thin-film 
region of an SOl MOS device becomes a mesa. Using mesa-isolation, device density 
of the SOl MOS devices is high. However, there are problems associated with mesa 
isolation. In a mesa-isolated SOl MOS device, the edge of the mesa has a sharp 
profile, hence the stress is large. Therefore, the gate oxide at the edge of the mesa is 
thinner, which leads to a poor quality-easy to breakdown. If the edge of the mesa 
sidewall is steep, gate material residues may remain at the corner, which is not good 
for wiring since short circuit may occur. If the sidewall is also covered with the 
gate polysilicon, due to the existence of the steep edge at the sidewall of the mesa, 
2D charge sharing effects and defects may be especially serious. Consequently, the 
threshold voltage at the sidewall of the mesa region of the MOS device is lower than 
that at the center channel region. Therefore, a subthreshold current hump as shown 
in the figure may occur for a mesa-isolated SOl MOS device. 

Due to the edge effect from the mesa isolation, performance of the SOl MOS de­
vice is not good. Improvement of the mesa-isolation has been carried out. Fig. 2.29 
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Figure 2.28: Mesa-isolation of the SOl MOS device and its subthreshold character­
istics. 
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Figure 2.29: Rounded edge mesa (REM) formation procedure. 
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Figure 2.30: Cross section of LOCOS on bulk and SOl wafers. 

shows the rounded edge mesa (REM) formation procedure[34]. As shown in the 
figure, over the active device thin-film region, a pad oxide layer and a polysilicon 
layer with an identical thickness as the thin-film region have been formed. Then the 
whole wafer is covered with a 300nm polysilicon layer. An anisotropic etch using 
reactive ion etching (RIE) technique is used to etch polysilicon. The RIE etch is 
carried on until the pad oxide and the buried oxide are exposed. Then, the RIE 
etch is stopped. At this moment, all polysilicon layer and the thin-film in the field 
region have been removed. Owing to the buffering effect of the polysilicon layer at 
the corner, the edge of the sidewall region becomes rounded instead of square-shape 
as described above. This completes the rounded edge mesa procedure. 

In addition to mesa isolation, SOl CMOS devices can also be isolated using 
LOCOS. The LOCOS-isolated SOl CMOS technology has a similar processing pro­
cedure as the bulk CMOS one. Above the active device thin-film region, it is masked 
by a layer of the silicon nitride (Si3 N4 ) layer, which is used to inhibit oxidation lo­
cally. During the thermal oxidation period, in the field region, local field oxide is 
grown. As for the bulk devices, bird's beaks are formed at the edge of the field 
oxide region. Compared to the bulk device, the consumption of silicon during the 
LOCOS process for SOl is different. For the bulk MOS devices, when a field oxide 
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Figure 2.31: Main fabrication steps of SOl poly-encapsulated LOCOS (PELOX) 
isolation structure. 

layer is formed, a silicon layer with a thickness equal to 1/2.2 times the thickness 
of the field oxide layer is consumed. In contrast, for the SOl MOS devices, a silicon 
layer with a thickness equal to 1/3 times the thickness of the field oxide layer is 
consumed. In an SOl technology, if the LOCOS process is used to oxidize the whole 
silicon thin-film, the time needed for oxidation is equal to the time required to grow 
a thermal oxide with a thickness 3 times the thickness of the silicon thin-film for a 
bulk device. If the oxidation time is shorter than this required amount, LOCOS is 
incomplete-silicon filaments as shown in Fig. 2.30 may exist, which leads to failure 
of device isolation[33]. With an equal thickness of the silicon layer, as compared 
to the bulk case, in the SOl structure, the longer time to fully oxidize the silicon 
thin-film is due to a larger stress. 

In order to reduce bird's beaks and the silicon filaments at the edge of the field 
oxide in an SOl device, LOCOS technique can be improved. Fig. 2.31 shows the 
main fabrication steps of SOl poly-encapsulated (PELOX) isolation structure [35]. 
As shown in the figure, a pad oxide layer is grown over the thin-film. A patterned 
silicon nitride layer is used to mask the active device region during the thermal oxi­
dation. After local oxidation, the pad oxide in the field region is etched off. Then a 
thin oxide is grown. The whole wafer is covered by a 300A polysilicon layer. After 
field oxidation, the polysilicon region and the field region are fully oxidized. A wet 
etch is used to remove the oxidized polysilicon layer and the nitride layer. Using 
this PELOX isolation technique, with a 1000A thin-film, the beak encroachment is 
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Figure 2.32: Two-step LOCOS isolation technique. 

reduced to about 700A. 

Using the PELOX isolation technique, the planarization problem has not been 
resolved. Fig. 2.32 shows a two-step LOCOS isolation technique without the pla­
narization problem[36J. At the beginning of the process, the thickness of the silicon 
thin-film is 560A. During local oxidation, the active region is masked by a nitride 
layer. Field oxide is grown in the field region. Then the LOCOS oxide is etched 
away as shown in the figure. A 23-nm-thick silicon thin-film is left in the field re­
gion. At this moment, the corner of the thin-film region is rounded. Then, the wafer 
is covered with a 70A nitride layer. A reactive ion etch (RIE) is used to remove 
the nitride on the wafer. As a result, the nitride in the field region is completely 
removed. In contrast, at the sidewall of the silicon islands, nitride still exists. The 
nitride at the sidewall can prevent the occurrence of the bird's beak encroachment. 
Another local oxidation is used to form the field oxide with a thickness identical to 
the thin-film. After local oxidation, the surface is planar. After etching away the 
nitride layer, the procedure is complete. 

In addition to LOCOS, shallow trench isolation (STI) technique has also been 
used to provide isolation for SOl technology. Fig. 2.33 shows the cross section of 
a shallow-trench-isolated SOl MOS device with a channel width of Ij1m, a silicon 
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channel width of Iflm, a silicon thin-film of 150oA, and a buried oxide of 2000A. 

thin-film of 150oA, and a buried oxide of 2000A[37]. As shown in the figure, the 
silicon thin-film and the buried oxide layers in the field region are etched off. Then 
the trench is covered with CVD oxide. A chemical mechanical polishing (CMP) step 
is used to remove the surplus CVD oxide at the top such that the a planar surface 
can be obtained. When the trench is formed, the buried oxide below the silicon 
thin-film is also removed. By forming the trench with such a depth, the defects at 
the sidewall of the silicon thin-film are fewer. In addition, a more planar surface can 
be obtained when the trench is covered with the CVD oxide. 

2.5 O.25fLill SOl CMOS Processing Sequence 

In this section, the processing sequence of a O.25flm SOl CMOS technology based on 
SIMOX wafers to generate enhancement-type inversion-mode CMOS devices, using 
a two-step LOCOS isolation technique described in the previous section[36]' is de­
scribed. The starting material of the O.25flm SOl CMOS technology is the SIMOX 
wafer with a p-type silicon substrate and a 90nm buried oxide. Atop the buried 
oxide is a silicon thin-film of 320nm. The thickness of the top silicon thin-film is 
reduced to 56nm by a sacrificial oxidation and a subsequent oxide etch as shown in 
step (3) in Fig. 2.34. On the top of the 56nm silicon thin-film, a pad oxide layer of 
7nm is grown thermally- step (4). In step (5), a silicon nitride layer of 50nm on the 
pad oxide layer is deposited by LPCVD. In step (6), a photolithography procedure 
is used to define the field oxide region, followed by an RIE etch to remove the nitride 
layer over the field oxide region. 
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Figure 2.35: Step 7-11 of the O.25J.Lffi SOl CMOS processing sequence. 
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Figure 2.36: Step (12)-(15) of the 0.251.tm SOl CMOS processing sequence. 

Then a dry oxidation step at 1100C is carried out to generate the LOCOS field 
oxide region. After the LOCOS step, the thickness of the silicon thin-film below 
the field oxide is 23nm-step (7) as shown in Fig. 2.35. In step (8), the LOCOS 
oxide is removed by a wet etch. After this step, the corner of the silicon island is 
rounded. In step (9), a pad oxide layer of 70nm is grown on the top of the field 
region. Another silicon nitride layer of 10nm is deposited by CVD-step (10). In 
step (11), the 10nm silicon nitride layer over the field oxide region is removed by an 
RIE etch. Only the nitride layer over the active device region and the sidewall of 
the silicon island is left due to a larger thickness before the nitride etch. 

In step (12), the field oxide is produced by the second LOCOS step at 1100C. 
Due to the existence of the nitride layer at the sidewall of the silicon island, the 
bird's beak has been substantially minimized. After the second LOCOS step, the 
thickness of the field oxide is about identical to the thickness of the silicon thin­
film. Therefore, a planar surface can be expected. The remaining nitride layer is 
removed by a wet etch. In step (13), doping the silicon thin-film regions in the 
NMOS device and the PMOS device by implants is done. The PMOS thin-film 
region is implanted with phosphorus at a density of 1017cm-3 , while the NMOS 
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Figure 2.37: Step (16)-(18) of the O.25p,m SOl CMOS processing sequence. 

thin-film region is masked by a patterned photoresist layer. The NMOS thin-film 
region is implanted with the BF2 dopants at a density of 1Q17cm-3. In step (15), 
the pad oxide is etched off. Then a 7nm gate oxide is grown by thermal oxidation, 
followed by a O.3p,m phosphorus-doped polysilicon layer is deposited by LPCVD as 
shown in step (15). 

In step (16), the NMOS active device region is masked by photoresist. An ECR 
(electron cyclotron resonance) etch is used to remove the N+ polysilicon layer ex­
cept over the NMOS active device region. In step (17), after the photoresist layer 
is etched off, a thin nitrogen-doped CVD polysilicon layer is deposited, followed by 
a O.3p,m P+ polysilicon layer. The purpose of the nitrogen-doped polysilicon layer 
is used to prevent the boron atoms in the p+ polysilicon from penetrating through 
the gate oxide into the silicon thin-film during the subsequent high-temperature cy­
cles. In step (18), an ECR etch is used to remove the N+ / P+ layers except over 
the poly-gate region, which is masked by the patterned photoresist . Thus, the N+ 
poly-gate for the NMOS device and the P+ poly-gate for the PMOS device with a 
channel length of O.25p,m have been done. 

In step (19), after stripping the photoresist, the wafer surface is covered by a 
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Figure 2.38: Step (19)-(21) of the 0.25jLm SOl CMOS processing sequence. 

silicon nitride layer, which is deposited by CVD, and an N+ polysilicon layer. In 
step (20), the top N+ polysilicon layer is removed by an ECR etch except some 
remaining at the sidewalls of the poly-gates, which becomes the polysilicon side­
wall spacer. In step (21) , a boron implant into the PMOS region generates its 
source/drain region, while the NMOS region is masked by a patterned photoresist. 
The use of the polysilicon sidewall spacer is to prevent the influence of the implant 
lateral straggle in the channel region during the source/drain implant. Similarly, 
in step (22) the NMOS source/drain regions are formed by the phosphorus implant 
while the PMOS region is masked by the patterned photoresist. In step (23), the 
photoresist is removed. The polysilicon sidewall spacers are etched off by a wet etch. 
Then the wafer is annealed by RTA (rapid thermal anneal) at 1000C such that the 
implanted dopants can be activated. In step (24), a low-temperature oxide (LTO) 
layer is deposited over the wafer by CVD. After planarization, contact areas are 
defined by the patterned photoresist. 

In step (25) , an RIE etch is used to remove the LTO and the silicon nitride in 
the contact areas . Then the wafer is deposited with a layer of Ti and TiN film 
by sputtering, followed by a tungsten film by CVD. The contact areas are masked 
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Figure 2.39: Step (22)-(24) of the O.25J1m SOl CMOS processing sequence. 

by a patterned photoresist. In step (26), the W /TiN /Ti film outside the contact 
area is removed. Then the photoresist is stripped, followed by the deposition of the 
AISiCu/Ti/TiN film. The interconnect metal lines are defined by patterning the 
photoresist over the AISiCu/Ti/TiN layer. In step (27), the AISiCu/Ti/TiN layer is 
etched off except the interconnect metal line areas. Then the wafer is deposited with 
a CVD LTO layer, followed by planarization of the surface. The via areas between 
interconnects are defined by the patterned photoresist. 

In step (28), after the LTO in the via areas is etched off, the via areas are filled 
with AI. Then the wafer is covered with an AljTi layer, which is patterned by 
photolithography to define the second metal interconnect area. In step (29) , the 
unwanted AI/Ti is removed by an Al etch. After stripping photoresist, the wafer is 
covered with a layer of silicon nitride for passivation, followed by the electrode pad 
opening and the post-metallization anneal. This completes the processing sequence 
of the O.25J1m SOl CMOS technology. 
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Figure 2.41: Step (28)-(29) of the 0.25{Lffi SOl CMOS processing sequence. 
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Figure 2.42: Inversion-mode and accumulation-mode SOl CMOS devices. 

2.6 SOl CMOS Structures 

In this section, different SOl CMOS structures including accumulation-mode, inversion­
mode, partially-depleted, fully-depleted, double-gate, DELTA, and quasi-SOl de­
vices are described. 

2.6.1 Accumulation-mode versus Inversion-mode 

In the bulk CMOS, no accumulation-mode device is possible due to the device 
isolation considerations. Thanks to the buried oxide isolation structure, in addi­
tion to the inversion-mode devices, accumulation-mode devices are also possible 
in the SOl CMOS structure as shown in Fig. 2.42[38]. For an illversion-mode 
NMOS device, from the source via the channel to the drain, the doping structure is 
N+ - P - N+, where the channel region is p-type, which is a different type from the 
source/drain region. For an inversion-mode SOl PMOS device, the device structure 
is P+ - N - P+, where the type of the dopants in the channel region is different 
from that in the source/drain region. For an accumulation-mode SOl PMOS de­
vice, the device structure is P+ - P - P+, where the type of the dopants in the 
channel region is same as that in the source/drain region. As for bulk CMOS, due 
to the work function difference, using the N+ polysilicon gate, if an enhancement-
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Figure 2.43: Cross section of an ultrathin 0.24jLm polysilicon-gate CMOS/SIMOX 
structure with double metallization. 

type PMOS device is needed (VT < 0), an accumulation-mode SOl PMOS device, 
which has a P+ - P - P+ structure, can be used. The inversion-mode NMOS de­
vice (N+ - P - N+) can be enhancement-type (with a positive threshold voltage) 
by using the N+ poly-gate. Using the P+ polysilicon gate, if an enhancement-type 
NMOS device is needed, the accumulation-mode NMOS, which has an N+ - N - N+ 
structure, can be used. In order to have an enhancement-type PMOS device, the 
inversion-mode PMOS device (P+ - N - P+) can be used. 

For an accumulation-mode SOl PMOS device, the doping structure in the thin­
film is P+ - P - P+, which is similar to the surface doping structure used in a 
buried-channel bulk PMOS device with an N+ polysilicon gate using bulk CMOS 
technology. When the hole channel exists in the accumulation-mode SOl PMOS 
device, the channel may not be located at the front Si/ Si02 interface. Instead, 
it may be located above the buried oxide- the buried channel. Therefore, with a 
buried channel and a lower doping density, a higher mobility and thus a larger drain 
current can be expected from a buried-channel device. However, short channel effect 
of the accumulation-mode device is also larger. In addition, the subthreshold slope 
is poorer. 
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Figure 2.44: SOl CMOS devices: partially-depleted versus fully depleted. 

For an SOl CMOS technology using an N+ polysilicon gate, for enhancement­
type devices, its NMOS device can be inversion-mode and its PMOS device can be 
accumulation-mode as shown in Fig. 2.43. Since the PMOS device is accumulation­
mode, a larger mobility in the PMOS device leads to a smaller difference in the 
mobilities between PMOS and NMOS devices [39]. 

2.6.2 Partially Depleted versus Fully Depleted 

Depending on the thickness of the silicon thin-film, the SOl CMOS devices can be 
divided into thick-film and thin-film. As shown in Fig. 2.44, if the silicon thin-film 
is thick, only the top portion of the silicon thin-film is depleted and the bottom 
portion is neutral. This type of SOl CMOS devices is called partially-depleted SOl 
CMOS devices. If the silicon thin-film is fully depleted, this type of the SOl CMOS 
devices is called fully-depleted SOl CMOS devices. 

In a partially-depleted SOl CMOS device, the threshold voltage is insensitive to 
the thin-film thickness since the depletion region is independent of the film thickness. 
Therefore, for the partially-depleted thin-film SOl CMOS devices, the threshold volt­
age variation due to manufacturing factors is smaller. However, due to the neutral 
region in the thin-film in a partially-depleted SOl CMOS device, the floating body 
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Figure 2.45: Cross section of partially-depleted SOl CMOS devices with a channel 
length of O.08f1m, a silicon thin-film of loooA, and a gate oxide of 42A, with a 
non-uniform channel doping. 

effect due to the parasitic bipolar device structure is more serious. In addition, the 
depletion region is more susceptible to the influence from the source and the drain 
regions. Therefore the device second order effects are more serious. Furthermore, 
in some partially-depleted silicon thin-film SOl CMOS devices, due to the neutral 
region, an unsmooth transition in the drain current characteristics-kink effect can 
be identified. 

In a fully-depleted thin-film SOl CMOS device, regardless of the biasing condi­
tion, the silicon thin-film is fully depleted. In addition, a larger transconductance 
can be expected due to the larger gate control capability over the silicon thin-film. 
Therefore, the device second order effects including the short channel effect and the 
narrow channel effect are smaller. In addition, the subthreshold slope is improved. 
However, in a fully-depleted device, the threshold voltage may be sensitive to the 
thickness of the silicon thin-film, which may vary due to the fabrication process. 
Therefore, uniformity of the threshold voltage of the fully-depleted SOl CMOS de­
vices may be poorer. 

In order to have a device with a smaller sensitivity to the silicon thin-film thick­
ness, partially-depleted devices are required. Fig. 2.45 shows the cross section of 
partially-depleted SOl CMOS devices with a channel length of O.08f1m, a silicon 
thin-film of lOooA, and a gate oxide of 42f1m, with a non-uniform channel doping[40]. 
As shown in the figure, in the bottom portion of the silicon thin-film, the doping 
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Figure 2.46: Body-fixed structures for SOl MOS devices. 

density is higher. Using the non-uniform doping structure, kink effect and drain­
induced-barrier-lowering effect (DIBL) can be suppressed. During the operation of 
the devices, the more highly-doped bottom portion of the silicon thin-film remains 
neutral. 

For a partially-depleted SOl MOS device, due to the existence of the neutral 
region in the silicon thin-film, when the neutral region is floating, floating body 
effects may degrade its performance. Therefore, the silicon thin-film region needs 
to be contacted. As shown in Fig. 2.46, body contact to a partially-depleted SOl 
NMOS device can be implemented via an extended silicon thin-film region- T-gate 
type[41J. Using the T-gate type body contact, the gate capacitance increases since 
the gate overlap area increases. The body contact to the SOl MOS device can also 
be implemented via the body-tied-to-source (BTS) structure where the body contact 
is in the source region with the metal interconnect touching the P+ body contact 
and the N+ source region simultaneously. Using BTS structure, source and drain 
cannot exchange- less flexibility for circuit design. In addition, the smaller source 
region leads to a smaller effective channel width, which is disadvantageous for circuit 
operation. There is another body contact technique- field-shielded isolation as 
shown in Fig. 2.47[41J. As shown in the figure, the active device region is surrounded 
by the field-shield gate, which is connected to ground, such that the thin-film region 
can be protected against the influence from the front gate (transfer gate) when 
crossing this region. In addition, the oxide is thick between the field-shielded gate 
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Figure 2.47: Schematic diagram of hole extraction using field-shielded isolation. 

and the transfer gate, hence, the front gate capacitance is not changed substantially. 
The body of the device is connected to the body contact via the thin-film region 
under the field-shielded gate. Fig. 2.48 shows the schematic diagram of the sea 
of gates (SOG) gate array for practical use[41]. As shown in the figure, the doping 
density in the thin-film region under the field-shielded gate has been enhanced by an 
implant to reduce the resistance between the thin-film body and the body contact. 

2.6.3 Double Gate & DELTA 

The gate of most MOS devices is at the front surface~single-gate device. For SOl 
devices, their silicon thin-film region is surrounded by buried oxide. During the 
fabrication process, under the silicon thin-film region in the buried oxide, another 
gate--back gate can be arranged. Therefore, in addition to the channel at the front 
surface, a back channel controlled by the back gate can also function. Since both 
top and bottom gates can control the channels in the silicon thin-film, thus this 
kind of structure is called double-gate. Fig. 2.49 shows the cross section of a double­
gate SOl MOS structure[42]. In a double-gate SOl MOS device, the polysilicon 
gate is surrounding the silicon thin-film. The key step in forming the double-gate 
SOl technology is described. After the silicon thin-film is etched off to become a 
mesa-isolated structure for the active region, an isotropic etch is used to remove 
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Figure 2.48: Schematic diagram of the sea of gates (SOG) gate array fabricated on 
an SOl substrate. 

Figure 2.49: Double-gate SOl MOS structure. 
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Figure 2.50: Key fabrication processing steps for producing double-gate BESOI 
MOS devices. 

the oxide layer of the channel region. Since it's an isotropic etch, the buried oxide 
layer under the silicon thin-film is also etched off to become a cave. Then the silicon 
island area becomes like a bridge across this cave. After gate oxidation, a layer 
of polysilicon is deposited over the whole wafer by CVD. Thus this cave is filled 
up with the CVD polysilicon. Then, the polysilicon layer is etched off except the 
gate areas. After the poly etch, the double-gate structure as shown in Fig. 2.49 
is completed. After the source/drain implant and metallization procedures, the 
fabrication processing procedure for double-gate is done. As shown in the figure, 
since the gate is surrounding the silicon thin-film channel region, therefore it's also 
called gate-alI-around (GAA) device. Due to a much better control capability over 
the silicon thin-film, the double-gate SOl CMOS device has a larger transconduc­
tance, and reduced second-order effects. Specifically, the short channel effect and the 
narrow channel effect are reduced. In addition, the subthreshold slope is improved. 

Double-gate SOl devices can also be built using BESOI technology. As shown in 
Fig. 2.50, the device wafer is processed using the processing sequence as for regular 
bulk MOS devices[43J. After accomplishing the field oxide, the gate oxide, and the 
poly-gate, the top surface is covered by a layer of CVD oxide. A CMP (chemical­
mechanical polishing) procedure is used for planarization of the surface. Then, using 
the BESOI procedure, the device wafer is bonded with the handle wafer, which is 
covered with a layer of BPSG (boro-phoso-silicate glass). Then the redundant sil­
icon layer in the device wafer is further ground by CMP using the field oxide as 
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the polishing stopper. After the CMP step, only the silicon thin-film layer, which is 
used as the device region, is left. Thus the gate in the device wafer becomes bottom 
gate in the double-gate structure. After the regular MOS processing procedure to 
accomplish the front gate oxide, the front poly-gate, the implanted source/drain, 
and the metallization steps, the double-gate structure is accomplished. 

The other kind of double-gate SOl MOS device is called the fully-depleted lean­
channel transistor (DELTA) as shown in Fig. 2.51[44]. As shown in the figure, on 
the top of a regular silicon wafer, a pad oxide layer is grown. Then, a silicon nitride 
layer is deposited, followed by an RIE etch to remove the nitride layer and a layer 
of the silicon except the active device region. Thus, the silicon-island structure is 
formed (a). Another pad oxide layer is grown. Then, a layer of CVD nitride followed 
by an RIE etch is used to cover the top and the sidewall of the silicon-island with 
nitride (b). A dry oxidation at 1100C is used to grow the field oxide. After this 
dry oxidation, the silicon island is totally isolated by the buried oxide (c). After the 
regular MOS fabrication procedure to finish the poly-gate, the source/drain implant, 
and the metallization, the DELTA structure is done. In the DELTA structure, the 
poly-gate surrounds most of the bottom portion of the thin-film region- alike the 
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Figure 2.52: Processing sequence of quasi-SOL 

double-gate SOl structure. 

2.6.4 Quasi-SOl 

For SOl MOS devices, owing to fully surrounding of the silicon thin-film by the 
buried oxide, there are advantages in low parasitic capacitances and small second­
order effects. However, self-heating is also a problem due to the isolation of the 
buried oxide. In addition, body contact is difficult to place. Innovations have been 
done to resolve these difficulties. As shown in Fig. 2.52, by having a small opening 
in the buried oxide, the above problems can be lessened. As shown in Fig. 2.52, a 
layer of thick field oxide is grown on the top of the silicon wafer[45]. Then the field 
oxide is etched off partially to form a pedestal. Then a further etch is used to form 
a seed hole through the field oxide (a). A selective epitaxy and a lateral overgrowth 
are used to fill the hole and the pedestal with single-crystal silicon (b). A CMP 
procedure is used to remove the redundant silicon layer. Thus, the single-crystal 
silicon and the remaining become the thin-film active region (c). Gate oxidation, 
poly-gate, source/drain implants, and metallization are accomplished following a 
regular CMOS fabrication procedure to accomplish the fabrication procedure. Ow­
ing to the hole in the buried oxide, heat dissipation problems can be removed (d). 
In addition, holes generated from impact ionization when the device is biased with 
a high lateral electric field can be removed. Thus impact ionization effects can be 
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Figure 2.53: Process sequence of an SOl DRAM technology. 

substantially reduced. Since most region is still covered with the buried oxide, the 
advantages of SOl structure still exist. 

2.7 Special-purpose SOl Technologies 

In addition to CMOS technology, SOl technology has also been used to imple­
ment other technologies. In this section, special-purpose SOl technologies including 
DRAM, BiCMOS, and power are described. 

2.7.1 SOl DRAM 

Owing to the low parasitic capacitance and good radiation hardness properties, SOl 
technology has been regarded suitable for integrating DRAMs. The SOl DRAM 
technology is slightly different from the SOl CMOS technology. Fig. 2.53 shows 
the process sequence of an advanced SOl DRAM technology with the memory cell 
layout[46] . As shown in the figure, on the device wafer, localized field oxide is grown 
by the LOCOS technique, followed by a thermal oxidation step to grow buried oxide. 
Then, contact-hole etching, polysilicon deposition, and another thermal oxidation 
are carried out to form the storage capacitor in the memory cell. Next, the top of 
the device wafer is covered with a layer of oxide, followed by planarization of the 
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Figure 2.54: Processing sequence of an SOl DRAM technology. 

surface. Using BESOI technology, the device wafer is bonded with the handle wafer, 
which is covered with BPSG (boro-phoso-silicate glass). The redundant silicon layer 
on the top of the device wafer is removed by grinding and CMP. At this step, the 
field oxide is used as the polishing stopper. After CMP, only the thin-film stays. 
The shallow trench isolation can be used to isolate thin-film regions. Then, poly­
gate, source/drain implant, and metallization as for a the regular CMOS fabrication 
procedure are completed. 

In the above SOl DRAM processing procedure, after finishing the storage capac­
itor, wafer bonding is initiated, followed by fabrication of the MOS transistors. In 
another SOl DRAM technology, wafer bonding is not initiated only until the storage 
capacitance and MOS transistors are done. As shown in Fig. 2.54, after the stor­
age capacitor and MOS transistors are done, bonding with the other handle wafer 
is done[47]. The redundant silicon on the device wafer is removed by grinding and 
CMP. Then the bonded wafers are covered with an oxide layer for metallization. The 
advantages of this SOl DRAM technology are that bit lines are crossing a planarized 
region. In addition, bit lines and word lines (poly-gate) are located at the top and 
the bottom of the thin-film active device region. Therefore, the distance between 
the bit line and the source/drain region is smaller than that as for the conventional 
structure. Therefore, contact holes do not need to be large. Therefore, device den­
sity can be increased. Furthermore, after wafer bonding, no high-temperature steps 
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Figure 2.55: Application of smart-cut SOl technology to realize the DRAM buried 
capacitor structure. 

exist. Therefore, low-cost glass substrate can be used as the handle wafer. 

Smart-cut SOl technology has also been used to realize DRAMs such that high 
efficiency and low cost can be reached. As shown in Fig. 2.55, after completing the 
storage capacitor and the MOS devices, a hydrogen implant is initiated, followed by 
wafer bonding and wafer splitting as described in the smart-cut SOl technology[lOJ. 
Using smart-cut SOl technology, the time needed for grinding and CMP can be 
substantially reduced. In addition, the split wafer can be re-used. 

In addition to BESOI, quasi-SOl technology has also been used to integrate 
DRAMs. As described before, quasi-SOl technology can be used to reduce the 
floating body effects. As shown in Fig. 2.56, a thermal oxidation procedure is carried 
out, followed by an RIE etch to generate the pedestal area and the seed hole in the 
oxide[48J. Then, using an epitaxial lateral overgrowth technique, the seed hole and 
the pedestal area are filled with single-crystal silicon. A preferential polishing step 
is used to remove the redundant silicon layer. After completing the MOS devices in 
the thin-film and the storage capacitor, the process is complete. 

2.7.2 sal BiCMOS 

BiCMOS devices can be integrated using SOl technology. Fig. 2.57 shows the fab­
rication processing sequence of a O.5/Lm complementary BiCMOS SOl technology, 
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which has lateral npn and pnp bipolar devices using polyemitter, poly-base, and 
silicide techniques[49]. At the beginning of the processing sequence, on the SIMOX 
or BESOI wafers, an oxide layer is grown. After a wet etch to remove oxide, the 
thickness of the silicon thin-film is reduced to 2000A, followed by the LOCOS isola­
tion procedure to produce a 4000A field oxide for device isolation. Then a sacrificial 
oxide of 1000 - 2000A is grown. Next, channel implants for CMOS devices (n-type 
for PMOS and p-type for NMOS) and well implants for BJT (n-type for npn and 
p-type for pnp) are done. The sacrificial oxide outside the BJT area is etched off, 
followed by the 105A gate oxidation. A polysilicon layer of 3000A is deposited, 
followed by a short oxidation cycle to grow a thin oxide layer on polysilicon. For 
NMOS and PNP BJT, the polysilicon layer is implanted with phosphorus. For NPN 
BJT, it is doped with boron. For PMOS device, the polysilicon layer is not doped 
at this moment to prevent the boron dopants from penetration through the gate 
oxide into the channel region. At the next step, the whole wafer is deposited with 
a nitride layer and TEOS (tetraethylorthosilicate- Si(OC2H5)4) oxide layer. The 
base/emitter edge of the BJT area is defined by photolithography. An RIE etch 
is used to remove the polysilicon and the oxide layers on the emitter, followed by 
a CVD poly-layer deposition and implants (P+ for NPN, N+ for PNP). Then, an 
RIE etch is used to remove this poly-layer. After this etch, some polysilicon is 
left at the edge of the base/emitter edge to become poly sidewall. Next, base im-
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Figure 2.57: O.51Lm SOl BiCMOS fabrication processing sequence. 

plants for BJT (p-type for npn and n-type for pnp) are carried out. Note that the 
poly sidewall spacer links the extrinsic poly-base contact and the intrinsic base re­
gion. BJT collector edge and the MOS gate area are patterned by photolithography. 

When the BJT collector edge and the MOS poly-gate are done, lightly-doped 
drain (LDD) implants for CMOS are carried out (N- type for NMOS and P- for 
PMOS). Following a similar procedure for forming the poly spacer, thin-oxide spac­
ers are formed at the emitter/base edge of the BJT and the poly-gate sidewall of 
the MOS. Note that this thin-oxide spacer defines the base region for the BJT and 
the LDD region for the MOS. Then, an arsenic implant defines the source/drain 
doping profile of the NMOS and the emitter/collector doping profile of the NPN, 
followed by a BF2 implant to define the doping profile of the pnp emitter/collector. 
The nitride on the poly-layer is etched off. Note that this nitride is used to prevent 
the poly-base from the influence of the emitter/collector implant. A boron implant 
is used to dope the poly-gate and source/drain of the PMOS. 

At the edge of the polysilicon layer, a second oxide spacer with a larger thickness 
is formed. Then, at the exposed silicon thin-film surface, a self-aligned silicide layer 
is formed. At the poly-layer surface, polycide is formed. Note that the second oxide 

(eI) 
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Figure 2.58: Fabrication sequence for lateral double-diffused MOS (DMOS)/SOS. 

spacer is used to keep the emitter contact away from the emitter/base junction such 
that extra leakage can be prevented. Finally, an oxide layer is deposited, followed 
by planarization, contact hole formation, and two-layer metallization. 

2.7.3 SOl Power 

SOl technology has also been used to integrate high-voltage power devices with the 
control circuits. Fig. 2.58 shows the fabrication sequence for double-diffused MOS 
DMOS/SOS[50]. As shown in the figure, after the silicon thin-film is formed, the 
field region of the silicon thin-film is etched off, and then filled with oxide. The 
source/drain, channel, and the n- drift regions are defined by implants, followed by 
gate oxidation. The drift region is used for sustaining high voltages. Next, a thicker 
oxide layer (5000A) is grown on the top of the drift region, followed by contact for­
mation and metallization. In addition to high-voltage DMOS devices, low-voltage 
CMOS devices used for control circuits can also be integrated together. Due to the 
insulating substrate, interference between the high-voltage DMOS devices and the 
CMOS control circuits can be minimized. 

BESOI technology has been used to integrate high-voltage power devices. Fig. 2.59 
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Figure 2.59: Processing steps of a quasi-SOl power lateral DMOS device using 
reversed silicon wafer direct bonding technique. 

shows the processing steps of a quasi-SOl DMOS device using reversed silicon wafer 
direct bonding technique[51J. As shown in the figure, on the device wafer, doping of 
the p-channel of the DMOS device is done first, followed by the LOCOS isolation, 
gate oxidation, poly-gate formation, n- drift region doping, and n+ source/drain dop­
ing. Then, the wafer is deposited with a CVD oxide layer, followed by planarization. 
Next, using BESOI technology, the device wafer is bonded with the handle wafer. 
The redundant silicon layer of the device wafer is etched off by grinding and CMP, 
where the LOCOS field oxide is used as the polishing stopper. After CMP, only the 
silicon thin-film is left. After oxide depositions, contact formation and metallization, 
the fabrication procedure is done. In this technology, the source contact is placed 
directly on the source region and the p-channel region, which functions as the body 
contact. Thus, floating body effects have been avoided. 

2.8 Summary 

In this chapter, different SOl technologies have been described. Starting from the 
evolution of SOl technology, different SOl substrates are described. A O.25J.Lm SOl 
CMOS fabrication processing sequence has also been presented, followed by various 
SOl CMOS device structures. Special-purpose SOl technologies including DRAM, 
BiCMOS and power have been described in the final portion of this chapter. 
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Problems 

1. In the SIMOX process, during the thermal anneal step, for forming the buried 
oxide with incorporating different oxygen doses, what are the differences? In 
a general SIMOX wafer, what behaviors may change the quality of the silicon 
thin-film and the buried oxide? How to improve them? 

2. In ZMR SOl technology, how the seeds for recrystallization are formed? What is 
the purpose of capping oxide? What are the heat sources to melt the polysilicon 
layer? 

3. Compare the differences in the processing sequences between BESOI and smart­
cut SOL Which technique has a better performance in throughput and cost? 

4. Compare the tradeoffs between LOCOS and mesa isolation for SOl technology. 
How to improve them? 

5. What is the purpose of the nitrogen-doped polysilicon layer in the 0.25j.Lm SOl 
CMOS technology described in this chapter? 

6. What are methods to provide body contacts for partially-depleted devices? What 
are the tradeoffs? 

7. In the BiCMOS technology, what is the purpose of the sacrificial oxide? What 
are the purposes of the polysilicon spacer and the oxide spacers? In the lateral 
BJT, what factors control the formation of the base profile? 



Chapter 3 

SOl CMOS Circuits 

In the previous chapter, SOl technology has been described. Due to the unique 
oxide isolation structure, SOl CMOS devices are latchup-free. In addition, parasitic 
capacitances are small. Better subthreshold characteristics and transconductance 
characteristics can be expected from SOl CMOS devices. Furthermore, reduced 
leakage currents and good radiation hardness are strong points of SOl CMOS de­
vices. As shown in Fig. 3.1, due to the unique structure, device density of an 
SOl CMOS circuit can be enhanced substantially, as compared to the bulk CMOS 
circuit[I]. As shown in the figure, NMOS and PMOS SOl devices can be placed 
adjacent to each other. Therefore, in the future of the circuit design for VLSI, SOl 
is an important technology. In this chapter, SOl CMOS circuits are described. 

3.1 Floating Body Effects 

SOl CMOS devices are especially suitable for designing low-voltage CMOS circuits. 
However, there are some peculiar behaviors in the circuits using SOl CMOS devices. 
For partially-depleted SOl CMOS devices, the floating body induced parasitic BJT 
effects may cause substantial influences in the circuit performance. Fig. 3.2 shows a 
static three-way OR-AND logic circuit using partially-depleted SOl CMOS devices 
with a channel length of O.25/Lm, a front gate oxide of 50A, a buried oxide of 350oA, 
and a silicon thin-film of 140oA, at VDD = 2.5V[2]. As shown in the figure, the in­
puts Yin2, Yin3, Yin4 are maintained at OV and the input Yini is at 2.5V. At t = O.5ns, 
when Yinl changes from 2.5V to OV, due to gate/source capacitance coupling of NI, 
the voltage at the internal node VI drops from 2.31 V (2.5V - VTH ) to 1. 79V. The 
body voltage of NI (VB,NI) changes from 2.33V to O.98V. At this time, the body 
voltage of N2 (VB,N2) maintains at 2.3V. After t = 1.0ns, Yin4 switches from OV 
to 2.5V, hence, N4 is on. Therefore, VI is pulled low to OV. Due to source/body 
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Figure 3.1: CMOS inverters based on SOl and bulk CMOS technologies. 

capacitance coupling, the body voltage of Nl (VB,Nl) changes from O.98V to be­
low O.7V. Similarly, the body voltage of N2 (VB ,N2) also drops from 2.3V due to 
source/body capacitance coupling. However, the final value of VB ,N2 is still high 
enough to turn on the body/source diode (VB ,N2 - V1 > O.7V). Therefore, the para­
sitic BJT is triggered. Although the gate voltage of N2 is low, a substantially large 
leakage current exists in N2 (IB1P,N2) , which has a peak value of O.4mA at l.Ons 
and gradually decreases until the surplus holes in N2 are used up. N3, which is 
similar to N 2 , also has a substantial amount of leakage current. On the other hand, 
for Nl, its body voltage becomes very small at t = O.5ns. Hence, at t = l.Ons, 
the body voltage of Nl (VB,Nl) is not big enough to turn on its body/source diode. 
Therefore, no substantial amount of leakage current due to the parasitic BJT effect 
as for N2 and N3 exists in N1. At the output node of the circuit, due to the exis­
tence of the DC path for this static circuit, the transient leakage currents such as 
I BIP,N2, I B1P,N3 do not affect its output transient waveform substantially. Instead, 
the transient leakage currents only raise its power consumption during the transient. 

For any dynamic logic circuit, transient leakage current may cause serious effects. 
Fig.3.3 shows Manchester carry chain circuit and its switching transients for the in­
put generate signals (G4, G3 , G2 , G1)=(O,O,O,O), the propagate signals (P4, P3 , P2 , 
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Figure 3.2: Static three-way OR-AND logic circuit and its switching transient, which 
uses SOl CMOS devices with a channel length of O.25p,m, a front gate oxide of 50A, 
a buried oxide of 350oA, and a silicon thin-film of 140oA, at VDD = 2.5V. 

2.SV 2.5V 2.5V 2.SV 2.5V 
2.5 [ 

.I \ 
Va.. 

0.0 

Veo ::: [ .L 

3.0 

I 
V, 2] ~ 'I C4 
V, 

2.8
r I~r: 1.1 

V, 
2.8 [ 

!~ 1.5 
D.5r O.48~AL ISIP,NPI 

0.0 

D.5[ 
O.12mA ISIP,NP2 I n------.-0.0 

0.0 0.5 1.0 1.5 2.0 2.5 

TIME (nsec) 

Figure 3.3: Manchester carry chain circuit and its switching transients for the input 
generate signals (G4 , G3 , G2 , G1)=(O,O,O,O) and the propagate signals (P4 , P3 , P2 , 

Pd=(O,O,O,O), and the input carry signal (Co = 1) using SOl CMOS devices. 

3.0 



74 

IN 

c 
J..-

6 
c 

OUT 

CHAPTER 3. SOl CMOS CIRCUITS 

VoN 2.50 """""" """" .... ,,''',' "." 
0.0 

~o::~-'''-'--____ ~::=~~v_ O.O~ 

...: 1-[ ____ '-, ~<.o."".'0=O:_mA ........ __ __'__=====_ 

0.0 0.5 1.0 1.5 2.0 

TIME (nsec) 

Figure 3.4: SOl CMOS pass-gate with its pertinent switching waveforms. 

H)=(O,O,O,O), and the input carry signal (Co = 1) using SOl CMOS devices[2J. As 
shown in the figure, when clock is low at OV, it is the precharge period. When clock 
is 2.5V, it is the evaluation period. Before clock becomes high, PI, P2 , P3 , P4 and 
Gl , G2 , G3 , G4 maintain at OV and the input carry signal Co is 2.5V. When clock 
becomes 2.5V, the voltage at node ° (Vo) is pulled low to OV. For the pass transistor 
Npl, the sudden fall in the source voltage may turn on the body/source diode. As 
a result, the leakage current due to the parasitic BJT effect in Npl (IBIP , Npl ) may 
rise substantially. Therefore, the voltage of node 1 (VI)' which was precharged to 
2.5V, may be pulled low to O.62V, which represents C l . Hence, this leakage current 
already causes an error in C l . Similarly, the drop in VI may cause a non-negligible 
leakage current (IBIP,N2) due to the parasitic BJT effect in N p2 . As a result, V2 falls 
from 2.5V to 1.16V, which also causes an error in C2 . Consequently, the leakage 
current effect propagates from one bit to the other. However, its effect becomes 
smaller as it propagates. When it reaches Np3 , its effect becomes much smaller. 
Therefore, the change in V3 (C3 ) becomes much less drastic. 

Similar floating body effect also exists in SOl CMOS pass-gates. As shown in 
Fig. 3.4[2]' when C is low, C is high. The transmission gate is off. However, if Yin 
switches from high to low, the body/source diode of the NMOS device may turn on. 
Due to the parasitic BJT effect, a large leakage current (IBIP) exists in the NMOS 
device. Similarly, when Yin changes from low to high, a large leakage current due to 
the parasitic BJT effect may exist in the PMOS device. This leakage current can 
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Figure 3.5: A switch network logic with inputs (a,b,c,d,e,f)=(O,O,O,l,O,l). 

not be overlooked when designing circuits using SOl CMOS devices. Comparing 
NMOS with PMOS, the leakage current in the SOl PMOS device is smaller since 
the parasitic PNP BJT effect in the PMOS device is smaller than the parasitic NPN 
BJT effect in the SOl NMOS device. 

The leakage current caused by the floating body effect can be overcome by tying 
the body to the source. Fig. 3.5 shows a switch network logic with body/source 
connected to inhibit the floating body effect[3]. However, when the inputs a, c, e 
are low and d, f are high, no matter what the potential of b is, the current path 
of ND-NB-NF is formed since NB can be regarded as a forward biased drain/body 
diode. When designing circuits using SOl CMOS devices, this phenomena should 
be avoided. 

3.2 Low-Voltage SOl Circuits 

Fig. 3.6 shows the dynamic threshold voltage MOS (DTMOS) technique[4]. As 
shown in the figure, the body of the NMOS device is connected to the gate. As 
shown in Fig. 3.7, the threshold voltage of the SOl NMOS device is lowered when 
a positive body bias is applied. Specifically, if the body is tied to the gate, its 
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Figure 3.6: The SOl NMOS device with its body tied to gate. 
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Figure 3.8: Subthreshold characteristics of SOl NMOS and PMOS devices (DTMOS 
and standard) operating with body grounded and body tied to the gate. 

threshold voltage can be lowered by about 0.15V, which can provide a larger gate 
overdrive voltage. As shown in Fig. 3.7, by tying the body to the gate, due to a drop 
in the threshold voltage, the gate overdrive voltage becomes larger[4]. During the 
turn-on period, its threshold voltage becomes smaller. During the turn-off period 
(Va = 0), its threshold voltage maintains its value~ the leakage current is small 
and the overall subthreshold slope is steep as shown in the following figure. Fig. 3.8 
shows the subthreshold characteristics of SOl NMOS and PMOS devices operating 
with body grounded and body tied to the gate[4]. As shown in the figure, for the 
standard NMOS device, its body is grounded. Compared with standard devices, at 
a low gate voltage, the leakage current of the DTMOS device is about identical. At 
a high gate voltage, the drain current of the DTMOS device is 2x the value of that 
for the standard device due to a smaller threshold voltage and a smaller vertical 
electric field at a high gate voltage~the mobility can be enhanced. In addition, 
the subthreshold slope of the DTMOS device is improved. However, at a small 
gate voltage, the diode leakage cannot be overlooked~ the operating voltage of the 
DTMOS device cannot be high. In order to improve the operation region for the 
DTMOS device, as shown in Fig. 3.9, a limiter device is placed between the body 
and the gate to provide forward bias for the DTMOS device[5]. When the input 
voltage (Vin) is high, the voltage drop of the body/source diode is smaller than 0.6V. 
Other voltage drops are absorbed by the limiter device. 
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Figure 3.9: A limiter device is used to provide a forward bias for the DTMOS device. 

In general, speed performance of the circuit using the DTMOS technique can 
be enhanced. In addition, owing to lowering of the threshold voltage during the 
transient, this SOl CMOS inverter circuit is suitable for low voltage operation. On 
the other hand, this SOl circuit also has weaknesses. Since body is connected to 
gate, therefore, the previous stage, which drives the gate, needs to absorb the extra 
body leakage current. In addition, if no limiter device is used in the DTMOS struc­
ture, the supply voltage is limited to below O.6V such that the forward bias of the 
body-source junction can be avoided. Otherwise, when the body-source junction is 
forward biased, a large current may flow through the source contact. 

In order to overcome the weakness of the SOl CMOS inverter with its body tied 
to gate as shown in Fig. 3.9, Fig. 3.10 shows an SOl CMOS inverter with the dy­
namic threshold voltage[6]. As shown in the figure, two auxiliary transistors driven 
by the input gate voltage are added to connect the bodies to the drain. With this 
circuit configuration, the previous stage circuit, which drives the gate, does not need 
to absorb the body leakage current any more. The operation of this SOl CMOS in­
verter is described here. During the pull-down transient, the input switches from 
low to high. Under this situation, both main and auxiliary NMOS devices turn on. 
lf the output load capacitance is much larger than the body capacitance of the main 
transistor, the body potential of the main transistor will be pulled to high by the 
auxiliary transistor (Note that at the time the output node is not pulled low yet). 
Therefore, the threshold voltage of the main transistor drops. As a result, a larger 
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Figure 3.10: An SOl CMOS inverter with the dynamic threshold voltage. 

drain current of the main transistor pulls the output to low faster. Owing to the 
turn-on of the auxiliary transistor, the body potential of the main transistor will 
also drop in accordance with the fall of the output voltage. Therefore, the threshold 
voltage of the main transistor rises again. When the output voltage reaches the 
ground level, the body potential is also OV. At this time, the threshold voltage is 
restored to its zero-body-bias value. When the input switches to low, both main 
and auxiliary NMOS transistors turn off. Under this situation, body potential of 
the main NMOS transistor remains at ground and its threshold maintains its max­
imum value- minimum leakage current. The internal potential distribution in the 
body of the main transistor depends on the distance from the body contact. Due 
to the RC effect, at a location farther away from the body contact in the silicon 
thin-film of the main transistor, its body potential is less influenced by the auxiliary 
transistor. Therefore, a main transistor with a smaller equivalent RC time constant 
of the thin-film region can receive more benefits from the dynamic threshold effect. 
In addition, the body potential is also influenced by the coupling via the gate-body 
capacitance and the clock feedthrough via the auxiliary transistor. This SOl CMOS 
inverter circuit with dynamic threshold voltage is especially suitable for driving a 
large capacitive load. 

The previous SOl CMOS inverter can be further improved. Fig. 3.11 shows an 
SOl CMOS buffer[7]. For the SOl CMOS inverter used in a large VLSl system, 
there may be a chain of cascading inverters involved. The propagation delay be-
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Figure 3.11: An SOl CMOS buffer. 

tween inverters may be substantial. As shown in Fig. 3.10, the auxiliary transistors, 
which are used to lower the threshold voltage of the main transistors, are driven by 
the input voltage. The propagation delay may defer the function of the auxiliary 
transistor. As a result, the speed enhancement of the SOl CMOS inverter as shown 
in Fig. 3.10 is not fully utilized. As shown in Fig. 3.11, if the gates of the auxiliary 
transistors are controlled by the input signal to the previous stage instead of the 
present stage, the auxiliary transistor can function in time to shrink the threshold 
voltage of the main transistor during the transient of the present stage[7]. As a 
result, the dynamic threshold voltage technique can be fully utilized. In order to 
accommodate this new technique, the SOl circuit also needs to be modified accord­
ingly. First, the NMOS and the PMOS auxiliary devices should be reversed such 
that the inverting function of the previous state can be taken into account. There­
fore, including the function of the inverter of the previous stage, the whole circuit 
becomes the SOl CMOS buffer with dynamic threshold voltage. 

Fig. 3.12 shows a 0.5V multi-threshold SOl CMOS logic circuit[8]. As shown in 
the figure, this SOl CMOS circuit is composed of two portions~ the power switch 
transistor and the logic block. In the logic block, all transistors are fully-depleted 
SOl CMOS devices with a smaller magnitude in the threshold voltage. The supply 
to the logic block is called virtual VDD , which is connected to VDD of 0.5V via 
the power switch transistor. The power switch transistor is a partially-depleted 
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Figure 3.12: O.5V multi-threshold CMOS logic circuit. 
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SOl MOS device with a larger threshold voltage. During the sleep mode, the power 
switch transistor is turned off to save power. The larger threshold voltage guarantees 
a smaller leakage current in the turned-off power switch transistor. As shown in the 
figure, a diode-connected auxiliary fully-depleted SOl MOS device based on the 
dynamic threshold voltage technique has been used to tie the body of the partially­
depleted power switch transistor to gate. As a result, during the turn-on period its 
threshold voltage can be lowered. When the virtual VDD is connected to VDD , its 
voltage difference between VDD and virtual VDD can be small. In addition, as shown 
in the figure, this diode connected auxiliary MOS device can be used to reduce the 
leakage current of the DTMOS device at a large VDD . In the driver circuit for the 
power switch, in order to increase the driving capability and to reduce the leakage 
current, the improved DTMOS structure has also been used. 

3.3 SOl Gate Arrays 

As described in the previous section, for partially-depleted SOl CMOS devices, float­
ing body effect may cause serious degradation in circuit performance. By applying 
body contact to the partially-depleted SOl CMOS devices, the floating body prob­
lems can be lessened. For fully-depleted SOl CMOS devices, no body contacts are 
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Figure 3.13: Cross section of the device structure of a gate array using fully-depleted 
SOl CMOS devices. 

required. As a result, device density can be high, which is especially advantageous 
for gate array applications. Fig. 3.13 shows the cross section of the device structure 
of a gate array using fully-depleted SOl CMOS devices[9]. It is based on a O.251Lm 
SOl CMOS technology, which has a silicon thin-film thickness of 50oA, four layer 
metal interconnects, N+ poly for NMOS and P+ poly for PMOS. 

Fig. 3.14 shows the basic cell structures used in SIMOX and bulk CMOS gate 
arrays using a O.251Lm fully-depleted SIMOX SOl CMOS technology[10J. As shown 
in the figure, the basic cells contain 10 normal-sized and small-sized CMOS devices. 
The normal-sized devices are used for logic gates. The small-sized PMOS devices 
are used as the load transistor in SRAMs. The small-sized NMOS devices are used 
as the transmission gate transistors. Using this basic cell, a 2-input NAND gate or 
a 2-port 6T SRAM cell can be realized. 

Fig. 3.15 shows the basic cell and its arrangement in the sea of gates (SOG) con­
figuration using a fully-depleted SOl CMOS technology[ll]' where a 400A silicon 
thin-film, and two-layer metal interconnects have been used. The arrangement of 
the cells is via the sea of gates (SOG), where the sizes of both NMOS and PMOS 
are identical. NMOS and PMOS devices are located in different silicon islands. 
Between silicon islands, LOCOS is used for isolation. In the same silicon island, be­
tween active devices, isolation is via gate isolation- the devices next to the active 
devices are turned off. Fig. 3.16 shows the propagation delay time as a function of 
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Figure 3.14: Basic cell structures used in SIMOX and bulk CMOS gate arrays. 
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Figure 3.15: The basic cell and its arrangement in the sea of gates (SOG) configu­
ration using a fully-depleted SOl CMOS technology. 
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Figure 3.16: Propagation delay time as a function of power consumption of each gate 
in fully-depleted SOl and bulk-silicon 2-NAND ring oscillators with and without Al 
load capacitance, in which the power consumption is normalized by the oscillation 
frequencies of the ring oscillators. 

power consumption of each gate in fully-depleted SOl and bulk-silicon 2-NAND ring 
oscillators with and without Al load capacitance, in which the power consumption 
is normalized by the oscillation frequencies of the ring oscillators[ll]. As shown in 
the figure, at the same power, the speed of the SOl circuit is 1.4 times faster since 
the parasitic capacitance of the SOl circuit is one half of the bulk one. 

Although fully-depleted SOl CMOS devices have many advantages, especially a 
much smaller floating-body effect, partially-depleted SOl CMOS devices have been 
gaining a lot of attention owing to their much smaller threshold voltage sensitivity 
to the silicon thin-film thickness and source/drain resistance. Therefore, they have 
also been used to realize gate arrays. Fig. 3.17 shows the basic-cell structures for a 
gate array using a O.35f1m partially-depleted SOl CMOS technology[12]. As shown 
in the figure, the sea-of-gate arrangement has been adopted. In addition, it adopts 
the field-shielded isolation technique with the neutral body of the partially-depleted 
SOl CMOS devices connected to the ground or VDD via the silicon thin-film region 
under the field-shielded gate. As shown in the figure, from the layout arrangement 
point of view, this partially-depleted SOl CMOS gate array is similar to the bulk 
CMOS one. Therefore, the circuits designed for the bulk CMOS gate arrays can be 
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Figure 3.17: Basic-cell structures for a gate array using a O.3511m partially-depleted 
SOl CMOS technology. 

transferred directly for use in the SOl CMOS gate arrays. As shown in the figure, 
since impact ionization is quite serious for the fully-depleted SOl NMOS devices, 
hence, body contacts have been arranged at the two sides of the NMOS devices. In 
contrast, in the SOl PMOS devices, there are body contacts only at one side. 

Fig. 3.18 shows the macro-cell placement for a partially-depleted SOl CMOS 
gate array[12]. As shown in the figure, metal interconnect lines have been placed 
vertically and horizontally. In the enlarged portion of this figure, the layout for an 
inverter has been shown. As shown in the figure, at both sides of the active MOS 
devices there are inactive MOS devices- the gate of the PMOS device is connected 
to VDD and the gate of the NMOS device is connected to ground. The bodies of 
PMOS and NMOS devices are connected to VDD and ground, respectively. 

For partially-depleted SOl CMOS gate arrays, body-contacts are necessary. With 
body contacts, the high-density advantages may have been sacrificed a little bit. On 
the other hand, with body contacted, the unstable performance of the circuits can 
be improved. Fig. 3.19 shows the frequency dependence of the delay time of a circuit 
using a gate array with its body floating and tied, operating at IV and -50C[13]. As 
shown in the figure, with body contacts, the speed performance has been improved 
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Figure 3.18: Macro-cell placement for a partially-depleted SOl CMOS gate array. 
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Figure 3.20: A CMOS/SOS gate array with a customization technique of cutting. 

substantially. 

Due to the excellent isolation property of the SOl CMOS devices, the silicon 
thin-film itself can be used for wiring. Fig. 3.20 shows a CMOS/SOS gate array 
with a customization technique of cutting[14]. As shown in the figure, in addition 
to the active device region, the silicon thin-films have also been used as the lateral 
interconnect lines. Via proper wire cutting, contact opening and aluminum pattern­
ing, the N+ silicon thin-film lines are used for interconnects. Also shown in the 
figure is the detailed cutting procedure. After patterning the photoresist, the ex­
posed oxide layer of the N+ silicon thin-film lines are removed, followed by etching 
of the silicon thin-film layer. The wire cutting procedure does not complicate the 
processing sequence substantially. 

3.4 SOl SRAM 

Owing to its superior capabilities in radiation hardness, parasitic capacitances, and 
device isolation, SOl CMOS technology has been used to implement SRAMs. As 
shown in Fig. 3.21, in the SOl SRAM cell, PMOS and NMOS devices can be placed 



88 CHAPTER 3. 50! CMOS CIRCUITS 

WL. 

o DB 

Figure 3.21: Layout of an SOl SRAM cell. 

against one another without isolation problems[15J. The drain of the NMOS device 
can be placed adjacent to that of the PMOS device in the inverter. Therefore, the 
memory cell of the SOl SRAM can be much smaller than that of the bulk one. 

As shown in Fig. 3.22, at a large VDS , the subthreshold slope of a partially­
depleted SOl NMOS device becomes better due to floating body effect. Therefore, 
its threshold voltage can be scaled down more easily[16J. Under low-voltage low­
power requirements, SOl technology is especially suitable for SRAM cells. However, 
due to the kink effect from the floating body structure, its output conductance may 
be degraded. In order to lessen the kink effect, body contact should be arranged for 
the partially-depleted SOl CMOS devices. This figure also shows the access time 
versus supply voltage of a 5l2Kb SRAM using O.211m partially-depleted SOl CMOS 
technology. At IV, the access time is 3.5ns at a power consumption much smaller 
than bulk SRAM with a comparable size. From this figure, the potentials of the 
SOl technology for low-voltage low-power SRAM applications can be seen. 

Fig. 3.23 shows the schematic diagram of an SRAM cell, column, and main sense 
amplifier circuits in a typical SOl CMOS SRAM[17J. As shown in the figure, in or­
der to save the cell area, no body contacts are available for the memory cell. In the 
bit-line related circuits, the body of the pass transistor is grounded. In the sense 
amplifier and other biasing circuits, the body-tied-to-source configuration has been 
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Figure 3.22: Access time versus supply voltage of a 512Kb SRAM using 0.211m 
partially-depleted SOl CMOS technology. 

used such that its output conductance hence the gain can be maintained at a high 
value without the influence from the kink effect. 

The parasitic BJT effect due to the floating body structure in the memory cell 
can degrade the performance of an SRAM. For the memory cell and the column 
structure as shown in Fig. 3.24, its 'write 0' transient for the memory cell 0 is shown 
in Fig. 3.25[18]. In the figure, 'max' is referred to 'data l' stored in cell 1-511 such 
that node A in the memory cell is high. 'min' is referred to 'data 0' stored in cell 
1-511 such that node A in the memory cell is low. When the 'write 0' procedure 
is initiated, word line LWL becomes high. At this time, via the read/write switch, 
the input data (DIN=O) forces the bit line (BL) to pull low. The pass transistor 
of cell 0 is turned on. Therefore, node A is pulled low. The 'write 0' function is 
accomplished. Comparing the transient waveforms referred to 'min' and 'max', for 
the max case 'write 0' takes a longer time. This is due to the fact that for the 
'max' case, the drain node (A) of the pass transistor (T1) in cell 1-511 maintains 
high. When the source end (at BL) of T1 becomes from high to low, the substantial 
leakage current due to the parasitic BJT results in an increased load at the bit line 
(BL). Consequently, the pull-down of the bit line (BL) becomes slower. Therefore, 
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Figure 3.23: Schematic diagram of SRAM cell, column, and main sense amplifier 
circuits in a CMOS SOl 4K SRAM. 

'write 0' is slower. For the 'min' case, no such situation occurs. Since for the 'min' 
case, node A in cell 1-511 maintains low. No leakage as in the 'max' case exists. 
Therefore, speed is faster. Fig. 3.25 also shows the transient voltage and currents 
of a single unselected cell for the 'max' case of the unselected cell disturb during 
a write cycle at VDD = 1.95V and 105C[18]. As shown in the figure, when 'write 
0' is initiated, a leakage current indicated by ie is injected into BL. In contrast, a 
leakage current indicated by ic is flowing out of node A. As a result, node A is pulled 
low a little bit. Due to the DC path of the memory cell, the extent of the voltage 
perturbation at node A is not large. However, when designing the memory cell, the 
aspect ratio of the PMOS devices should be arranged carefully such that the leakage 
current from the parasitic BJT does not change the potentials at the storage nodes. 

In some SRAM designs, SOl devices and bulk devices are simultaneously used. 
Fig. 3.26 shows the memory cell of an SRAM using laser-recrystallized SOl PMOS 
load[19]. As shown in the figure, in the memory cell, bulk NMOS devices and SOl 
PMOS load are used. The SOl PMOS load is realized by the laser recrystallization 
of the CVD deposited polysilicon layer. In this memory cell, the P+ poly-gate of 
the PMOS device is connected directly to the drain of the NMOS device, which has 
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Figure 3.26: The memory cell of an SRAM using laser-recrystallized SOl PMOS 
load. 

an N+ poly-gate. As a result, effective diodes exist in the memory cell. As shown 
in Fig. 3.27, bulk NMOS devices are at the bottom level[20J. At the top level is the 
SOl PMOS load. Compared to the SRAM cell using polysilicon TFT as the load, 
the SOl PMOS load has a much smaller leakage current and a much larger turn-on 
current. Therefore, its performance is much better. 

Three-dimensional Ie technology has been used to realize SRAM. Fig. 3.28 shows 
the circuit diagram of a 3D SRAM[21J. As shown in the figure , at the bottom layer 
bulk MOS devices are used to integrate memory cells. At the top layer, the SOl 
devices realized by ZMR are used to implement address decoders, sense amplifiers, 
I/O buffers, and chip controllers. 

3.5 SOl DRAM 

Due to the properties in high density, low parasitic capacitances, low leakage current, 
and good radiation hardness[22J, SOl technology has been regarded as a good candi­
date for realizing low-voltage low-power large-size high-speed DRAMs in the future . 

Fig. 3.29 shows the schematic diagram representing the soft error immunity ef-
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Figure 3.29: Schematic diagram representing the soft error immunity effect in an 
SOl DRAM. 

fect in an SOl DRAM. As shown in the figure, when the DRAMs are susceptible to 
the alpha particles, owing to the buried oxide, which provides the isolation from the 
substrate, a large amount of electron-hole pairs produced by the alpha particles do 
not affect the storage nodes of the memory cell. Hence, a good soft error immunity 
can be obtained. In contrast, for the bulk DRAM, the electron-hole pairs produced 
by the alpha particles may be absorbed by the source/drain of the devices. There­
fore, the potential of the storage nodes may change. Hence, the soft-error immunity 
is inferior. 

Fig. 3.30 shows the processing sequence of an SOl-DRAM with LOCOS isolation 
using a 0.6J.Lm SOl CMOS technology based on SIMOX or BESOI wafers, which has 
a silicon thin-film of 1000A, and a front gate oxide of 110A[23]. In this SOl CMOS 
technology, LOCOS isolation, 2-level metal interconnects, and semiconductor fin 
capacitors have been used. Using this SOl technology, a 16Mb DRAM has been 
integrated. At a supply voltage of 3V, the access time is 50ns, which is 20% faster 
as compared to the bulk one with a comparable size. 

The parasitic BJT leakage current due to the floating body effect in a partially­
depleted SOl CMOS device may affect the performance of a DRAM. Fig. 3.31 
shows the illustration of the transient leakage mechanism in the SOl DRAM ar­
ray device[24]. As shown in the figure, during the write cycle, when write is high, 
storage node is pushed high to 1.5V. During the latency period- cells of the same 
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Figure 3.32: Potential distribution in an SOl DRAM memory cell and the transient 
behavior of the storage node during the latency period. 

column are not accessed, due to the diode leakage current and the thermal gen­
eration effects, in the body, a substantial amount of holes are piled. As a result, 
the body potential rises. If a cell of the same column is accessed and the 'write 0' 
operation is initiated, the bit line will be pulled low. As a result, although the pass 
transistor of this un accessed cell is off, the sudden drop in the source voltage may 
lead to the turn-on of the body-to-source diode. Hence, the holes in the body will be 
expelled. In addition, the parasitic BJT is triggered. Consequently, a large leakage 
current is injected from the drain end (the storage node). This leakage current will 
continue until the holes in the body are used up. Then, the body potential falls. 
This leakage causes the change in the potential at the storage node. Sometimes, 
errors may occur. In addition, if the latency period is too long, the subthreshold 
leakage current of the pass transistor becomes larger due to the increase in the body 
voltage. Therefore, the data retention time is degraded, which should be taken care 
of by the circuit designer. 

The above leakage problems in an SOl DRAM memory cell can be improved by 
the body refresh operation. When the body potential of the pass transistor in an 
SOl DRAM memory cell does not reach a designated value, the bit line is pulled 
low intentionally such that the piled holes are expelled from the body. As a result, 
the body potential is maintained at a low value as shown in Fig. 3.32 [25]. There­
fore, the parasitic BJT cannot be turned on. By this technique, the body voltage is 
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Figure 3.33: Current gain versus the thin-film doping density of the SOl MOS device 
with uniform and non-uniform p/p+ doping structures used in the DRAM memory 
cell. 

maintained at a low value. Therefore, during the latency period, the leakage current 
is smaller- a better data retention time can be obtained. 

The leakage current problem in an SOl DRAM can be improved by another tech­
nique. By using partially-depleted SOl CMOS devices with a non-uniformly doped 
profile-at the bottom of the silicon thin-film, a more heavily doped P+ region is 
formed, the current gain of the parasitic BJT can be effectively reduced. As a result, 
the influence of the parasitic BJT in the storage node can be lessened. Fig. 3.33 
shows the current gain versus the thin-film doping density of the SOl MOS device 
with uniform and non-uniform P/P+ doping structures used in the DRAM memory 
cell [26]. As shown in the figure, a non-uniform P/ P+ doping structure in the silicon 
thin-film with a high doping density at the bottom of the silicon thin-film provides 
an effective way to reduce the current gain of the parasitic bipolar device. 

The leakage current effect can be suppressed by using body contacts. As shown 
in Fig. 3.34, the field oxide does not provide total isolation for the silicon thin-films 
[27]. Instead, a space is left for connecting the body contacts to the silicon thin-film 
body. The synchronous operation period of this 64Mb SOl DRAM is 5.8ns, which 
is 10% faster as compared to the bulk DRAM of the comparable size. Although 
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Figure 3.34: Schematic diagram of body-contacted (BC) SOl MOS devices used in 
a 64Mb SOl DRAM. 

adding body contacts may lower the device density, using the body-tied SOl CMOS 
technology, the circuit design can be borrowed directly from the bulk CMOS tech­
nology. 

Fig. 3.35 shows another way to add body contacts for SOl DRAM circuit appli­
cations [28]. As shown in the figure, only in the driver, the buffer, and the sense 
amplifier, body contacts are used, because the performance of these circuits is sus­
ceptible to the floating body effect. On the other hand, in the memory cell and logic 
gate, floating body configuration is still adopted since other techniques as described 
in the previous paragraphs have been used to avoid floating body effects. In addi­
tion, without using the body contact configuration, the density of these circuits can 
be enhanced. The overall arrangement of partial body-tied and partial body-floating 
strategy is used to optimize the circuit performance. 

In addition to suppressing floating body effects, body contacts can be utilized 
for low-voltage operation. Fig. 3.36 shows the body-pulsed sense amplifier (BPS) 
circuit and its waveforms[29]. As shown in the figure, it is based on adjusting the 
body potential of some circuits dynamically such that the conducting capability 
of these devices can be enhanced in some appropriate time. In other time, their 
original states are maintained. By this arrangement, the power consumption does 
not increase substantially. As shown in the figure, in period (1), word line (WL) 
becomes high and the bit line (BL) starts to change. In period (2), SON becomes 
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Figure 3.37: Body-driven equalizer (BDEQ) circuit and its related transients. 

high and the sense amplifier begins to become active. At this time, the body voltage 
(SBN) of M1 and M2 is raised and the body voltage (SBP) of M3 and M4 is lowered 
temporarily. As a result, the magnitude of the threshold voltage of MI-M4 becomes 
smaller. Hence, the speed performance of the sense amplifier becomes faster. In 
period (3)- the restoring period, the body voltage (SWP & SWN) of M5 and M6 
is changed accordingly such that the conducting capability of M5 & M6 can be up­
graded. This results in a faster restoring process. 

Based on a similar body-driven principle, Fig. 3.37 shows the body-driven equal­
izer (BDEQ) circuit and its related transient[29]. Similarly, when the equalizer 
becomes active (BLEQ is high), the body voltage of the NMOS device is raised 
simultaneously. Hence, the threshold voltage of the NMOS device is reduced, conse­
quently the conducting capability is enhanced. Thus, the equalizing time is reduced. 
Fig. 3.38 shows the body current damper (BCC) circuit[29]. The motivation of this 
circuit is to adjust the body voltage of the sense amplifier. If the body voltage is too 
high for the NMOS or too low for the PMOS, the body-source diode turns on, which 
may result in a large amount current flowing through VccA and GndA. Therefore, 
some voltage perturbation exists on VccA and GndA, which may affect the precise 
operation of the sense amplifier. This drawback can be improved by inserting diodes 
between body-bias line and VccB/GndB. By this arrangement, the body voltage can 
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Figure 3.38: Body current clam per (BCC) circuit. 

be clamped to within an appropriate value to reduce the voltage perturbation on 
VccA and GndA · 

Fig. 3.39 shows the body-pulsed transistor logic (BPTL) circuit to be used in the 
peripheral circuit[29]. BPTL circuit is also based on adjusting the body potential of 
the active logic gates such that a temporary enhancement in speed can be obtained. 
The active signal CLK arrives at various blocks at different times. In addition, the 
operation time for each block is limited. Therefore, the body bias (BP) should be 
adjusted only between the start and the end of the operation of each block. As 
shown in the figure, using AND gates and appropriate delay lines, the required BP 
signal can be obtained. When BP is high, it is the operation period of the block. 
Fig. 3.40 shows the performance of a 16Mb SOl DRAM using body control circuits 
based on a 0.5p,m SIMOX SOl technology[29]. At a supply voltage of 1 V, the access 
time is 46ns, which is much faster compared to the case without the body control. 

In the previous section, 3D techniques for SRAMs have been described. Similarly, 
the 3D techniques have been used to integrate DRAM. As shown in Fig. 3.41, in a 
stacked SOl DRAM memory cell[30], there are three device layers. The bulk devices 
are at the bottom layer. The SOl devices are at the other two layers. Between 
device layers, doped polysilicon layers have been used to function as shielding such 
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Figure 3.40: Performance of a 16Mb SOl DRAM using the body control circuits 
based on a 0.5f.Lm SIMOX SOl technology. 



3.6. SOl CPU 103 

T SI Substrate 

Figure 3.41: Structure of a stacked SOl DRAM memory cell. 

that interference can be reduced. The planar capacitors are with the pass transistors 
located at the same layer or two adjacent layers to increase density and to reduce 
parasitic capacitances. 

3.6 SOl CPU 

Due to the advantages in radiation hardness, SOl CPUs have been used for special­
purpose environments. The trends on SOl CPU are toward low-voltage and low­
power. Based on a 0.5/lm SOl CMOS technology, a microprocessor operating at 
below IV has been integrated. As shown in Fig. 3.42, at 0.9V, the operation speed 
is 5.7MHz, which is 1.9 times faster as compared to the bulk one[31]. Fig. 3.43 shows 
the core frequency performance as a function of the operating temperature over a 
supply voltage of 0.9V to 2.5V of the SOl CPU [31]. At a larger VDD , when the 
operating temperature is increased, due to a degraded mobility, the maximum op­
erating frequency is reduced since the driving capability of the devices is decreased. 
On the other hand, at a smaller VDD , the maximum operating frequency, which is 
sensitive to the threshold voltage, does not decrease when the temperature is in­
creased. Instead, the speed increases slightly owing to the decreased magnitude in 
the threshold voltage when the operating temperature is raised. 

Fig. 3.44 shows the multi-threshold CMOSjSIMOX circuit scheme[8]. As shown 

T 
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Figure 3.42: Microcontroller CPU core frequency performance comparison between 
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in the figure, this SOl CMOS circuit is composed of two portions- the power 
switch transistor and the logic block. Their functions have been described in Sec. 
3.2. Based on the multi-threshold CMOS/SIMOX circuit scheme, a 16bit arithmetic 
logic unit (ALU) based on a 0.25J.Lm CMOS technology has been integrated. At a 
supply voltage of 0.5V, a speed of 40MHz has been reached. The power consumption 
is only 0.35m W. During the sleep mode, the power consumption is less than 5n W. 

Using DTMOS technique, which is based on the dynamic threshold voltage MOS 
device with body tied to gate, the speed performance of a pass-gate logic can be 
faster. Fig. 3.45 shows the body-contact (BCS01) pass-gate logic circuits. As shown 
in the figure, the first type of the BCSOl circuit is for driving loads with long 
wiring and large fan-out[32]. The second type of BCSOl circuit is for driving local 
connected circuits. As shown in Fig. 3.46, using the BCSOl pass gate logic circuits 
based on a 0.3J.Lm SOl technology, a 32-bit ALU has been integrated[32]. At 0.5V, 
the maximum operating frequency is 200MHz. However, the power consumption is 
20mW. Due to the restraints on turn-on of the body/source diode, this BCSOl CPU 
can only work at a supply voltage smaller than O.SV. 
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Figure 3.45: Body contact (BCSOl) pass-gate logic circuits. 

3.7 SOl Analog Circuits 

Until now in this chapter, SOl CMOS technology has been used for digital circuit 
designs. For SOl CMOS devices, their parasitic junction area is much smaller as 
compared to the bulk ones. SOl devices are especially suitable for operation at 
an elevated temperature. Bulk CMOS devices can work at an operating tempera­
ture until 150C. Bulk BJT can work until 200C. SOl CMOS devices can work until 
300C[33]. Therefore, for analog circuits, SOl technology can also be useful. In this 
section, analog circuits using SOl CMOS technology are described. Fig. 3.47 shows 
the schematic cross section of a 0.351lm fully-depleted SOl/SIMOX CMOS technol­
ogy for analog/digital mixed-mode circuits[34]. In this SOl technology, the CMOS 
devices have a front gate oxide of 70A, a silicon thin-film of 500A, and a buried 
oxide of 1000A. As shown in the figure, in addition to the CMOS devices and two­
level metal layers for interconnects, capacitors and resistors have been realized. The 
capacitor device is made of the N+ top poly plate and the n-type silicon thin-film 
region with gate oxide as the dielectric, which is realized by an extra buried n-type 
layer diffusion before the forming the gate electrode. The doping density of this 
n-type silicon thin-film region has been optimized such that the capacitance volt-
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Figure 3.47: Schematic cross section of a O.35J.lm fully-depleted SOI/SIMOX CMOS 
technology for analogi digital mixed-mode circuits. 
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Figure 3.48: An SOl operational transconductance amplifier. 

age coefficient is smaller than 3%/V, which is sufficient for a lObit analog-to-digital 
converter (ADC) design. The resistor device is realized by the N+ polysilicon layer. 

Fig. 3.48 shows an operational transconductance amplifier based on fully-depleted 
inversion-mode SOl CMOS technology, which has a front gate oxide of 300A, a 
buried oxide of 4000A, and a silicon thin-film of 800A[35]. As shown in the figure, 
Ml and M2 are the input differential pair, which is used to sense the input signals. 
Via three current mirrors, which are made of M3-MS, the sensed input signal is 
transformed into the high-impedance output. As shown in the figure, the power 
consumption of this SOl operational transconductance amplifier is 3.6p,W. A gain 
of 65dB and a maximum bandwidth of 200MHz have been reached. Fig. 3.49 shows 
gain and frequency versus operating temperature of the SOl operational transcon­
ductance amplifier[35]. Due to the superior isolation structure, the SOl operational 
transconductance amplifier can work up to 300C, where individual devices are bi­
ased at the ZTC (zero temperature coefficient) area. Consequently, the perfor­
mance of the devices does not vary substantially as the operating temperature rises. 
Fig. 3.50 shows the drain current characteristics of SOl CMOS devices at differ­
ent temperatures[36]. As shown in the figure, when the operating temperature is 
changed, the drain current changes. In spite of the temperature dependence, there 
is a zero-temperature-coefficient (ZTC) point, where the drain current behavior is 
insensitive to the operating temperature. Owing to the ZTC characteristics, it has 
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Figure 3.49: Gain and frequency versus operating temperature of the SOl opera­
tional transconductance amplifier. 
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Figure 3.51: Schematic view of a first-order filter realized by SOl CMOS devices. 

been often taken advantage to reduce the temperature sensitivity of the analog cir­
cuit. 

Based on the operational transconductance amplifiers (OTA) and the highly­
linear 4-MOSFET structure, an SOl first-order filter as shown in Fig. 3.51 has been 
implemented[37J. As shown in the figure, this SOl first-order filter can work at an 
operating temperature up to 300C. When the operating temperature is raised, the 
bandwidth becomes smaller. This is due to the increased effective resistance of the 
4-MOSFET structure at an elevated temperature. In this circuit, Vel is fixed. In 
contrast, Vc2 is adjustable. Therefore, Vc2 can be adjusted by using an on-chip au­
tomatic tuning circuit to compensate for the performance due to the temperature 
effect. 

Based on the SOl operational transconductance amplifiers, pass transistors, 
latch, and comparator, a sigma-delta modulator for the sigma-delta analog-to-digital 
converter as shown in Fig. 3.52 has been done[38J. As shown in the figure, at an 
operating temperature of 300C, the modulator can still work, although the signal­
to-noise ratio (SNR) performance is degraded a little bit due to harmonic distortion. 
At 300C, the leakage current of the pass transistors is substantial, which may affect 
the performance of the integrator. Due to the leakage current in the pass transis-



3.7. SOl ANALOG CIRCUITS 111 

2C 40 

35 

iii 
:E-
li: 30 z 
Ul 

25 

20 
100 200 300 

Temperature (OC) 

Figure 3.52: Schematic of the SOl first-order modulator. 

tors, the charge in the capacitor is lost quickly. As a result, the minimum sampling 
frequency should be raised. 

Fig. 3.53 shows a voltage reference circuit using accumulation-mode and inversion­
mode SOl MOS devices, which have a similar doping density in the silicon thin­
films[39J. As shown in the figure, M3 and M4 , which are accumulation-mode, provide 
the biasing current for Ml and M2 , which are inversion-mode. The reference voltage 
is generated by the difference in the threshold voltages of Ml and M2 . M5-MS form 
an output buffer. The accumulation-mode and the inversion-mode SOl MOS devices 
have an identical doping density. In addition, both the accumulation-mode and the 
inversion-mode SOl MOS devices are biased at a back gate bias of -5V. As a result, 
the threshold voltage and the drain current of both devices have almost identical 
temperature coefficients. Consequently, the reference voltage has an excellent tem­
perature coefficient since the temperature coefficients of both devices are cancelled 
out by each other. 

In addition to fully-depleted SOl devices, partially-depleted SOl CMOS devices 
have been used to design analog circuits. In order to avoid the kink effect due to 
the floating body structure, the body-tied-to-source structure has been adopted. 
Fig. 3.54 shows a two-stage operational amplifier with a class AB-output stage and a 
quiescent current control using partially-depleted SOl CMOS devices [33]. Fig. 3.55 



112 CHAPTER 3. SOl CMOS CIRCUITS 

2.39 

Veld 

> 
Vraf 

.. 
'" S 
'0 
> .. 
u c: 
~ 
~ .. 
II: 

2.37 L-_______ ~ __ ~ __ __:':--_::! 
·50 -25 0 25 50 75 

Temperature (OC) 

Figure 3.53: A voltage reference circuit using accumulation-mode and inversion­
mode SOl MOS devices. 
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Figure 3.55: Open loop gain versus frequency of the sal two-stage operational 
amplifier with a capacitive load of 50pF. 

shows the open loop gain versus frequency of the sal two-stage operational amplifier 
with a capacitive load of 50pF. As shown in the figure, at a higher temperature, the 
op amp still works although the frequency response becomes worse[33]. Fig. 3.56 
shows the transmission gates realized by partially-depleted sal MaS devices. As 
shown in the figure, the body of the partially-depleted sal MaS device is connected 
to Vss for NMOS or VDD for PMOS. An H-shaped gate structure has been used to 
avoid the leakage current caused by the edge channel[33]. Fig. 3.57 shows the 
schematic and the frequency response at 300C of the switched-capacitor seventh­
order low pass ladder filter using SOl MaS devices[33]. Owing to the utilization of 
the sal devices, this circuit has a good performance until 300C. At 350C, it cannot 
function properly since the intrinsic carrier concentration is in the order of the sili­
con thin-film doping density. 

Fig. 3.58 shows the block diagram of focused-ion-beam (FIB) 4-bit flash analog­
to-digital converter (ADC) implemented by 0.251Lm partially-depleted SOl CMOS 
devices[40]. Owing to the 0.251Lm partially-depleted SOl CMOS devices, the sam­
pling rate can be as high as 1GHz. On the other hand, the power dissipation is under 
100m W. This sal flash ADC uses the one-input comparators, which are composed 
of inverters having various transfer curves. The threshold voltage of the sal devices 
in each inverter is individually adjusted by focus-ion-beam (FIB) such that the 
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Figure 3.58: Block diagram of focused-ion-beam (FIB) 4-bit flash analog-to-digital 
converter (ADC) implemented by 0.25f.tm partially-depleted SOl CMOS devices. 

transition point of each inverter can be located at its designated location. By this 
method, the speed performance can be enhanced at a reduced power dissipation. 
Fig. 3.59 shows the circuit schematic with the signal path through a comparator 
and a latch used in an SOl analog-to-digital converter (ADC) circuit[40]. Due to 
the partially-depleted SOl devices adopted in this circuit, body contacts to all de­
vices are needed. Fig. 3.60 shows a portion of a 7-bit ADC circuit using a 0.7f.tm 
partially-depleted SOl CMOS technology[41]. As shown in the figure, in order to 
reduce the floating body effect, body-tied-to-source structure has been adopted. 

3.8 Summary 

In this chapter, the influence of the floating body effect in the circuit performance of 
SOl CMOS devices has been described, followed by the low-voltage circuit designs 
using SOl CMOS devices. SOl gate array, SRAM, DRAM, and CPU have been 
introduced. In addition to these digital circuits, SOl analog circuits including OTA, 
filters, modulators, and ADC have been presented in the final portion of the chapter. 
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Problems 

1. What are the influences of the parasitic BJT leakage from the floating body effects 
in the performance of the dynamic and pass-transistor based circuits using SOl 
devices? 

2. Based on the three dynamic-threshold-voltage MOS structures in Figs. 3.6,3.10, 
& 3.11, design AND and OR logic circuits. Discuss the restraints on the appli­
cation of the DTMOS techniques for the dynamic circuits. Based on the three 
dynamic-threshold-voltage MOS structures, design a 4-bit carry look-ahead cir­
cuit using domino logic. 

3. Why the DTMOS structure in Fig.3.12 can be used to reduce the gate leakage 
current while its performance is not affected? As shown in the figure, in the 
driver circuit for the power switch transistor, why some devices use DTMOS? 
why some not? 

4. What is the influence of the parasitic BJT leakage from the floating body effect 
in SRAM and DRAM using SOl devices? Which circuit is more affected? Why? 
How can the problems be overcome from the processing technology and circuit 
designs? 

5. When the operating temperature is changed, what are changes in the subthresh­
old and the strong-inversion currents of SOl MOS devices? From Figs.3.43 and 
3.50, discuss the temperature effect of the SOl digital and analog circuits. 



Chapter 4 

SOl CMOS Devices-Basic 

In the previous chapters, processing technology and properties of SOl CMOS de­
vices and VLSI circuits using SOl CMOS devices are introduced. Compared to bulk 
CMOS devices, SOl CMOS devices have been reknown for their superior perfor­
mance in smaller second order effects, no latchup, and higher speed. Due to their 
unique structure, SOl CMOS devices have performance quite different from the bulk 
ones. In this chapter, fundamental behaviors of SOl CMOS devices are described. 
Starting from the back gate bias effect, one-dimensional threshold voltage models 
of SOl CMOS devices are presented. Then, short and narrow channel effects of SOl 
CMOS devices are described. Considering both short and narrow channel effects, 
three-dimensional small-geometry effects on the threshold voltage are depicted. Af­
ter considering the threshold voltage, the mobility model of an SOl CMOS device 
is analyzed. Carrier mobilities in SOl CMOS devices are complicated especially 
for small-geometry SOl CMOS devices. In a short-channel SOl CMOS device, the 
internal electric field may be high. As a result, carriers in the channel may be trav­
eling with a large energy. Therefore, carrier temperature may be much higher than 
the lattice temperature. Hence, the carrier temperature effect on the mobility can 
not be neglected. Sometimes, carriers may be travelling at a velocity even higher 
than the saturated velocity-velocity overshoot. Considering carrier temperature 
effect, the carrier-temperature dependent mobility model has been used to derive 
the drain current model of the SOl CMOS devices. In the final portion of this chap­
ter, considering the lattice temperature and the non-local high electric field effects, 
a comprehensive DC drain current model for a small-geometry SOl CMOS device 
biased in the subthreshold and strong inversion regions is described. 
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Figure 4.1: Threshold voltage versus back gate bias of an SOl NMOS device with a 
gate oxide of 150A and a channel length of O.6J.Lm. 

4.1 Back Gate Bias Effect 

For an SOl CMOS device, owing to the buried oxide below the silicon thin-film, the 
back gate bias induced depletion region below the insulator in the substrate cannot 
be neglected [1]-[5]. As a result, the back gate bias effect of SOl CMOS devices is 
quite different from that of bulk ones. Fig. 4.1 shows the threshold voltage variation 
versus back gate bias of an SOl NMOS device with a gate oxide of 150A and a 
channel length of O.6p,m[6]. As shown in the figure, due to the buried oxide between 
the silicon thin-film and the substrate, the back gate bias effect of the SOl NMOS 
device is smaller than that of the bulk one. From the figure, the back gate bias effect 
of the partially-depleted SOl device is smaller than that of the fully-depleted SOl 
device. For the partially-depleted SOl NMOS device, its threshold voltage is almost 
independent of the back gate bias due to the existence of the neutral region in the 
silicon thin-film- the influence of the back gate is shielded. Thus, when discussing 
the back gate bias effect, it is most often referred to fully-depleted devices. As shown 
in Fig. 4.2, the back gate bias effect on the threshold voltage can be divided into 
three regions[7]. For the back gate bias of between -30V and 30V, the threshold 
voltage is linearly proportional to the back gate bias. An increase in the back gate 
bias leads to a decrease in the threshold voltage. When the back gate bias is greater 
than 30V, the back-gate bias curve is saturated. A change in the back gate bias does 
not lead to a substantial deviation in the threshold voltage. Under this situation, 
hole accumulation at the substrate surface or strong inversion above the buried 
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Figure 4.2: Threshold voltage versus back gate bias of an SOl NMOS device with a 
front gate oxide of 250A, a buried oxide of 2ooooA, a silicon thin-film of 1800A and 
a p-type substrate. 

oxide in the silicon thin-film may exist. As a result, the back gate bias is prevented 
from affecting the threshold voltage. Similarly, when the back gate bias is smaller 
than -30V, the curve is also saturated. Under this situation, strong inversion at the 
substrate surface or hole accumulation at the bottom of the silicon thin-film may 
occur. From the above analysis, back-gate bias effect on the threshold voltage of an 
SOl CMOS device is complicated. As for bulk CMOS devices, back gate bias effect 
is important in determining the performance of a circuit using SOl CMOS devices. 
In the remaining portion of this section, analytical back gate bias effect models for 
ultra-thin SOl CMOS devices[8] are described. First, back gate bias models for the 
SOl NMOS devices are analyzed, followed by those for the SOl PMOS devices. 

4_1.1 NMOS device 

Consider an SOl inversion-mode NMOS device using an N+ polysilicon gate as 
shown in Fig. 4.3. The doping structure of the silicon thin-film in the inversion­
mode SOl NMOS device is n+-p-n+. When the front gate is biased at its threshold 
voltage, at the front surface of the silicon thin-film, an electron inversion layer ex­
ists. Depending on the back gate bias, the surface of the p-type substrate under the 
buried oxide may be depleted~ only the ionized space charge N;' left. In addition, 
an electron inversion layer may also exist at the back substrate surface. As shown in 
Fig.4.3, when the front gate is biased at the threshold voltage, by applying a back 
gate bias of -3V, there is an inversion layer under the buried oxide in the substrate[8]. 
Therefore, the back gate bias affects the generation of the front channel in the silicon 
thin-film~ the threshold voltage may be affected by the back gate bias, which is 
the body effect of the SOl NMOS device. 
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Figure 4.3: The internal carrier distributions of an inversion-mode SOl NMOS device 
biased without an inversion in the substrate and with an inversion in the substrate. 
The origin of the x axis is at the Si - Si02 interface below the front gate. 

Consider the SOl NMOS device as shown in Fig. 4.3. Applying Gauss' law at 
the Si/Si02 interface under the front gate, one obtains: Coxl('lIGF - 'lI8l ) = fsiEsl' 
where Cox1 is the unit area front gate oxide capacitance, WGF(= -<PF(POLY) + VGF ) 
is the electrostatic potential of the front polysilicon gate, W 81 is the electrostatic 
potential at the Si/ Si02 interface under the front gate, and Es1 is the electric field 
at the surface of the silicon thin-film under the front gate. From Kirchoff's voltage 
law, the electrostatic potential at the substrate surface under the buried oxide is: 
'lI 83 = 'lI 82 - ~Es2' where 'lI s2 ad Es2 are the electrostatic potential and the electric 
field at the back surface of the silicon thin-film above the buried oxide, respectively. 
Cox2 is the unit area buried oxide capacitance. 

Assuming no interface charge at the Si/ Si02 interface, the electric field at the 
back surface of the silicon thin-film above the buried oxide is equal to the electric 
field below the buried oxide at the substrate surface: Es2 = Es3 , where Es3 is the 
electric field at the surface of the substrate surface below the buried oxide. When 
the device is biased at the threshold voltage, the silicon thin-film is fully depleted, 
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the Poisson's equation becomes: 

(4.1) 

Integrating Eq.(4.1), the electric field and the electrostatic potential above the buried 
. d· h ·1· h· fil . E - E '1!:!A. .T, - .T, E '1!:!A. 2 OXl e ill t e Sl lcon t ill- mare. .2 - .1 - C ' ~.2 - ~ 81 - sl tsi + 2 . t.i , 1. < .. 

where Cs is the unit area thin-film capacitance \Cs = fsdtsi). Below the buried 
oxide in the p-type substrate, the Poisson's equation is: 

where Nsub is the substrate doping density, w(x) is the electrostatic potential, and 
no and Po are the electron and hole densities in the neutral substrate region, respec­
tively. 

From Eq.(4.2) and the relationship: 2~:~:~ = ::I:((~:)2), the electric field under 
the buried oxide in the substrate is: 

(4.3) 

kT~~kT~~ 
= ± 2q[Nsub (W s3 - Wsub) + -no(e q - e q ) + _Po (e q - e q )], 

q q fri 

where W sub( = VGB - ¢JFsub) is the electrostatic potential in the neutral substrate, 
and ¢JFsub = k; In( ~). If W s3 < W sub, holes are accumulated at the surface of the 
substrate, therefore, the negative sign should be chosen in the above equation. From 
Eq. (4.3), two equations in terms of Ws3 and Wsl can be obtained: 

Ws3 = (1 + Cod + CO:l:l )Wsl + qNAt./ + qfsiNA _ (CO:l:l + CO:l:l )WGF, (4.4) 
Cs CO:l:2 2fsi CO:l:2Cs Cs CO:l:2 

(4.5) 
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From Eqs.(4.4)&(4.5), Ws1 and Ws3 can be obtained. When strong inversion does 
not exist at the surface of the substrate (Wsub < Ws3 < Wsub + 2¢>Fsub), Eq.(4.5) 
is simplified to Q.w.(WGF - Ws1) - IJ.E!..dCNA ~ . /2qN,Ub('V,3-'V,Ub). From Eq.(4.4), the 

~ , V ~ 
electrostatic potential and the electric field at the surface of the silicon thin-film 
under the front gate are: W sl = ~ - 2~ V B2 - 4AC, Es1 = 0: + V {3 + 2q~:"b W s1, 

where A = (Q.w. )2, B = 2(Q.w.WGF - 0:)Q.w. + '!:!l!:!.w., C = (Q.w.WGF - 0:)2 - {3, 0: = 
fs, f st E,n f st (,n 

~ -qNSUb(~, + C:X2)' and {3 = (qNsub)2(~, + C:X2)2 - (t,)2 NANsub + 2q~:"b (-W sub). 
The channel of an SOl NMOS device can be located at the top or at the bottom 
of the silicon thin-film. Therefore, the threshold voltage is defined as the front gate 
voltage when at a specific back gate bias the elecrostatic potential at the top of the 
silicon thin-film under the front gate (w sl) or the electrostatic potential at the top of 
the buried oxide in the silicon thin-film (w s2) reaches ¢>F, where ¢>F = k: (!f;;) is for 
the inversion-mode SOl NMOS devices, and ni is the intrinsic carrier density. For 
an inversion-mode SOl NMOS device, strong inversion always occurs at the front 
surface. Therefore, the threshold voltage is defined as the front gate voltage when 
the electrostatic potential at the surface of the silicon thin-film under the gate (w sl) 
reaches ¢>F: Es1 (w sl = ¢>F) = V {3 + 2q~:"b ¢>F. Therefore, the threshold voltage is: 

fsi ( 2qNsub ) ( ) VTH = ¢>F + -C 0: + {3 + --¢>F + ¢>F(POLY), 4.6 
oxl fsi 

where ¢>F(POLY) is the quasi-Fermi potential of the N+ poly gate. Eq.(4.6) is appli­
cable when strong inversion does not exist at the substrate surface under the buried 
oxide (w s3 < 2¢>Fsub + W sub). When strong inversion does occur at the substrate 
surface under the buried oxide (w s3 = 2¢>Fsub + W sub), the threshold voltage formula 
becomes: 

(COX1 COX1)_1[( COX 1 COX1 ) qNA 2 qfsiNA ( )] 
VTH = -C +-C l+-C +-C ¢>F+-2 . tsi+-C C - 2¢>Fsub+Wsub +¢>F(POLY). 

S ox2 S ox2 t:Sl ox2 S 

(4.7) 
Eqs. (4.6)( 4.7) are the threshold voltage formulas for the SOl NMOS device. When 
VGB is greater than the back gate voltage such that W s3 = 2¢>Fsub + W sub and W 81 = 
¢>F, no strong inversion exists at the substrate surface, hence Eq.(4.6) should be 
used. Otherwise, Eq.(4.7) should be used. Based on Eqs.(4.6)(4.7), Fig. 4.4 shows 
the threshold voltage versus back gate bias for the SOl NMOS device. A more 
negative VGB leads to a larger VTH[8]. 

4.1.2 PMOS device 

Using an N+ polysilicon gate, the enhancement-type SOl PMOS device can be 
inversion-mode or accumulation-mode. The doping structure in the silicon thin-
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Figure 4.4: Threshold voltage of the SOl NMOS device biased at VGB from ° to 
-5V. 

film of the inversion-mode SOl PMOS device is p+ -n-p+. In the accumulation-mode 
SOl PMOS device, it is p+ -p-p+. As shown in Fig. 4.5, at the threshold voltage, 
depending on the back gate bias, the channel with strong inversion may be at the 
top or at the bottom of the silicon thin-film of the inversion-mode PMOS device[8]. 
In addition, at the substrate surface under the buried oxide, strong inversion may 
also exist. At VGB = 0, the influence of the back gate is small. When the front gate 
voltage is at the threshold voltage (VGF = VTH ), the surface channel exists at the 
top of the silicon thin-film. At VGB = -1.6V, at the threshold voltage (VGF = VTH ), 

the buried channel exists at the bottom of the silicon thin-film. When the back gate 
bias is very negative (VGB = -3V), at the threshold voltage (VGF = VTH ), in ad­
dition to the buried channel in the silicon thin-film, strong inversion exists at the 
substrate surface. 

When an accumulation-mode SOl PMOS device is biased at the threshold volt­
age, a buried channel exists in the silicon thin-film. At a back gate bias of VGB = 0, 
at the threshold voltage (VGF = VTH ) , the buried channel in the silicon thin-film 
widens. In addition, hole accumulation exists at the substrate surface under the 
buried oxide. When the back gate bias is VGB = -IV, at the threshold voltage 
(VGF = VTH ), the buried channel in the silicon thin-film becomes narrower. In addi­
tion, the substrate surface is depleted. When the back gate bias is VGB = -3V, at 
the threshold voltage (VGF = VTH ), in addition to the buried channel in the silicon 
thin-film, strong inversion exists at the substrate surface. 
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For the inversion-mode SOl PMOS device as shown in Fig. 4.5, at the threshold 
voltage (VGF = VTH ), in the silicon thin-film, a surface channel or a buried channel 
may exist. With a surface channel, the electrostatic potential at the surface of 
the silicon thin-film under the front gate is less than the electrostatic potential 
above the buried oxide in the silicon thin-film (\)lsi < \)I s2). Therefore, Es2 < 
!l.!Y..!J. Fr E (43) bt·· N (.T. .T.) kT i1l83/kT q •• ,N& S· 2C· om q. . , one 0 ams. sub 'l's3 - 'l'sub + -noe q < 8C2. mce • q. 

q.~~& «: 2cPFsubNsub, therefore, when a surface channel exists (\)lsi < \)I s2), there is 
no inversion at the substrate surface (\)Is3 - \)Isub < 2cPFsub). Thus, the threshold 
voltage formula for the SOl PMOS device is: 

( ) fsi ( 2q Nsub ) ( ) VTH == VGF \)1.1 = cPF = cPF + -0 a + f3 + --cPF + cPF(POLY), 4.8 
od f.i 

where cPF = kTln-=-Nno for the inversion-mode SOl PMOS devices. In contrast to 
q D 

Eq. (4.8), when E.2 > (qND/20.), a buried channel dominates in the silicon thin-
film. Under this situation, the threshold voltage formula is: 

VTH VGF {\)I.2 = cPF), 

[ ( ) qND] q 2 
cPF + E.2 \)1.2 = cPF - -0 t.i + -2 .NDtsi 

• f •• 

f.i [( ) qND] +-0 E.2 \)1.2 = cPF - -0 + cPF(POLY), 
~1 s 

(4.9) 

where E.2{\)I.2 = cPF) = _9CNaub + j{9CN."b )2 + ~(cPF - \)I.ub). Define VTR as the 
0::1:2 oa:2 fBI 

back gate bias (VGB) at the threshold voltage (VGF = VTH ) when the electric field 
in the buried channel reaches qND/20s: 

When VGB > VTR , Eq.{4.8) is the threshold voltage formula. When VGB < VTR , 

Eq.{4.9) is the threshold voltage formula. When VGB < VTR , if VGB becomes more 
negative, inversion may exist at the substrate surface. With an inversion at the 
substrate surface, at the threshold voltage (VGF = VTH ), the back gate bias voltage 
is defined as VBP: 

(4.11) 
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Under this situation, for VGB < VBP , the threshold voltage is: 

VTH = VGF {Ws2 = ¢>F, Ws3 ~ Wsub + 2¢>F,sub) (4.12) 
q 2 fsi ( COxl)[COX2{ ) qNv] 

= ¢>F + -2 . Nvtsi + -C 1 + -C --. ¢>F - 2¢>F,sub - Wsub - -C + ¢>!(poly)' 
fSt ox1 s fSt s 

When the accumulation-mode SOl PMOS device is biased at the threshold voltage, 
a buried channel exists in the silicon thin-film. Under this situation, depending on 
the back gate bias, at the substrate surface, accumulation, depletion, or inversion 
may exist. At the threshold voltage, if accumulation exists at the substrate surface, 
the electrostatic potential at the substrate surface is W s3 = W sub. The buried channel 
in the silicon thin-film is not on the buried oxide. Instead, it is at x = Xch, where 
the electric field is zero (E{x = Xch) = 0). Integrating the Poisson's equation from 
the front oxide interface to x = Xch, one obtains Xch = <"N'E" and w{x = Xch) = 

q A W s1 - 2;1t E~1' From Eq.{ 4.4), the threshold voltage is defined as the front gate 
voltage when the potential in the buried channel reaches Wch = -¢>F: VTH = -a1 -
va~ - a2+¢>F(POLY), where a1 = L- C;'N' M2, a2 = L2-M2+ 2C;Nz1 M2{_¢>F)' L = 

qEsi A qfsi A 

iJ&.t2.+ !&i.!:!..A..+{1 +.Q.w.+.Q.w.) q<,;NA - W sub, and M = (I +.Q.w.+.Q.w.){q<,~NA), where 
2ESI St Co:z:2Cs Cs Go :t2 cox1 Cs Coz2 coz1 

¢>F = k;ln!f: for the accumulation-mode SOl PMOS devices. At the threshold 
voltage, if a depletion region exists at the substrate surface and the buried channel 
exists on the top of the buried oxide, then the potential at the substrate surface is 
Ws2 = -¢>F' From Eq. (4.3), the threshold voltage formula is: 

qNA 2 
VTH = -¢>F - -t· + 2fsi s. 

+ 

When inversion exists at the substrate surface (Ws3 = 2¢>Fsub + Wsub), the threshold 
voltage formula is: 

( Cox2 COX2 ){ ) (COX2 COX2 ){ ) qNA 2 qNAtsi VTH = l+-C +-C -¢>F - -C +-C ¢>F,sub+VGB +-2 . tsi+-C +¢>F(POLY)' 
s ox! S oxl fSI oxl 

(4.14) 
At the threshold voltage, if accumulation exists at the substrate surface, the back 
gate bias is: VTR == -¢>F + ¢>F,sub. At the threshold voltage, when VGB > VTR , 
hole accumulation exists at the substrate surface. When VGB < VTR , the substrate 
surface is depleted. At the threshold voltage, when the potential of the substrate 
surface reaches Ws3 = 2¢>Fsub + Wsub, the back gate bias is: 

VBP = -¢>F - C1 V2fsiNsUb{2¢>F,SUb) - ¢>F,sub. (4.15) 
ox2 
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Figure 4.6: Threshold voltage versus VGB of the SOl PMOS devices. 

When VGB < VBP , inversion exists at the substrate surface. Fig. 4.6 shows the 
threshold voltage versus the back gate bias of the inversion-mode and the accumulation­
mode SOl PMOS devices [8]. In contrast to the bulk PMOS devices, the back gate 
bias effect of the SOl PMOS devices is complicated. 

4.2 Short-Channel Effect 

For small-geometry SOl CMOS devices, short-channel effects are important[9]-[13][15]­
[17]. The short channel effect of an SOl CMOS device is similar to that of the bulk 
CMOS device. Fig. 4.7 shows the threshold voltage versus effective channel length 
of an SOl PMOS device with a front gate oxide of 150A, a silicon thin-film of 22ooA, 
and a buried oxide of 4000A[9]. As shown in the figure, the SOl MOS device has a 
similar trend in the short channel effect on the threshold voltage as for bulk devices. 
When the channel length of a SOl PMOS device is shrunk, its threshold voltage is 
decreased. Compared to the bulk device, the short channel effect of the SOl MOS 
device is smaller-the change in the threshold voltage is smaller. Fig. 4.8 shows the 
short channel effect of two SOl NMOS devices with the double-gate and the single­
gate structures. When the channel length becomes smaller, the threshold voltage 
for both devices becomes smaller [10]. Compared to the single-gate ones, double­
gate (DG) fully-depleted SOl MOS devices have been known for their advantages 
in enhanced current density, and reduced second-order effects [10]-[12]. Compared 
to single-gate devices, the threshold voltage of the double-gate devices may be dif­
ficult to define due to the co-existence of the front and the back channels. For a 
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Figure 4.7: Threshold voltage versus effective channel length of an SOl PMOS device 
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Figure 4.9: Cross section of double-gate fully-depleted SOl PMOS device. 

single-gate SOl PMOS device, depending on the back gate bias, surface channel 
or buried channel may dominate. If surface channel dominates, the threshold volt­
age of the single-gate SOl PMOS device is defined in the previous section as the 
surface electrostatic potential at the Si/Si02 interface reaches Ws1 = -¢fn, where 
¢fn = k: ln~, ni is the intrinsic carrier concentration, ND is the doping density of 
the silicon thin-film, k is Boltzmann constant, T is temperature in Kelvin, and q 
is the electronic charge. If the buried channel dominates, the threshold voltage is 
defined as the gate voltage when the electrostatic potential above the buried oxide 
reaches Ws2 = -¢fn- For the double-gate SOl MOS devices, there is no body effect. 
However, due to the double poly-gate structure, the front channel and the back 
channel may co-exist. Therefore, the threshold voltage model of the double-gate 
SOl MOS devices is more difficult to define. As for the bulk MOS devices [14], the 
short-channel effect threshold voltage is important for assessing device performance 
and gaining insights into device designs. In this section, a concise short-channel 
effect threshold voltage model for short-channel double-gate SOl PMOS devices [13] 
is described. 

Fig. 4.9 shows the cross section of the double-gate fully-depleted SOl PMOS 
device under study[13]. In the following derivation, it is divided into the 1D long­
channel and the quasi-2D short-channel analysis. Assuming that the silicon thin-film 
is fully depleted, solving Poisson's equation in the substrate direction as in the pre­
vious section (x = 0 is at the front Si - Si02 interface), the electrostatic potential at 
the back interface (x = ti) is: W8 2 = -~ti - Es1ti + W8 1, where ti is silicon thin-film 
thickness, Cs = ¥, fsi is the silicon permittivity, Es1 is the electric field at the front , 

~ . ( ) ~. S·/S·O . t f . th T thO fil . E - - 2a, Cox2t,+Cox2 W"-</>j2(poly) - a, <" 1 1 2 In er ace In e Sl Icon lll- m. 81 - <.i+C ox2t i -
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~C2 t VG , V G is the gate voltage, ¢fl(poly) and ¢f2(poly) are the quasi-Fermi potential 
€St ox2 t 

of the front and the back poly gates, respectively. For an N+ poly gate, the quasi-
Fermi potential is 0.465V. For a P+ poly gate, the quasi-Fermi potential is -O.517V. 
Cox2 = ~t' . tox2 is the thickness of the back oxide. tox is oxide permittivity. Apply-

ox2 

ing Gauss' law at the frqnt Si - Si02 interface in the silicon thin-film, one obtains: 
'!.!!..ILc . '!.!!..IL . C A- (Sz....2.)C A-V; - - 2C, ox2t,- C, ',,- ox2'1'j2(poly)- 1+ c, oxl'l'jl(poly) + w h' h . £ d t th 

G - C oxl +Cox 2+Cox l C ox2C, i s1, W lC IS re erre 0 e 
front surface electrostatic potential (Wsl)' Coxl = -""'-t' . toxl is the thickness of the 

oxl 

front oxide. Owing to the symmetry of the double-gate structure, by exchanging "I" 
'!.!!..ILc . '!.!!..IL . C A- (1 Ea....t)C A-'th "2" bt·· V; - - 2C. oxl t,- C, ',,- oxl'l'jl(poly)- + C. ox2'1'j2(poly) + W 

WI , one 0 mns. G - Coxl +Cox2+CoxlCox2Cs i s2, 

which is referred to the back surface electrostatic potential (w d. 

If the front channel dominates, W sl is the dominant factor in determining the 
threshold voltage. If the back channel dominates, Ws2 is the dominant factor. There­
fore, a concise threshold voltage model is difficult to obtain. In order to overcome 
the difficulties, the threshold voltage is defined as the gate voltage when sum of hole 
densities at the back and the front surfaces reaches the doping density of the silicon 

thin-film: nie-if#q + nie-f'#q = N D . At the threshold voltage, the electrostatic 
potential at the front surface (w slt) and the back surface (w s2t) for the long channel 
devices can be obtained. Therefore, the threshold voltage is defined as the gate 
voltage when its front surface electrostatic potential reaches (Wsl = WSlt) or its back 
surface electrostatic potential reaches (Ws2 = Ws2t): VTH(L) == VGI'ltsl='ltSlt,or'ltS,='lts2" 

So far, the long-channel threshold voltage model has been described. In the follow­
ing portion of this section, the short-channel threshold voltage model is derived. 

For a short-channel double-gate SOl PMOS device, the 2D Poisson's equation is 
required: 

(4.16) 

where y is in the lateral channel direction, and w(x, y) is the electrostatic potential 
at location (x,y) in the silicon thin-film. Using a parabolic approximation approach 
for the device [15]-[17], from the 2D Poisson's equation, the electrostatic potential 
is: 

( 4.17) 

The boundary conditions for Eq. (4.16) are: at the front and the back silicon thin­
film interfaces, the displacement is continuous: 

dw(x, Y) I 
dx (X=O) CoXI (VG + ¢jl(poly) -ws(Y)), 

tsi 
(4.18) 
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dw(x, y) I _ Cox2 ( () ) dx (x=t;) - -- Wb Y - Va - ¢>f2(poly) , 
fsi 

where ws(Y) and Wb(y) are the lateral electrostatic potential at the front surface 
(w(O,y) = ws(y)), and at the back surface (W(tbY) = Wb(y)), respectively. From 
Eqs. (4.17)-(4.18), one obtains: 

Po(Y) 

P1(y) 

Ws(Y), 

Cox1 (Ws(Y) - Va - ¢>fl(poly)), 
fsi 

(4.19) 

-(1 + ~ + §:;)Ws(Y) + (1 + ~ + §:;)Va + (~+ §:;)¢>f1(poly) + ¢>f2(poly) 
t2 (1 + 1.Q...) 

t Cox2 

Using a similar approach as in Refs.[15]-[17] to assume that at any depth in the silicon 
thin-film the derivative of the lateral electric field can be related to the derivative 
of the lateral electric field at the front Si - Si02 surface as: 

d2w(x, y) ~ 2. d2ws(Y) 
dy2 - ks dy2 ' 

(4.20) 

where ks is a parameter to account for the correlation between the derivative of the 
lateral electric field at any depth in the silicon thin-film and the derivative of the 
lateral electric field at the front Si - Si02 surface. Note that for a silicon thin-film 
with a very small thickness or with a lightly doping density, ks is 1 [15]. Here, for 
general cases, ks may be smaller than 1. From Eqs. (4.16)(4.17)(4.19)(4.20), one 
obtains a differential equation in terms of ws(Y): 

(1+~+~) 
k C, Cox2 W ( ) 
s lt2 (1 + 1.Q...) s Y 

2 t Cox. 2 

k (_qND _ (1+~+§:;)Va+(~+§:;)¢>fl(POlY)+¢>f2(POIY)) 
sf· lt2(1 + 1.Q...) . 

81. 2 1. Cox 2 

(4.21 ) 

Solving Eq. (4.21) with boundary conditions: at the source/drain, ws(O) = ws(L) = 
- k; In ~ (at Vs = VD = OV), where L is the channel length, and NA is the 
doping density in the source/drain, one obtains the electrostatic potential at the 
front surface: 

( 4.22) 
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(1 Sw. Sw.) where a = + G, +RD.2 k C = ((W,(O)-w,,)(1-e-,,taL))e-foL and C = (w,(O)-w,,)(1-e-,,taL) 
~t~(1+e) Sl 1 1-e 2"taL ,2 1-e 2"taL . 

From Eq. (4.22), the front surface electrostatic potential has a maximum value in 
the center of the channel (Ws1(max) = Ws(y = ~)): Ws1(max) = Ws1 + (Ws(O) - ws1 )A, 

where A = (1- e-foL)l~:~;"L. Using a similar approach as for Eqs. (4.21)(4.22), 
the maximum value of the electrostatic potential at the back surface is: W s2(max) = 

_ _ _ -VbL e-4 L _ (1+~+~) 
Ws2 + (Ws(O) WdB,whereB-(1 e ) _2v'bL,b- 112(1 .I&) ks. 

l-e 2 i +COXI 

The threshold voltage of a short-channel double-gate SOl PMOS device is defined 
as the gate voltage when the sum of hole densities in the center of channel at 
the back and the front surfaces reaches the doping density of the silicon thin-film: 

_ 'l'SI(/aX) _ 'V s2(max) . B 
nie kT q + nie kT/q = ND . Therefore, Ws2(max) IS: W s2(max) = n=A)W sl(max) + 
ws(O)B + (C - l~A Ws(O))(I- B), where 

C = _ qND ti + fcJ;CoX1(Cox2ti + 2Esi) + COX1COX2(cPf2(poly) - cPf1(POlY)). 
2Cs CsCoxl + CsCox2 + Cox 1 Cox2 

Hence, an equation in terms of Ws1(max) has been obtained: 

-'lI s1 (max) -D (~)'I'81(max) 
nie kT/q (1 + e k'l'fq e kT/q ) = N D, 

where D = Ws(O)B + (C - l~A Ws(O))(1 - B). ws1(max) has been approximated 
by substituting the Ws1(max) in the bracket in the above equation. Therefore, the 
short-channel effect threshold voltage model is: 

VTH(S) = 

Wsm = 

-fcJ;Cox2ti - ~ESi - Cox2cPf2(poly) - (1 + ~)Cox1cPf1(polY) 
Cox1 + Cox2 + Cox1Cox2C;;-1 

Wsm - ws(O)A 
+ I-A ' 

kT ND -D (~)""lt 
--(In - -In(1 + ekT/qe kT/q )). 

q ni 
( 4.23) 

Eq. (4.23) is an analytical short-channel effect threshold voltage model for double­
gate short-channel SOl PMOS devices. Fig. 4.10 shows the threshold voltage versus 
the channel length of the double-gate fully-depleted SOl PMOS device using N+ 
front and back poly gates, with a silicon thin-film of 1000A, and a back thin-oxide 
thickness of 100A, for front thin-oxide thicknesses of 50A, 100A, 150A, and 200A, 
based on the 2D simulation results and the analytical model results[13]. In the an­
alytical model, ks = 0.4. Fig. 4.11 shows the threshold voltage versus the channel 
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Figure 4.10: The threshold voltage versus the channel length of the double-gate 
fully-depleted SOl PMOS device using N+ front and back poly gates, with a silicon 
thin-film of 1000A, and a back thin-oxide thickness of 100A, for front thin-oxide 
thicknesses of 50A, 100A, 150A, and 200A, based on the 2D simulation results and 
the analytical model results. 

length of the double-gate fully-depleted SOl PMOS device using N+ front and back 
poly gates, with a front and back thin-oxide thickness of 100A, and silicon thin-film 
thicknesses of 400A, 600A, 800A, 1000A, based on the 2D simulation results and 
the analytical model results[13]. In the analytical model, kg = 0.4 for tj = 1000A, 
ks = 0.48 for tj = 800A, ks = 0.58 for tj = 600A, ks = 0.615 for tj = 400A. The 
deviation between the model and the 2D simulation results for the tj = 400A case 
is due to non-applicability of the fully-depleted approximation used in the analyt­
ical model. With a silicon thin-film of 4ooA, holes above the field oxide can not 
be neglected. Compared to the long-channel threshold voltage formula, the shrink­
age in the threshold voltage for the short-channel double-gate SOl PMOS device 
is: 6.vTH = VTH(S) - VTH(L)' Fig. 4.12 shows the shrinkage in threshold voltage 
versus the channel length of the double-gate fully-depleted SOl PMOS device us­
ing N+ front and back poly gates, with a front and a back thin-oxide thicknesses 
of looA, and a silicon thin-film of lOooA doped with donor densities of 1016cm-3 , 

5 x 1016cm-3 , and 1017cm-3 [13]. In the model derived in the previous section, ks 
is dependent on the doping density and the thickness of the silicon thin-film. Here, 
kg = 0.92 for No = 1016cm-3 ; kg = 0.69 for No = 5 x 1016cm-3 ; ks = 0.4 for 
No = 1017 cm -3. Also shown in the figure is the shrinkage in threshold voltage for 
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Figure 4.11: The threshold voltage versus the channel length of the double-gate 
fully-depleted SOl PMOS device using N+ front and back poly gates, with a front 
and back thin-oxide thickness of lOoA, and silicon thin-film thicknesses of 4ooA, 
6ooA, 8ooA, lOooA, based on the 2D simulation results and the analytical model 
results. 

the single-gate SOl PMOS device, which has an identical structure except without 
the back poly gate. In the single-gate SOl PMOS device, the thickness of the buried 
oxide is 3500A. For the single-gate SOl PMOS device, it's biased with a back gate 
bias of OV. As shown in the figure, for both the single-gate and the double-gate 
cases, with a more heavily doped silicon thin-film, the threshold voltage is more 
sensitive to its channel length. Compared to the single-gate device, the double-gate 
device is less sensitive to its silicon thin-film doping density as a result of the better 
control of the channel by the front and the back gates. 

Until now in this section, short channel effects have been analyzed. In fact, short 
channel effects are also influenced by the drain voltage. Fig. 4.13 shows the threshold 
voltage versus effective channel length of a fully-depleted SOl NMOS device with 
a front gate oxide of 92A, a p-type silicon thin-film of 800A doped with a density 
of 1017cm3 , and a buried oxide of 4000A[19]. As shown in the figure, when VD 

increases from O.05V to IV, the short channel effect becomes more serious. When 
the drain voltage increases, the potential distribution in the whole channel region is 
affected-the drain induced barrier lowering (DIBL) effect. 
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Figure 4.12: The shrinkage in threshold voltage versus the channel length of the 
double-gate fully-depleted SOl PMOS device using N+ front and back poly gates, 
with a front and back thin-oxide thickness of 10oA, and a silicon thin-film of 1000A 
doped with donor densities of 1016cm-3 , 5 x 1016cm-3 , and 1017cm-3. The single­
gate SOl PMOS device has identical parameters except without the back poly gate. 
The thickness of the buried oxide in the single-gate SOl PMOS device is 350oA. 
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Figure 4.13: Threshold voltage versus effective channel length of a fully-depleted 
SOl NMOS device with a front gate oxide of 92A, a p-type silicon thin-film of 800A 
doped with a density of 1017 cm -3, and a buried oxide of 4oooA. 
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Figure 4.14: (a) Threshold voltage versus the effective channel length of an 
accumulation-mode SOl NMOS device with a front gate oxide of 550A, a buried ox­
ide of 4700A,and an n-type silicon thin-film doped with a density of 1.5 x 1015cm-3, 

with various thin-film thicknesses. (b) Threshold voltage versus the drain voltage 
of the accumulation-mode SOl NMOS device with the parameters described in (a). 

Until now in this section, the analysis of the short-channel effects of SOl MOS 
devices are for the inversion-mode fully-depleted devices. Here, the short-channel 
effects for the accumulation-mode SOl MOS devices are described. Fig. 4.14 shows 
(a) threshold voltage versus the effective channel length of an accumulation-mode 
SOl NMOS device with a front gate oxide of 550A, a buried oxide of 4700A,and 
an n-type silicon thin-film doped with a density of 1.5 x 1015cm-3 , with various 
silicon thin-film thicknesses, and (b) threshold voltage versus the drain voltage of 
the accumulation-mode SOl NMOS device with the parameters described in (a)[20]. 
As shown in Fig. 4.14(a), the short channel effects of the accumulation-mode and 
inversion-mode devices are similar~ a smaller effective channel length leads to a de­
crease in the threshold voltage. As shown in Fig. 4.14(b), as for the inversion-mode 
devices, when the drain voltage increases, the short channel effects become worse. 

The short channel effect of an SOl MOS device is also dependent on the silicon 
thin-film thickness. Fig. 4.15 shows threshold voltage shift due to short channel ef­
fect versus the silicon thin-film thickness of an SOl NMOS device with a front gate 
oxide of 50A, and a buried oxide of 3600A, for various channel doping densities [21]. 
(a) VD = 0.05V, (b) VD = 1.5V. The threshold voltage shift is defined as the change 
in the threshold voltage for the device with a channel length of O.lJ,tm from the value 
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Figure 4.15: Threshold voltage shift due to short channel effect (8VT (SCE) 

VT(Leff = 1p,m) - VT(Leff = O.lp,m)) versus the silicon thin-film thickness of the 
an SOl NMOS device with a front gate oxide of 50A, and a buried oxide of 360oA, 
for various channel doping densities. (a) VD = O.05V, (b) VD = 1.5V. 

at a channel length of 1p,m (8VT(sCE) = VT(Leff = 1p,m - VT(Leff = O.lp,m)). As 
shown in Fig. 4.15(a), when the drain voltage is small, the threshold voltage shift be­
comes smaller when the silicon thin-film thickness decreases. In addition, a decrease 
in the doping density of the silicon thin-film leads to a smaller threshold voltage 
shift. This trend is true when the silicon thin-film thickness is small-full-depleted 
devices. When the silicon thin-film thickness is not small-partially-depleted de­
vices, the threshold voltage shift is not sensitive to the silicon thin-film thickness. 
On the contrary, for the partially-depleted devices, an increase in the silicon thin­
film doping density leads to an increase in the threshold voltage shift. Generally 
speaking, the magnitude of the threshold voltage shift in the partially-depleted SOl 
MOS devices is similar to that in the bulk MOS devices. The threshold voltage shifts 
in both the partially-depleted SOl and bulk MOS devices are larger than those in 
the fully-depleted SOl MOS devices. As shown in the figure, at the boundary be­
tween the partially-depleted and the fully-depleted SOl devices, there are peaks in 
the threshold voltage shift curves. At the boundary, the channel region in the SOl 
MOS devices is especially susceptible to the influence from the source and the drain 
regions via the buried oxide as shown in the figure. When the drain voltage is large 
as shown in Fig. 4.15(b), it has a similar trend as for the case in Fig. 4.15(a). As 
shown in Fig. 4.15(b), for both fully-depleted and partially-depleted devices, only 
when the silicon thin-film doping density is high, the DIBL effect can be effectively 
suppressed to decrease the threshold voltage shift. From Fig. 4.15(a)&(b), in order 
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Figure 4.16: Short channel effect of a partially-depleted SOl NMOS device with a 
non-uniform doping profile in the silicon thin-film-heavily-doped p+ region at the 
bottom of the silicon thin-film above the buried oxide and a counter-doped n-type 
channel region. The front oxide is 40A thick. The silicon thin-film thickness is 
lOooA. 

to reduce the short channel effect, the silicon thin-film of the fully-depleted devices 
should be as thin as possible. In contrast, in order to reduce the short channel 
effect, the doping density of the silicon thin-film in the partially-depleted devices 
should be as high as possible. In addition, the device should be designed to avoid 
the partially-depleted/fully-depleted boundary region. 

Although by raising the silicon thin-film doping density, the short channel effect 
of a partially-depleted SOl MOS device can be reduced, a high doping density in the 
silicon thin-film may lead to a high threshold voltage, which may not be appropriate 
for low-voltage operation. In addition, impurity scattering due to the heavy doping 
in the silicon thin-film may degrade the carrier mobility. Fig. 4.16 shows the short 
channel effect of a partially-depleted SOl NMOS device with a non-uniform doping 
profile in the silicon thin-film- heavily-doped p+ region at the bottom of the silicon 
thin-film above the buried oxide and a counter-doped n-type channel region[22]. As 
shown in the figure, with the counter doped approach, its threshold voltage can be 
adjusted to an appropriate value. In addition, the DIBL effect can be controlled. In 
contrast, as shown in dashed lines in the figure, with the uniform doping method, in 
order to have an appropriate threshold voltage, the silicon thin-film doping density 
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Figure 4.17: Threshold voltage shift versus channel width of SOl PMOS and NMOS 
devices using mesa isolation with a gate oxide thickness of 300A. 

cannot be too high. Otherwise, the DIBL can be serious. With the non-uniform 
doping technique, the threshold voltage of a partially-depleted SOl MOS device can 
be effectively designed. 

4.3 Narrow-Channel Effect 

For small-geometry SOl CMOS devices, in addition to short-channel effect, narrow­
channel effect is also important [18][13][23]-[25]. Compared to short-channel effect, 
narrow-channel effect of small-geometry SOl CMOS devices is more complicated 
because of isolation technology. Mesa isolation technology offers advantages of high 
integration densities [18][23][26][27] for small-geometry SOl CMOS devices. How­
ever, narrow-channel effects of ultrathin SOl CMOS devices using mesa isolation are 
quite different from those of LOCOS-isolated bulk CMOS devices [18][23][28]-[30]. 
As shown in Fig. 4.17[23]' the narrow channel effect on the threshold voltage of SOl 
CMOS devices using mesa isolation is contrary to that of bulk ones. For bulk NMOS 
devices using the LOCOS structure, due to the bird's beak of the field oxide and the 
channel stop implant under the field oxide, when the channel width is scaled down, 
the magnitude of the threshold voltage increases[28]-[30]. For SOl inversion-mode 
NMOS devices, the situation is reverse. Due to the 2D effect around the sidewall of 
the mesa isolation structure, when the channel width is shrunk, the magnitude of 
the threshold voltage also decreases. A threshold voltage model considering narrow­
channel effect is important for providing insights into the device design of an SOl 
CMOS device. In this section, an analytical threshold voltage formula considering 
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Figure 4.1B: Mesa-isolated inversion-mode fully-depleted SOl NMOS device. 

the sidewall-related narrow-channel effect for VLSI mesa-isolated fully-depleted ul­
trathin SOl NMOS devices is described. 

Due to the buried oxide structure, device isolation in the SOl CMOS technology 
is much easier than that in the bulk CMOS technology. In the mesa-isolated SOl 
MOS device structure as shown in Fig.4.1B [31][32], the isolation between devices 
can be accomplished by etching off the silicon thin-film between the active region. 
Due to the mesa-isolated structure, the narrow channel effect of the SOl MOS device 
is different from that of the bulk MOS device. 

As shown in Fig. 4.1B, this mesa-isolated SOl NMOS device has an N+ polysili­
con gate. The doping density of the lOooA p-type silicon thin-film is 1017 cm-3 . The 
buried oxide is 4000A. The front oxide is 100A. Due to the mesa-isolated structure, 
to the right end of the silicon thin-film, there is an oxide sidewall of 150A. Due to 
the symmetry, only half of the device is shown. 

Consider the mesa-isolated fully-depleted inversion-mode SOl NMOS device as 
shown in Fig.4.1B. When the channel width is small, the 1D analysis for the wide 
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channel case is not applicable. Instead, 2D Poisson's equation is required: 

EPlI! a2lI! qNsi 
ax2 + ay2 =~' ( 4.24) 

where Nsi is the doping density of the silicon thin-film. Usually, the thickness of 
the silicon thin-film is much smaller than the channel width (tsi « W), therefore, 
the change in ~:~ in the lateral direction is much larger than that in the vertical 

direction. Hence, ~:~ is mainly related to the lateral direction: 

a2lI! qNsik(y) 
(4.25) = ay2 fsi 

a2lI! qNsi(l- k(y)) 

ax2 fsi 

where k(y) is a function y. The boundary conditions for the above differential 
equations are that at the silicon thin-film surface under the front gate and at the 
bottom of the silicon thin-film above the buried oxide: 

lI!(O, y) 
alI! fsi 

lI!G + !:llo,y.-toXl> 
uX fox 
alI! I fsi lI!s3 - !:l t . y.-tox2 , 
uX 8ll tox 

(4.26) 

where lI! G is the electrostatic potential of the gate electrode, lI! s3 is the substrate 
surface potential obtained from the previous section; tox1 and tox2 are thicknesses 
of the front and buried oxides, respectively. Solving the differential equations with 
these boundary conditions, the potential in the silicon thin-film is: 

N · 2 2 lI! - lI! - qN,'t~'(l_ k( ))(1 + 2..Q.u...) C. 
lI!(x,y) = q .. t si (1_k(y))x2 + s3 G 2<"C' c y Co.2 (~+~)+lI!G' 

2Esi tsi 1 + ..=Lc + ..=Lc tsi Cox1 
oxl o:c2 

(4.27) 
where Cox1 = -""'-t< , Cox2 = -"""-t< , Csi = =t< :, and tsi is the silicon thin-film thickness. 

oxl ox2 8~ 

From the above equation, at a depth in the silicon thin-film (x = rytsi, 0 < ry < 1), 
c· c· c· c· 

k(y) is: k(y) = 1 - ~ (1-'Y+~)q,G+('Y+~)q,'3-(Hg:.'!+~)~(-yt",y), where ry is 
qN"t" ("1-"12 )+(1-"12 ) <t':l+(2'Y-'Y2 ) ~+2<t':l ~ 

used to measure the mean interaction point between the lateral direction and the 
vertical direction. From Eq. (4.25), the lateral direction differential equation at a 
depth (x = rytsi) in the silicon thin-film is: 

( 4.28) 
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where 11 = tsi 

qN" 1 (1- "( + ~)\Ita + ("( + ~)\ItS3 
C1 - -- - - a%:2 ox! 

- fSt Ii 1 + 2n-. + 2n-. 
Cox 1 Cox 2 

The boundary conditions for the above differential equation are that (1) in the center 
of the channel, the lateral electric field is zero and (2) at sidewall, the electrostatic 
potential is related to \It a: 

8\It("(tsi' Y) I - 0 
8y y=W/2 - , ( 4.29) 

( ) 8 \It ("(tsi , y) I fsi 
\It "(tsi, W = \Ita - 8 y=w·-tsw , 

y fox 

where tsw is the sidewall thickness. From the above equations, the electrostatic 
potential distribution at x = "(tsi is: 

\It ("(tsi , y) = -c11? + 2cosh((y - ~ )/ll).ad\Ita + C1m, (4.30) 

where a1 = c· t· Wl2l 1 c· t· WI2l , Csw = F· From Eq.(4.27), in the 
(l-~=t:)e- l+(H~=t:)e 1 'w 

center of the channel at the silicon thin-film surface under the gate, the electrostatic 
potential is: 

\It(0, ~) 
C· \Its3 - \Ita - qN'it~i (1 - k(.!f:))(1 + 22..L) 

_s_' 2<" 2 Cox2 + \It 
C 1 c· c· a, 

ox1 + -"=--c + -"'.oU-c ox1 ox2 

( 4.31) 

0) (0 a a ( w) 
h k(W) 1 2< (l-1'+ff"';: 'lTa+ 1'+~1 )'lTS3-(H~1 +ff"';:)'lT 1't'''2 When the were - = - ~ 0'" cY" cY". 'tf" c 

2 qN"t" b-1'2)+(1-1'2)~+(21'-1'2)~+2~~ 

device is biased at the threshold voltage, the electrostatic potential in the center of 
the channel at the silicon thin-film surface under the front gate is: where \It(0, If) = 
-¢si, and ¢si = kTln.!!:L. From Eqs.(4.30)(4.31), the narrow-channel effect threshold 

q n st 

voltage formula is: 

VTH VFB + \Ita - ¢si, (4.32) 

-¢ ·(1 + 2..L + 2..L) - \It 32..L(1 - a') + qN'it~i 2..L(1 + 22..L)(1 - 2ad 
s'Z Co ::r:l CO :1:2 S Cox 1 1 2fsi C ox 1 Co ::e2 

1 + a' 2..L + 2..L 1 Cox! C ox 2 

2 (')'+..su... )(H2..su...) 
where a'l = a1 . hl ' oQ~. COq• 2 , and VFB is the flat-band voltage of the front 

1 l+...::..o>-+-"..a.L 
Cox 1 °ox2 

gate. Comparing Eq. (4.32) with the threshold voltage formula for the wide channel 
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Figure 4.19: Threshold voltage versus channel width of the mesa-isolated SOl NMOS 
device with a front gate oxide of 100A and a sidewall oxide of 150A and silicon thin­
films of 800A and 1000A, with acceptor densities of 1017cm-3 and 5 x 1016cm-3. 

case, the narrow channel effect is reflected on a1 and a~. When the channel is wide, 
a1 and a~ are close to O. From Eq. (4.32), as shown in Fig. 4.19, when the silicon 
thin-film is thinner and the doping density of the silicon thin-film is lighter, the 
narrow channel effect is smaller[33]. 

The analytical threshold voltage formula considering the narrow-channel effect 
is valid not just for single-gate SOl MOS devices but also for double-gate SOl MOS 
devices[11][35][24]. For the double-gate fully-depleted ultrathin SOl NMOS device 
as shown in Fig. 4.20[33], the differential equation Eq. (4.25) is still applicable but 
its boundary conditions are different: 

w(O, y) 
8w fsi 

Wa + 8y 10, •. -tox, 
fox 

W(tsi' y) 
8W I fsi 

Wa- - . -tox, 
8y '.i" fox 

( 4.33) 

where the bottom boundary condition has been replaced. Solving Eq. (4.25) using 
Eq. (4.33), the electrostatic potential in the vertical direction is 

(4.34) 

Compared to Eq. (4.27), Eq. (4.34) is much simpler due to the symmetry in the 
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Figure 4.20: Cross section and threshold voltage versus channel width of the double 
polysilicon gate SOl CMOS device with a gate oxide of 100A, a sidewall oxide of 
150A, and an acceptor density of 1017 cm-3 in the silicon thin-films of 800A, 1000A, 
1500A and 2000A. 

vertical structure for the double-gate SOl MOS device. Similarly, considering the 
lateral direction at a location (x = 'Ytsi, 0 :::: "1 :::: 0.5) in the silicon thin-film, 
from Eq. (4.34), one obtains k(y) = 1 - ~ WG-Whk'Y). From Eq. (4.25), the 

qN,,,t11l 'Y_'Y2+~ 

differential equation becomes 

(4.35) 

where l2 = tsi' /-21 b - "12 + -"'..U.cC . ), and C2 = 'l!:!E. - ~l . The boundary conditions V ox i,n 2 

for the lateral differential equation (Eq. (4.35)) are identical to Eq. (4.29). Solving 
Eq. (4.35), the lateral electrostatic potential distribution is 

(4.36) 

where 0!2 = ( C . t . ) Wl21 1 C . t · Wl21 • From Eq. (4.34), the vertical electro-
1- iJ!; =t: e- 2 +(1+ iJ!; =t:)e 2 

static potential, the surface electrostatic potential at the center of the channel is 

W(O, ~) ( 4.37) 

1.8 
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where k(!f.2) = 1- N2f'ti .2 llfa-Ilf;'Ytt,lfl . By defining that at the threshold voltage the 
q 81.1 1-1 +? 

surface electrostatic potential at the center of the channel is W(O, "f) = -¢si' using 
Eqs. (4.36)&(4.37), the threshold voltage is 

qN sit si2 Csi ( ) 
VFB + Wo - ¢si = VFB - 2¢si + 2 . C 1- 2a2 , 

ESt ox 

Wo = -¢si + qNsitsi2 Csi (1 - 2(2). 
2fsi Cox 

(4.38) 

Eq. (4.38) is the analytical threshold voltage formula considering the narrow-channel 
effect for double-gate SOl NMOS devices. Fig. 4.20 shows the threshold voltage ver­
sus channel width of the double polysilicon gate fully-depleted ultrathin SOl NMOS 
device with a gate oxide of 100A, a sidewall oxide of 150A, and an acceptor density 
of 1 x 1017cm-3 in the silicon thin-films of 800A, 1000A, 1500A and 2000A, based 
on the analytical formula and the 2D simulation results[33]. The analytical formula 
results shown in this figure are for ,= 0.15. Considering the symmetry in the verti­
cal structure of the double-gate SOl NMOS device, the smaller I indicates a much 
better narrow-channel threshold voltage behavior as compared to the single-gate 
one. Compared to the interaction point in Fig. 4.19, I = 0.15 in Fig. 4.20 is much 
smaller - the interaction point between the lateral direction and the vertical direc­
tion is inside the silicon thin-film as a result of the double-gate structure instead of 
a buried-oxide structure. 

In this section until now, the narrow channel effect of mesa-isolated SOl MOS 
devices is different from that of the bulk MOS devices using field oxide. Due to the 
channel stop implant under the field oxide, when the channel width is small, the nar­
row channel effect increases the magnitude of the threshold voltage of a bulk device. 
However, in the mesa-isolated inversion-mode SOl NMOS device, narrow-channel 
effect shrinks the threshold voltage. This is one of the basic differences between SOl 
and bulk MOS devices. On the other hand, for the accumulation-mode SOl NMOS 
devices, the narrow-channel effect on the threshold voltage is similar to that for the 
bulk devices. 

Fig. 4.21 shows the threshold voltage variations versus channel width of a mesa­
isolated SOl PMOS device: (a) with a buried oxide of 4000A, a silicon thin-film 
doping density of 1017 cm-3 at various silicon thin-film thicknesses of 1000A, 800A 
and 500A; (b) with a silicon thin-film thickness of 1000A, a silicon thin-film dop­
ing density of 1017 cm-3 and various buried-oxide thicknesses of 4000A, 2000A, and 
1000A [34]. As shown in the figure, when the channel width is reduced, the mag­
nitude of the threshold voltage of the inversion-mode SOl PMOS device becomes 
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Figure 4.21: Threshold voltage variations versus channel width of a mesa-isolated 
SOl PMOS device: (a) with a buried oxide of 4000A, a silicon thin-film doping 
density of 1017 cm -3 at various silicon thin-film thickness of 1000A, 800A and 500A; 
(b )with a silicon thin-film thickness of 1000A, a silicon thin-film doping density of 
1017 cm -3 and various buried-oxide thicknesses of 4000A, 2000A, and 1000A. 

smaller but that of the accumulation-mode SOl PMOS device becomes larger. As 
indicated in the figure, with a thinner silicon thin-film, the narrow-channel effect 
is less. With a thicker buried oxide, the narrow-channel effect is more serious for 
the accumulation-mode SOl PMOS device. In contrast, for the inversion-mode SOl 
PMOS device, the narrow-channel effect is not sensitive to the thickness of the buried 
oxide. The larger sensitivity of the narrow-channel effect for the accumulation-mode 
SOl PMOS device is because of the buried-channel structure and its influence from 
the buried oxide. 

4.4 Three-Dimensional effect 

In the previous setions, short and narrow channel effects have been individually con­
sidered for small-geometry SOl CMOS devices. However, they are not considered 
at the same time. Due to the progress in the SOl CMOS processing technology, 
both the channel length and the channel width of a deep-submicron SOl CMOS 
device are scaled down simultaneously [36]-[38]. Therefore, short and narrow chan­
nel effects occur at the same time[37][39]. As a result, the analytical short-channel 
and narrow-channel effects models based on the 2D analysis are not sufficient for 
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Figure 4.22: Cross section of a small-geometry mesa-isolated ultrathin SOl NMOS 
device under study. 

accurate modeling of the small-geometry effects. In order to analyze the behavior 
of a small-geometry SOl CMOS device, the 3D geometrical effects should also be 
included in the analytical model. The 3D geometrical effects of bulk and SOl CMOS 
devices have been analyzed [40][45][46]. In this section, 3D geometrical effects mod­
els of the SOl CMOS are organized. 

Fig.4.22 shows the cross section of a small-geometry mesa-isolated ultrathin SOl 
NMOS device under study[45J. This device has an N+ polysilicon gate, a front oxide 
of 100A, a sidewall oxide of 150A, a buried oxide of 40ooA, and a p-type silicon thin­
film of 1000A. The doping density of the silicon thin-film and the p-type substrate 
is 1 x 1017 cm -3 and 1 x 1015cm -3, respectively. Fig. 4.22 shows one quarter of 
the device under study. As shown in the figure, LeI I and W represent the channel 
length and the channel width, respectively. The x-axis is in the substrate direction. 
The y-axis is in the channel width direction. The z-axis is in the channel length 
direction. The threshold voltage of this device is defined as the gate voltage when 
the front surface of the silicon thin-film in the center of the device with a minimum 
potential (x = 0, y = Len /2, z = W /2) reaches strong inversion. Consider the SOl 
NMOS device as shown in Fig. 4.22, the analytical threshold voltage model based 
on 1D analysis is not applicable. Under this situation, 3D Poisson's equation should 
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be considered: 

82 W 82 W 82 W q N si 
8x2 + 8y2 + 8z2 = ~' ( 4.39) 

where x is in the substrate direction, y is in the channel width direction, z is in 
the channel length direction, and Nsi is the doping density of the silicon thin-film. 
Since, for ultrathin SOl NMOS devices, usually, the thickness of the silicon thin-film 
(tsi) is much smaller than the channel length (Leff) and the channel width (W), 
therefore, in the silicon thin-film, the change in ~:~, ~:~, and ~:~ in the x-direction 
can be neglected. Hence, Eq. (4.39) can be simplified as: 

82w 82w qNsik(y, z) 
( 4.40) -+-8y2 8z2 fsi 

82w qNsi [l - k(y, z)] 
(4.41) 

8x2 fsi 

where k(y, z) is a function independent of x. Considering Eq. (4.40), its boundary 
conditions are that at the front oxide/silicon thin-film interface and at the buried 
oxide/silicon thin-film interface the electrostatic potentials are similar to Eq. (4.26): 
W(O ) - w + alI«x,y,z) I .su.t .T,(t ) - .T, alI«x,y,z) I .su.t F ,y,Z - G ax x=o'(;ox oxl, '.l' si,Y,Z - '£53- ax X=tsi't:ox ox2· rom 
Eq. (4.40), one obtains the electrostatic potential: 

w(x, y, z) = qNsit si2 [1 _ k(y, z)] x22 + (4.42) 
2fsi tsi 

Ws3-WG-qNsitsi2[1-k(y,z)](1+2...Qu...) x c-
2fs. Cox2 (_ + _S_' ) + w . 
l+ c -+ c - t C G c::; c::; si oxl 

In the middle of the silicon thin-film (x = ts;/2) , the electrostatic potential is 
W(ts;/2, y, z). Therefore, k(y, z) becomes: 

k( z)=l- 210" (!+~)WG+(!+~)Ws3-(1+~+~)W(~,y,z) 
y, qN t 2 !+;!...Qu...+;!...Qu...+2...Qu......Qu... 

81. 81. 4 4 Coxl 4 C ox 2 Coxl C ox 2 

From Eq. (4.40), in the middle of the silicon thin-film (x = ts;/2), one obtains: 

82W(~, y, z) 82W(~, y, z) _ w(~, y, z) 
8y2 + 8z2 - 102 + Co, ( 4.43) 

1 + 1 .£ti.. + 1 .£ti.. + 2 .£ti.. .£ti.. ( 1 .£ti.. ) II< ( 1 .£ti..) II< 
h 1 t 4 4 Cq<) 4 ?q<2 cox) Cq<2 and C = 'l.!'!..i _ 1 :;:+ Cq<2 4G+:;:~ Cq<l s3. 

were 0 = si 2(1+ SL +.£.L) 0 fsi l;;2 l+SL+SL 
C ox1 C ox 2 Coxl C ox2 

In the middle of the channel length (z = Leff /2), at a location near the sidewall, the 
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influence of the sidewall oxide is larger than that of the source/drain. Therefore, at 

a location closer to the sidewall, the value of its 82q,~~,y,z) Iz=¥ becomes smaller. 

Owing to the symmetry of the device with respect to y = .If, one can assumes that 
82q,(!..i yz) 82q,(!..i!!C z) 2 

8;2' , Iz=¥ ~ Jz; 2 ' Iz=¥ .(1-(t¥-1)2). Consequently, from Eq. (4.43), 

one obtains: 

82w(k y ~) 2' , 2 ( 4.44) 

The boundary conditions in the channel width direction (y direction) for Eq. (4.44) 
are (1) in the center of the channel, the electric field in the channel width di­
rection is zero, (2) at the sidewall, the electrostatic potential is related to WG: 
8 (t. !:.tiL ) 8 (t. !:.tiL ) 

q, i",y, 2 I = 0 and W(k W ~) = W - q, i",y, 2 I . !.it where t 
8y .=1f' 2" 2 G 8y .=w <0. sw, sw 

is the thickness of the sidewall oxide. Solving Eq. (4.44) with boundary conditions, 
the distribution of the electrostatic potential in the channel width direction (y di­
rection) at x = tsd2, z = Leff /2 is: 

,T, (tSi Leff) _ _ l 2 82w(~, .If, z) I 2 8102 2y 2] (4.45) 
':I.' Y Co 0 + . lo . [1 - W2 - (W - 1) 2' , 2 - 8z2 .=¥ 

[( W)/] [ 2 82W(~,.If, z) I 2 (8l02 4tsi C .. )] +cosh y - - lo· a· WG + Colo + 2 L. ·lo· - + -- , 
2 8z .=¥ W2 W Csw 

where a = tIe. / )' and Csw = F. From Eq. (4.45), one obtains: 
cosh(W/210)+~~sinh(W 210 sw 

82w(k ~) 82w(k W ) 
2 ,y, 2 I = ~. (IlIG + eo l02 ) _ a' . 2 ' 2' z I ,(4.46) 
8y2 .=1f l02 8z2 z=¥ 

where a' = (1- a) . ~ - a '1W&;. Similarly, from Eq. (4.43), in the middle of the 

channel width (y = W/2) , assuming that 82q,(~{2,y,z) ly=W/2 ~ 82q,(tsi/;~~,L'ff/2) ly=w/2(1-

( ...lL - 1)2) one obtains: 
L'ff ' 

8z2 
(4.47) 
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The boundary conditions for the above equation are that (1) at the center of the 
channel, the lateral electric field is zero, (2) at the source end, the electrostatic 

.. . .aw(¥,.!f,z) _ k If. ~ ~ potentIal IS a fimte value. a I - 0, and W( 2 ' 2 ,0) - 2 ' where Eg 
z z=¥ q 

is the silicon energy bandgap. Solving Eq. (4.47) with boundary conditions, the 
distribution of the electrostatic potential in the channel length direction (z direction) 
in the middle of the silicon thin-film (x = tSi/2, Y = W /2) is: 

!:l2'T,(k !:ill) 8l 2 2 
2 U 'I' 2' y, 2 I 2 [ 0 (Z )2] ( ) -colo + 2 _ w . lo . 1 - -2 - - -- - 1 + 4.48 

oy Y-T Leff Leff 

[( L eff )/] [Eg 2 02W(¥, y, ¥) I 2 8l02 ] cosh z - -- lo' (3. - + Colo + . lo . -- , 
2 2q oy2 Y=.!f L;f f 

where (3 = cosh(L~ffI2Io)' From Eq. (4.48), one obtains: 

o2W(k W ) (3 E o2W(k !:ill) 
2' 2'Z I = -. (-2. +cOl0 2 ) - (3" 2 ,y, 2 I ,(4.49) 

OZ2 z=¥ l02 2q oy2 y=.!f 

where (3' = (1 - (3) . ~. From Eq. (4.46)(4.49), one obtains: 
eff 

02W(k Y !:ill) a 1 a'(3 1 (Eg 2) 
2" 2 I = ._.(We +col02)- l 
oy2 Y=.!f 1 - at (3' lo 2 1 - a' (3' . lo 2 ' 2q + Co 0 . 

(4.50) 

From Eqs. (4.48)(4.50), at z = Lefti2, one obtains the electrostatic potential in the 
middle of the silicon thin-film: 

\]i tsi W LeJf) 
2 ' 2' 2 

-[1 _ a(l - (3') _ (3(1 - a')]. cOl02 + a(l - (3') . We + (3(1 - d) . Eg. 
1- a'(3' 1 - a'(3' 1 - a'(3' 1- a'(3' 2q 

(4.51) 

From Eqs. (4.51)(4.42), at the center of the surface channel (x = 0, y = W/2, 
z = Leff /2), the electrostatic potential is: 

W L C W - W - qN'i t ,i 2 [1 - k(lf. !:ill)](1 + 2..Q..L) 
W 0 _ eff ) = ~ s3 e 2.,; 2' 2 Cox 2 + W (4.52) 

, 2' 2 Cox 1 1 + ..Q..L + ..Q..L e, 

k W Leff ) 
2' 2 

Cox 1 Cox 2 

2E' (1 + ..Q..L)We + (1 + ..Q..L)Ws3 - (1 +..Q..L + ..Q..L)W(k, If.,!:ill) = 1 _ s, 2 Cox2 2 Cox 1 Cox 1 Cox2 2 2 2 

qNt .2 1 + ~..Q..L + ~..Q..L + 2..Q..L..Q..L 
81, 81. 4 4 Cox 1 4 Cox 2 Coxl Cox 2 
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When the front gate is biased at the threshold voltage of the center channel, the 
center of the surface channel enters strong inversion with an electrostatic potential: 
111(0, If, ¥) = -¢si. From Eqs. (4.51)&(4.52), the threshold voltage is: 

_ n{l-fJ') fJ{l-n') _ 1 ~ (1+2~ )(1+2~) . _ 1 t .2 J2.i.. . 
where 151 - 1 'fJ' + 1 'fJ" 152 - 412 fJ· c· 151,153 - 2['2(1+2 c ) 

-Q -0 0 (1+~+~) a ox2 

~(~:,~), and VFB is the flat-band voltage of the front gate. Eq. (4.53) is the analytical 
threshold voltage model for the center channel considering 3D geometrical effects 
for small-geometry mesa-isolated fully-depleted ultrathin Sal NMOS devices de­
rived from a quasi-3D approach. From Eqs. (4.45)(4.48), when Leff and Ware very 
large, a and (3 approach zero. Under this situation, 151, 152 , and 153 in Eq. (4.53) also 
approach zero. Therefore, Eq. (4.53) is simplified to a model for the large-geometry 
case. Since Eq. (4.53) is applicable for fully-depleted devices, therefore, Nsi and tsi 
should be restricted in the region: Nsi :::; -2p;eE,j. In addition, since while deriv-

q" 
ing Eq. (4.39) there is an assumption that the silicon thin-film thickness is much 
smaller than the channel length and the channel width, therefore, the applicability 
of Eq.(4.53) is also limited. When the channel length and channel width (Leff , W) 
are smaller than two times the silicon thin-film thickness (2tsi)' the inaccuracy of 
the Eq. (4.53) becomes large. 

Considering current conduction in a small-geometry sal MaS device, in addition 
to the center channel, the sidewall channel cannot be overlooked. Therefore, the 
threshold voltage of the sidewall channel is also important. The threshold voltage 
of the sidewall channel is defined as the electrostatic potential at the sidewall equal 

t . 'T'(hL TXT !:..tiJ.) - -". F E (449)(450) bt·· B2 'l1{'f,lf,z) I o. 'I' 2' n, 2 - 'Pst· rom qs.. ., one 0 a1ns. Bz2 z=¥' 

Then, from Eq. (4.45), the relationship between 111(~, y, ¥) and y can be obtained. 
At y= W, one obtains the sidewall electrostatic potential: 

lI!(tSi W Leff ) 
2' , 2 

a~(3 a~a(3' 2 
-(1 - as + 1 _ a'(3' - 1 _ a'(3') . Colo + ( 4.54) 

( a~a(3' ) II! a~(3 Eg 
as + 1 - a' (3' . G - 1 - a' (3' . 2q' 

where as = a· cosh(W/2lo), and a~ = (1- as)' ~ - as· W~. From Eq. (4.54), 
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Figure 4.23: Threshold voltage versus channel width or channel length of the center 
and the sidewall portions in the SOl NMOS device with a front oxide of 100A, a 
silicon thin-film doping density of 1 x 1017 cm-3 and (a) with a sidewall oxide of 
150A and silicon thin-film thicknesses of 1000A and 500A (b) with a silicon thin­
film thickness of 1000A and sidewall oxide thicknesses of 100A and 150A based on 
the 3D simulation and the analytical model results. 

the threshold voltage of the sidewall channel is: 

VTH,s = V PB - ¢>si 
-¢> . + 0'1 • qN8 i 102 - 0'2 • \II 3 + 0'3 • §. + 81. ,8 fsi ,8 S ,8 2q , 

1 - 82,s + 83 ,s 

(4.55) 

c· _ ....!i.JL a~a{j' _ 1 1+2¢. . _ ....!i.JL 
whereO'lS- 1 - a S+1 11>1-1 11>I,0'2S--2 c· b· 0'1s,and0'3s-1 11>1' , -a fJ -Q fJ ' 1+....:::..u...+....:::..u...' , -(t fJ 

C oz ! C o%2 

Figs. 4.23(a) &(b) show the threshold voltage versus channel width or channel length 
of the center and the sidewall portions in the SOl NMOS device with a front oxide 
of 100A, a silicon thin-film doping density of 1 x 1017cm-3 and (a) with a sidewall 
oxide of 150A and silicon thin-film thicknesses of 1000A and 500A (b) with a silicon 
thin-film thickness of 1000A and sidewall oxide thicknesses of 100A and 150A based 
on the 3D simulation and the analytical model results[45]. VTH,3D represents the 
threshold voltage of the device with identical channel length and channel width, 
which vary simultaneously. VTH,NCE represents the threshold voltage of the device 
when its channel width varies as the channel length is fixed at 2/-Lm. As shown in 
Fig. 4.23(a), with a silicon thin-film thickness of 1000A, when the channel length 
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and the channel width are large, the threshold voltage of the sidewall channel is 
smaller than that of the center channel. Therefore, the sidewall channel turns on 
earlier than the center channel. In addition, in the subthreshold region, the hump 
phenomenon exists. When the channel length and the channel width are scaled 
down to very small dimensions, the threshold voltage of both the center channel 
and the sidewall channel becomes smaller. However, the extent of the change in 
the threshold voltage of the sidewall channel is much lighter. As a result, with 
very small channel length and channel width, the threshold voltage of the sidewall 
channel on the contrary is larger than that of the center channel. When the silicon 
thin-film thickness is scaled down to 50oA, the rate of the decrease in the threshold 
voltage of both the center channel and the sidewall channel is reduced. In addition, 
the difference in the threshold voltage between the center channel and the sidewall 
channel is reduced. This can be reasoned as the reduced 3D geometrical effect­
when the silicon thin-film thickness is decreased, the control capability of the gate 
over the vertical direction of the silicon thin-film increases. Fig. 4.23(b) shows the 
threshold voltage at various sidewall oxide thicknesses, As shown in the figure, the 
thickness of the sidewall oxide becomes smaller, the threshold voltage curve of the 
center channel stays almost unchanged. In contrast, for the sidewall channel, its 
threshold voltage curve is sensitive to the sidewall oxide thickness. For the sidewall 
channel, regardless of the channel length or the channel width, its threshold voltage 
is reduced noticeable. Different from the center channel case, when the sidewall 
oxide is reduced, the 3D geometrical effect in the sidewall channel is lighter since 
the influence of the y direction in the sidewall channel is stronger than that in the 
center channel. 

In Figs. 4.23(a)&(b), in addition to VTH,3D with respect to changing LeJf and W 
simultaneously (3D effect), VTH,NCE with respect to changing W only (narrow chan­
nel effect) is also shown. As shown in the figure, the trends on VTH,3D and VTH,NCE 

are similar except that the change in VTH,NCE is smaller than that in VTH,3D. In 
addition, when the channel width is decreased, the edge effects become more impor­
tant since when the center channel becomes more narrow, the contribution from the 
sidewall channel to the overall current conduction becomes more important. Fur­
thermore, since the threshold voltage of the sidewall channel is smaller than that of 
the center channel, in the subthreshold legion, current conduction is dominated by 
the sidewall channel. 
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Figure 4.24: Electron mobility versus vertical electric field for an SOl NMOS device 
with a 500A silicon thin-film as a function of the silicon thin-film doping density. 

4.5 Mobility 

In the previous sections, the threshold voltage of SOl CMOS devices has been ana­
lyzed. In addition to threshold voltage, mobility is another important parameter in 
determining the drain current of an SOl CMOS device. Mobility is dependent on 
impurity scattering and surface scattering. For an SOl NMOS device biased with 
a large electric field, the travelling carriers may possess a large amount of energy. 
As a result, the temperature of the travelling electrons may be much higher than 
the lattice temperature. The temperature of the travelling electrons also affects the 
electron mobility. In this section, analysis of the carrier mobility is divided into two 
portions. In the first portion, impurity-scattering and surface-scattering dependent 
mobility are described. In the second portion, the electron-temperature dependent 
mobility is analyzed. 

4.5.1 Surface scattering mobility 

Fig. 4.24 shows the electron mobility versus vertical electric field for an SOl NMOS 
device with a 500A silicon thin-film as a function of the silicon thin-film doping 
density[47]. As shown in the figure, when the vertical electric field is low, the elec­
tron mobility varies when the silicon thin-film doping density changes. This implies 
that when the vertical electric field is small, impurity scattering dominates the elec­
tron mobility- the low-field mobility. On the other hand, when the vertical electric 
field is large, the electron mobility is independent of the silicon thin-film doping 
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Figure 4.25: Electron mobility versus vertical electric field for an SOl NMOS de­
vice with a silicon thin-film doping density of 1015cm-3 for two silicon thin-film 
thicknesses. 

density. This means that at a large vertical electric field, impurity scattering is less 
important-surface scattering is more important. Fig. 4.25 shows the electron mo­
bility versus vertical electric field for an SOl NMOS device with a silicon thin-film 
doping density of 1015cm-3 for two silicon thin-film thicknesses [47]. Also shown 
in the figure is the case for the bulk NMOS device. As shown in the figure, re­
gardless of the silicon thin-film thickness, the electron mobility curves are identical. 
In addition, the vertical-electric-field dependent electron mobility curves are similar 
for both bulk and SOl devices. Fig. 4.26 shows the electron mobility versus verti­
cal electric field of an SOl NMOS device with the silicon thin-film thickness as a 
parameter[48]. Contrary to the case as shown in Fig. 4.25, the electron mobility 
curve in Fig. 4.26 is sensitive to the silicon thin-film thickness when the thickness is 
very small!. As shown in the figure, when the silicon thin-film thickness is smaller 
than lOoA, the effective mobility is silicon thin-film thickness dependent due to the 
stress in the silicon thin-film, which is caused by the difference in the thermal expan­
sion coefficients between the silicon thin-film and the oxide layers. Considering the 
impurity scattering and the vertical electric field dependent mobilities, the surface 
electron mobility is written as [49]: 

I1so = 1 + (;I(VG - VT ) , 
( 4.56) 

where 110 is the low-field mobility considering impurity scattering, and (;I is the surface 
mobility coefficient. 
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Figure 4.26: Electron mobility versus vertical electric field of an SOl NMOS device 
with the silicon thin-film thickness as a parameter. 

4.5.2 Electron temperature 

Sub-0.1/-Lm MOS devices have been developed [50][51] for next generation VLSI. For 
deep-submicron MOS devices with a very small channel length, the lateral electric 
field in their lateral channel may be very high. Therefore, the carrier temperature 
can be much higher than the substrate temperature. As a result, the carrier mobility 
may be degraded due to the elevated carrier temperature[52][53]. A temperature­
dependent electron mobility model, which is referred to the difference between the 
electron temperature (Tn) and the lattice temperature (11), is expressed as[52]: 

/-Ln = 1 + o:~(Tn - Tl)' 
(4.57) 

where 0: = 3/-Ls(TI)/2v;atT., Vsat is the saturation velocity, and T. is the energy 
relaxation time. /-Ls(1I) is the electron surface mobility [54]: 

(4.58) 

where /-Lso is the electron surface mobility at the ambient temperature (To) as de­
scribed in the previous subsection. 

In addition to the influence in the carrier mobility, sometimes carrier tempera­
ture may cause peculiar phenomenon- velocity overshoot. For carriers travelling 
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Figure 4.27: Electron velocity versus the gate over-drive voltage of an SOl NMOS 
device and a bulk NMOS device with the channel length as a parameter, biased at 
a drain voltage of IV. 

through the lateral channel region with a rapid change in electric field from low to 
high in a very short device, their speed may exceed steady-state saturation velocity 
- the velocity overshoot phenomenon[55]. Velocity overshoot is due to the nonequiv­
alence of electron momentum and energy relaxation times [56]. For silicon, velocity 
overshoot phenomenon is not easy to identify because of its small energy relaxation 
time[57]. Velocity overshoot is noticeable when the channel length of an MOS device 
is shorter than O.ll1m. Fig. 4.27 shows the electron velocity versus the gate over­
drive voltage of an SOl NMOS device and a bulk NMOS device with the channel 
length as a parameter, biased at a drain voltage of IV[58]. As shown in the figures, 
for the SOl device, with a channel length of 0.08I1m, when the gate over-drive volt­
age (Va - VTH ) is smaller than O.4V, there is velocity overshoot. Compared to SOl 
devices, for the bulk device, the electron velocity is smaller than that for the SOl 
device due to a larger impurity scattering from a higher silicon doping density. At a 
higher gate over-drive voltage, for both SOl and bulk devices, the electron velocity 
is smaller. Fig. 4.28 shows the electron velocity versus the channel length in SOl 
and bulk NMOS devices biased at a drain voltage of IV and at a gate over-drive 
voltage of 0.1 V and 1 V[58]. At a smaller gate over-drive voltage, the electron mo­
bility of the SOl device is 20% higher than that of the bulk device. At a larger gate 
over-drive voltage, the difference in the electron mobility between the SOl and the 
bulk devices disappears. This implies that when the vertical electric field is small, 
the electron velocity in the SOl device is larger than that in the bulk device due to a 
lighter doping density in the SOl device. When the gate over-drive voltage is large, 
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Figure 4.28: Electron velocity versus' the channel length in SOl and bulk NMOS 
devices biased at a drain voltage of IV and at a gate over-drive voltage of 0.1 V and 
IV. 

impurity scattering is less important- the vertical electric field effect dominates the 
electron velocity. 

In this section, carrier mobility of a deep-submicron SOl CMOS devices has been 
described. For a deep-submicron SOl CMOS device, its carrier mobility is related 
to impurity scattering, which is dependent on the doping density of the silicon thin­
film, and surface scattering, which is determined by the vertical electric field. In 
addition, the carrier temperature and the lattice temperature are also important 
in determining the carrier mobility. When the channel length is close to O.ll1m, 
velocity overshoot of carriers in the SOl CMOS devices may exist. 

4.6 Subthreshold Current 

Until now in this chapter, the threshold voltage and the carrier mobility of the SOl 
CMOS devices have been described. In this section, the subthreshold conduction 
behavior of an SOl CMOS device is presented. 

The subthreshold behavior of an SOl MOS device depends on the thickness of 
the silicon thin-film, the doping density of the silicon thin-film, and the channel 
length. Fig. 4.29 shows the inverse subthreshold slope versus silicon thin-film thick­
ness of an SOl NMOS device with a front gate oxide of 250A, a buried oxide of 
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Figure 4.29: Inverse subthreshold slope versus silicon thin-film thickness of an SOl 
NMOS device with a front gate oxide of 250A, a buried oxide of 1p,m, a p-type doping 
density of 8 x 1016cm-3, an aspect ratio of W /L = 10p,m/3p,m, and interface state 
densities of 101lcm-2 and 2 x 101lcm-2 at the front and the back oxide interfaces in 
the silicon thin-film, respectively. The drain voltage is IV. 

1p,m, a p-type doping density of 8 x 1016cm3 , an aspect ratio of W /L = 10p,m/3p,m, 
interface state densities of 1011cm-2 and 2 x 101lcm-2 at the front and the back 
oxide interfaces in the silicon thin-film, respectively[59J. As shown in the figure, 
when the silicon thin-film is thick-partially-depleted, the subthreshold slope of the 
SOl NMOS device is similar to that of the bulk devices. When the silicon thin-film 
is thin-fully-depleted, its subthreshold slope is much better with its value close to 
the ideal case- (kT/q) (In10)mV/dec due to the buried oxide isolation between the 
channel and the grounded substrate. Fig. 4.30 shows the inverse subthreshold slope 
of the partially-depleted and fully-depleted SOl NMOS devices with a buried oxide 
of 500oA, a front gate oxide of 50A, and a channel length of 1Op,m[60J. As shown in 
the figure, for a partially-depleted device, a higher silicon thin-film doping density 
leads to a worse inverse subthreshold slope-similar to the bulk device. In contrast, 
for a fully-depleted device, the inverse subthreshold slope is less sensitive to the 
silicon thin-film doping density. A higher silicon thin-film doping density leads to 
a better inverse subthreshold slope. For fully-depleted devices, its depletion width 
is fixed at the silicon thin-film thickness. Therefore, its inverse subthreshold slope 
is not sensitive to the silicon thin-film thickness. When the doping density of the 
silicon thin-film increases, its electric field increases. As a result, carriers tend to 
move close to the front surface. Consequently, a better front gate controllability 
leads to a slightly better inverse subthreshold slope. Fig. 4.31 shows the inverse 

3 
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Figure 4.30: Inverse subthreshold slope of the partially-depleted (PD) and fully­
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Figure 4.31: Inverse subthreshold slope versus gate length of an SOl NMOS device 
with a front gate oxide of 50A, a silicon thin-film of 200A, and a buried oxide of 
500A. 
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Figure 4.32: The inverse subthreshold slope versus channel length of an SOl NMOS 
device with a front gate oxide of 7oA, a buried oxide of 330oA, and a p-type doping 
density of 2 x 1016cm-3 in the silicon thin-film. 

subthreshold slope versus gate length of an SOl NMOS device with a front gate 
oxide of 50A, a silicon thin-film of 2ooA, and a buried oxide of 500A[60j. As shown 
in the figure, when the channel length decreases, the 2D effect from the source/drain 
on the potential distribution influences the front gate controllability over the silicon 
thin-film-the inverse subthreshold slope becomes worse. From this figure, by rais­
ing the doping density of the silicon thin-film, the inverse subthreshold slope can be 
improved. Fig. 4.32 shows the inverse subthreshold slope versus channel length of 
an SOl NMOS device with a front gate oxide of 7oA, a buried oxide of 330oA, and 
a p-type doping density of 2 x 1016cm-3 in the silicon thin-film[61j. As shown in the 
figure, when the channel length becomes smaller, the inverse subthreshold slope be­
comes worse. By decreasing the silicon thin-film thickness, the inverse subthreshold 
slope can be improved-when the thickness of the silicon thin-film becomes smaller, 
the front gate controllability becomes better. 

Fig. 4.33 shows the subthreshold characteristics of a mesa-isolated SOl NMOS 
device[62j. As shown in the figure, a hump in the subthreshold characteristics can 
be seen. The hump is caused by the 2D effect, which results in a smaller threshold 
voltage for the sidewall channel as compared to the center channel. Here, analysis 
of the subthreshold behavior with a hump of a mesa-isolated SOl NMOS device is 
presented. 

In order to simplify the analysis, a channel length of 1f.1m has been used to 
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Figure 4.33: Subthreshold characteristics of a mesa-isolated SOl NMOS device. 

avoid short channel effects. In the following analysis, the source and the substrate 
terminals are connected to ground. Fig. 4.34 shows the 3D electron density contours 
in the silicon thin-film of the ultrathin SOl NMOS devices with channel widths of 
O.3JLm and 1.2JLm, biased at Va = OV and VD = lOmV (Vs = OV, VB = OV) based 
on the 3D simulation results[64]. As shown in the figure, the distribution of the 
electron density is not uniform in the y-direction at the silicon thin-film surface. At 
the location near the sidewall, the electron density is higher- the sidewall induced 
electrons are important. With a narrower channel, the sidewall induced electrons 
are more important in affecting the current conduction. Therefore, the current 
conduction model assuming a uniform electron density profile in the y-direction for 
a wide-channel device is not applicable. In the analytical current conduction model 
presented in this section, the non-uniformity in the electron density profile due to 
the influence of the sidewall oxide is considered. In order to simplify the analysis, 
the y-direction of the channel is divided into two portions: (1) the center portion 
and (2) the sidewall portion. In the center portion, the electron profile is assumed 
to be uniform. In the sidewall portion, the electron density is higher than that in 
the center portion. In the following subsections, the current conduction models in 
the center and the sidewall portions are derived. 

4.6.1 Center portion 

The threshold voltage of the center portion (VTH,center) is defined as the gate voltage 
when the electrostatic potential at the front Si/ Si02 interface in the center of the 
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channel (w(x = O,y = .!:f.2)) reaches -¢>si (¢>si = kTZn-"'J....Nn), where Nsi is the p-type 
q " 

doping density of the silicon thin-film and ni is the intrinsic carrier density. From 
Ref. [33], considering the influence from the sidewall the threshold voltage is : 

VTH,center 

( 4.59) 

2 h+..£ti..)( 1+ 2 ..£ti.. ) 
where a = ((1 - ..Q.u.!.u.)e-W / 2Io + (1 + ..Q.u.!.u.)eW / 2Io )- 1, at = a. ~ Co~. CGQX2 , 

Caw to Caw lo La 1+~+~ 

(-(-7 2 )+(1-72 ) ..£ti..+(27-72 )..£ti.. +2..£ti....£ti.. l t CoxI °9 ;2 God C px 2 C· - f.ti C ~ C ~ 
o = si 2(1+.£u..+.£u..) , 51 - t,i ' ox1 = to,,' ox2 = tox2 ' 

Cox 1 C px2 

and Csw = E. Note that tox1 and tox2 are the thicknesses of the front and the 
buried oxides, respectively. tsw is the thickness of the sidewall oxide. VPB is the 
flat band voltage of the front gate. wG is the gate electrostatic potential when the 
center channel turns on. I = 1. W 83 is the electrostatic potential at the surface of 
the substrate below the buried oxide. 

Using the value for the wide channel device for W 83 and considering the 2D effect 
on the electrostatic potential distributions as explained before, the electrostatic 
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potential at the front oxide interface (W(O, If)) is such that: 

Va - V FB + ¢si 

w(O !!::) . (1 + 2..i... + 2..i...) - w 32..i...(1 - a') + qN.i t.i2 2..i...(1 + 22..i... )(1 - 2a) 
, 2 C ox 1 C ox 2 8 Coxl 2€si Cox! Cox2 

= l+ a' 2..i...+2..i... 
Coxl Cox 2 

(4.60) 

From the above equation, one obtains the following parameters: 

ncenter 

where ~~; is the simplified result using the wide channel approximation. ¢sub 

is the Fermi potential of the substrate ¢sub = kT In....!!L-Nn .. In order to simplify 
q su.b 

the analysis, by considering only the 1D situation, the depletion width in the 

substrate is 2<.i(W;:-rP,Ub). The corresponding effective depletion capacitance is 
q sub 

Csub = 2(~~;~~~:b)' Considering the 'capacitance divider' effect, ~~; is approxi­

mately l/Ca ", +1/c~{~ii~ax2+I/C'Ub' From Eq. (4.61), the diffusion current of the device 
is [63]: 

w V; exp( VG- VTH,een'er ) 
I - I (1 (D)) neen'er'rP' (462) center,diff - I' L . - exp ---:;:-. (VG-VTH' )' . 

eff 'f't 1 + exp neen'e;~~: er 

where h is a constant and ¢t = kT / q. When the device is biased at Va < VT H,center 

the drift current of the center portion (Icenter,drift) is zero. When Va > VTH,center. 

the center portion enters the strong inversion region. Hence, the drift current of the 
center portion is: 

Icenter,drift = 
f.LnO VD - VJ 

1 + (). (V, _ V; )' L . (Coxl . W) . (Va - VTH,center), 
a TH,center eff 

( 4.63) 

where f.LnO is the electron low-field mobility, () is a parameter used to describe the 
influence of the vertical electric field in the mobility, and VJ is the extra voltage 
drop over the source/drain-channel junctions. The total drain current of the center 
portion is the sum of the drift current and the diffusion current: 

ID,center = Icenter,diff + Icenter,drift. (4.64) 
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4.6.2 Sidewall portion 

The current conduction in the sidewall portion of the ultrathin SOl NMOS device is 
due to the non-uniform electron profile in the lateral y-direction. The gate voltage 
for the surface at each location in the lateral y-direction to reach strong inversion 
is different. In order to simplify the analysis, the threshold voltage of the sidewall 
portion of the device is defined as the gate voltage when strong inversion starts to 
exist at the sidewall (x=O, y=W)- w(x = 0, y = W) = -¢>si' From Ref. [33][64], 
the threshold voltage of the sidewall portion is: 

where (3 = 0:' cosh(~), and (3' = 0:' . cosh( ~). w~ is the gate electrostatic potential 
when the edge channel region turns on. (Note w~ is different from We.) Similarly, 
nedge of the sidewall portion is: 

n = aw(O, W) -1 = 1 + ~ + ~ 
edge (aVe) 1 + (3'.!2.L + .!2.L + .!2.L(1 _ (3') . Q'L.l' (4.66) 

Cox! Cox 2 Cox 1 8VG 

From Eq. (4.66), the diffusion current of the sidewall portion is: 

I 11: exp(G-VTH,edge) 
1 ' - _2_, (1 _ ex (_--.!!..)). nedge,q,t 

edge,d'ff - L P A. 1 (VG-VTH d )' eff 'Pt + exp ,e ge 
nedge 'CPt 

(4.67) 

where 12 is a constant. As for the center portion, in the sidewall portion the drift 
current (ledge,drift) is zero at Vc < VTH,edge' At Vc > VTH,edge, the sidewall portion 
enters strong inversion. Hence, the drift current of the sidewall portion is 

flnO VD - VJ 
ledge,drift = 1 + B . (V, _ V )' L . (2Ce + 2Csw . tsi) . (Vc - VTH,edge) , 

C TH,edge eff 

(4.68) 

where Cswtsi is used to describe the existence of the electrons in the inversion region 
at the sidewall, and Ce is a fitting parameter used to account for the increase in 
the electron density at the silicon thin-film surface near the sidewall region. The 
drain current of the sidewall portion is the sum of the diffusion current and the drift 
current: 

ID,edge ledge,diff + ledge,drift. (4.69) 
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Parameter Value 
Leff 1.0JLm 
W 1.2JLm 
toxl 100A 
tsw 150A 
tox2 4000A 
tsi 1000A 
Nsi 5.0 x 1016cm-3 

Nsub 1.0 x 1015cm-3 

JLnO 408cm2/V . sec 
() 0.25/V 
"/ 1.0 

VFB -0.915V 
VJ 0.006V 
11 0.12JLA 
h 1.0pA· cm 
Ce 5.6pF/cm 

Table 4.1: Parameters of the device under study. 

The total drain current of the mesa-isolated ultrathin SOl NMOS device is composed 
of the drain currents in the center and the sidewall portions: 

ID,total = ID,center + ID,edge. (4.70) 

The above equations are the analytical drain current model for the mesa-isolated 
fully-depleted SOl NMOS device considering the influence of the sidewall. 

As listed in Table 4.1, the test device for studying the subthreshold behavior 
has a channel length of 1JLm. In the table, ,,/, II, 12 , and Ce are fitting parame­
ters used in the compact model (they are not required in the 3D simulation). For 
the compact model and the 3D simulation, VFB is identical in both the center and 
the sidewall portions. Fig. 4.35 shows the drain current versus the gate voltage 
of the ultrathin SOl NMOS device with a channel length of 1JLm and a channel 
width of 1.2JLm based on the analytical model and the 3D simulation results[64]. As 
shown in the figure, from the ID,edge and ID,center curves, the threshold voltage of the 
sidewall portion is smaller than that of the center portion. Therefore, in the sub­
threshold region, the drain current of the sidewall portion (ID,edge) dominates. At a 
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Figure 4.35: The drain current versus the gate voltage of the ultrathin SOl NMOS 
device with a channel length of 111m and a channel width of 1.2p.m. 

large Va in the strong inversion region, the dominance of the center portion drain 
current (ID,center) can be identified. From this figure, the drain currents in both 
the center and the sidewall portions should be considered simultaneously, especially 
in the moderate inversion region when the gate voltage is near the threshold voltage. 

Fig. 4.36 shows the drain current versus the gate voltage of the ultrathin SOl 
NMOS devices with channel widths of 2.4p.m and O.3p.m and (a) gate oxide thick­
nesses of lOoA and 2ooA; sidewall oxide thicknesses of 150A and 30oA, (b) silicon 
thin-film thicknesses of 500A and lOooA, (c) silicon thin-film doping densities of 
2 x 1016cm-3 and 5 x 1016cm-3 based on the analytical model and the 3D simu­
lation results[64]. As shown in Fig. 4.36(a), when the front oxide (toxl ) and the 
sidewall oxide (tsw) become thicker, the subthreshold region with its drain current 
less sensitive to the channel width becomes larger. This implies that when the thick­
ness of the front oxide (toxl ) increases, the threshold voltages of both the center and 
the sidewall portions (VTH,center, VTH,edge) increase. However, the increase in the 
threshold voltage of the center portion (VTH,center) is larger. Therefore, the differ­
ence between VTH,center and VTH,edge becomes wider. As a result, the drain current of 
the sidewall portion (ID,edge) dominates in a wider subthreshold region. For the case 
with toxi = 200A and tsw = 30oA, the subthreshold current for W = 2.4p.m is a little 
bit smaller than that for W = O.3p.m. This is due to the fact that when the channel 
width is scaled down, the threshold voltage of the sidewall portion (VTH,edge) drops 
slightly. As shown in Figs.4.36(b)&(c), when the thickness of the silicon thin-film 
(tsi) becomes thinner or the doping density of the silicon thin-film (Nsi ) becomes 
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Figure 4.36: The drain current versus the gate voltage of the ultrathin SOl NMOS 
devices with channel widths of 2.4J-.Lm and O.3J-.Lm and (a) gate oxide thicknesses of 
lOoA and 2ooA; sidewall oxide thicknesses of 150A and 30oA, (b) silicon thin-film 
thicknesses of 500A and lOooA, (c) silicon thin-film doping densities of 2 x 1016cm-3 

and5 x 1016cm-3 based on the analytical model and the 3D simulation results. 
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lighter, different from Fig. 4.36(a), their subthreshold curves are sensitive to the 
channel width. This implies that at a thinner silicon thin-film or at a more lightly 
doped silicon thin-film, the thr·eshold voltages of both the center and the sidewall 
portions (VTH,centeT> VTH,edge) become smaller. In addition, the magnitude of the 
shrinkage in the threshold voltage of the center portion (VT H,center) is larger, there­
fore, the difference between VTH,center and VTH,edge shrinks. Under this situation, 
the total subthreshold current is not dominated by the edge portion (ID,edge). In 
this subthreshold region, its drain current curves are also influenced by the channel 
width. 

In this section, analysis of the subthreshold drain current for a deep-sub micron 
SOl NMOS device has been reported. Based on the analysis, in the subthreshold 
region the channel current near the sidewall dominates due to narrow channel effects. 

4.7 Strong Inversion Drain Current 

Until now in the chapter, the threshold voltage, the short channel effect, the narrow 
channel effect, the mobility, and the subthreshold current of the SOl CMOS devices 
have been reported. In this section, the drain current of the SOl CMOS devices 
biased in the strong inversion is described. When describing the strong inversion 
drain current, the threshold voltage, the small-geometry effects including the short 
and narrow channel effects and the mobility models are required. As reported in 
the previous section, the electron mobility in an SOl NMOS device is susceptible to 
the influence from the electron temperature and the lattice temperature. Due to the 
poor thermal conductivity of the buried oxide, which has a thermal conductivity 40 
times larger than silicon, the deep-submicron SOl NMOS devices have self-heating 
problems [65][66][67]- the lattice temperature may rise at a large current. As 
a result, the electron mobility in the channel is degraded. Fig. 4.37 shows the IV 
characteristics of an SOl NMOS with a front gate OXIde of 120A and a silicon thin­
film of 1200A and two buried oxide thicknesses-llOOA and 3800A[68]. As shown in 
the figure, due to the decreased power dissipation capability, when the thickness of 
the buried oxide is increased, the drain current is reduced in the saturation region. 
This is the result of the so-called self-heating, which is especially noticeable at the 
high current regime. As a result, at the high current regime, negative differential 
output resistance can be seen. When the thickness of the buried oxide is reduced, 
the self-heating phenomenon is lessened. In the following portion of this section, a 
drain current model for the small-geometry SOl CMOS devices biased in the strong 
inversion region considering small-geometry effects, electron temperature and lattice 
temperature effects is presented[65]. 



174 CHAPTER 4. SOl CMOS DEVICES-BASIC 

0.02 r---~--~--.. ~ ... -.. -... -... -.. -.. ~7=-V"""---' 
.... :::------

... \~~.~.~.~.!.?~~ 5 V 

'ox2 = 380 nm 

3V 

1 V 

OV 
2 3 4 5 

VGS (V) 

Figure 4.37: IV characteristics of an SOl NMOS device with a front gate oxide of 
120A and a thi-film of 1200A and two buried oxide thicknesses-llOOA and 3800A. 

For NMOS devices with a deep submicron channel length, conventional drift­
diffusion models are not sufficient [52]. The electron temperature may be much 
higher than the lattice temperature owing to the high electric field. As a result, en­
ergy transport is also important in determining the current conduction of the device 
[69]. In addition, due to self-heating, the lattice temperature also affects the current 
conduction in a deep submicron ultrathin SOl NMOS device. In order to obtain an 
accurate drain current model for the device, energy balance equation should also be 
solved simultaneously. 

Consider a deep-submicron ultrathin SOl NMOS device with a very short chan­
nel. Due to its very small channel length, heat conduction in the silicon thin-film of 
the device is very quick. Therefore, the lattice temperature (71), which is assumed 
uniform, is linearly related to the power dissipated in the device [54]: 

(4.71) 

where To is the ambient temperature, and P is the dissipated power, which is ex­
pressed as the product of the drain current and the drain voltage: P = IDVD. 
Rth is the thermal resistance of the device. If the thermal healing length , which 
is l/md = (K~,j) ~, where Kd is the silicon thermal conductivity, tsi is the silicon 
thin-film thickness, and h is the heat transfer coefficient, is smaller than gate-to­
metal contact spacing (Ld ), the thermal resistance can be approximated as[66]: 

Rth ~ 2~ (Ko:b'k:tsi ) ~ , where W is the channel width, tbox the thickness of the buried 
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oxide, and Kox is the oxide thermal conductivity. For the ultrathin SOl NMOS 
device under study with its parameters as listed in the table in this section, its 
thermal resistance is 1.253 x 104 KjW. 

Considering the electric field, the electron and the lattice temperature effects, 
the energy balance equation is: 

E2 _ ~kTn - T" _ ~k E dTn 
q/1n - 2 Tf 2 /1n dy' (4.72) 

where the second order term has been neglected [53], E is the electric field, Tn is 
the electron temperature, Tf is the energy relaxation time, y is the lateral channel 
direction, and k is Boltzmann constant. 

A temperature-dependent electron mobility model [52] as described in the pre­
vious section is referred to the difference between the lattice temperature and the 
1 t t t 1', (Ttl h 31'2 (Ttl ('7') h· h· th e ec ron empera ure as: /1n = 1 k(T T)' were a = 2 ' /1s .L! , W lC IS e +ct q n- l VsatTf. 

electron surface mobility considering lattice temperature. T" is related to the lattice 
temperature as [54]: /1s(TI) = /1so(1,)-2, where /1so is the electron surface mobility 
at ambient temperature, To: /1so = l+O(t;-VT). () is the surface mobility coefficient. 
From Eq. (4.72), one obtains 

E2 = 3k . 1 + a~(Tn - Tl) . Tn - T" _ 5kE . dTn 
2q /1s(T,,) Tf 2q dy . 

(4.73) 

In order to solve the above differential equation, the electric field distribution in 
the device should be known. The drain current characteristics of a deep submicron 
NMOS device is divided into the triode region (VD < VDSAT) and the saturation 
region (VD > VDSAT). 

4.7.1 Triode region (VD < VDSAT) 

In the triode region, the lateral electric field distribution in the channel region is 
assumed to be linear: E(y) = Eo+ay, where Eo is the electric field at the source end: 
Eo = -'7L' VD , where LefJ is the effective channel length, and '1)1 is a fitting parameter. 

elf 

a is the slope of the electric field: a = _2(1~~1)VD. Using a linear approximation 
elf 

formula: Tn = A'y + B', from Eq. (4.73) with boundary conditions: at the source 
end the electron temperature is ambient temperature, one obtains: 

(Eo + ay)2 = 3k . 1 + a~(A'y + B' - Tl) . A'y + B' - Tl _ 5k(Eo + ay) A'. (4.74) 
2q /1sm) Tf 2q 
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By equating the coefficient ofthe y2 terms in Eq. (4.74), one obtains: A' = _ 2qa~~atT •. 

From Eq. (4.74) and considering the location at y = Leff , one obtains: B' = 11 -
q 1- 201'~(T!)T, (Eo+aL )+ 41'~(T!) (Eo+aL )2 

3vsat eff v eff 
A'Leff - ~ + -'-------:2'C""Q'k--""sa::...t ----. The drain current is expressed 
as: 

(4.75) 

where Cox is the unit area gate oxide capacitance (Cox = t!), ao = HC·ct~oz) [70], Cb 

is the silicon thin-film capacitance (Cb = t:-), VT is the threshold voltage, and /-Leff is 

the effective electron mobility: /-Leff = t ~e~ • Using a simplified approach by tak-
o e ;;;dy 

ing values at both ends - at the source end (/-Ln(O)) and at the drain end (/-Ln(Leff )), 
the effective electron mobility becomes: /-Leff = Sill: 1 Leff 1 = 1 +2 1 , 

2 (I'n(O) + I'n(Leff») I'n(O) I'n(Leff) 

where the electron mobility at the source end is /-Ln(O) = /-L.(11). Therefore, the 
electron mobility at the drain end becomes: 

1+ 1- 20aI'HT,)r. (E + aL ) + ~(E + aL )2 
3Vsat 0 eff vsat 0 eff 

Hence, the effective electron mobility becomes: 

/-Leff = 3 + Jl + K/-L~(11)' 
(4.77) 

where K = (_40 (1-'11)(231/1)7", + 4~2-'1JJ2)V2. From Eq. (4.77), as the effective channel 
3 vaG,Leff vaG,Leff D 

length is in the order of VsatT., the electron temperature effect cannot be neglected. 
Using Taylor's approximation formula, from Eq. (4.77), the effective mobility be-
comes: 

/-Leff ~ AT? + Bl1 + C, (4.78) 

/-Lefflll=To 

(4.76) 
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h A_! a2 fJ-epl B-?&ill _a2/-'epl T. C- I _afJ-elfl T.+ were - 2 IJTI TI=To' - aTI TI=To aTI TI=To 0, - fl.e!! TI=To aTz Tz=To 0 

~ a';;.!! ITz=ToT;. In the above equations, the higher order terms in the Taylor's series 
I 

have been neglected. From Eqs. (4.71)(4.75)(4.78), the lattice temperature in terms 
of VD and Va can be obtained: 

-E - ,jE2 - 4DF 

2D 
(4.79) 

where D = Af, E = Bf -1, F = Cf +To, f = COXLw ((Va- VT)VD -aoVE)VDRth . elf 
Eqs. (4.75)(4.78)(4.79) are the drain current formula for the ultrathin SOl NMOS 
device biased in the triode region considering electron and lattice temperatures 
simultaneously. 

4.7.2 Saturation region (VD > V DSAT ) 

Using a similar approach as in the Refs. [71]-[73], the lateral channel of the NMOS 
device is divided into two sections - (1) the pre-saturation region and (2) the post­
saturation region, separated by the "saturation point" (y = LefJ - tlL), where its 
channel potential is VDSAT. VDSAT is defined as: 

VDSAT = VDSATl + Vp - JVESAT1 + V/' (4.80) 

where Vp is the defined as the VD when: ~ = o. Vp is for the long channel 
case, where pinch-off dominates. The effective mobility formula is too complicated 
for deriving Vp. Using Taylor's approximation formula with respect to VD at a 
reference: VD = V1:~T for the square root term in the denominator of Eq. (4.77), 
one obtains: 

4fl.sp 
fl.e!! = Q + RVD' (4.81 ) 

where fl.sp = fl. sO (TI(J.'°Va))2 ~ fl.so(T,(va T\7T V. ))2, P = ~~2-;:.JY - 40(1;"1)1;~3-1)1)T', Q = 
p, l 2no 1 G sat ell sa eff 

p(Va-VT) 2 
3+(1+P(V1-VT)2fl.;p)f, and R = V 2ao fJ-,p . Therefore, from Eq. (4.75)(4.81), 

ao l+P( Va-VT )2fJ-2 
2no sp 

.---'----:-:-:-:--
-aoQ+va6Q2+aoRQ( Vc;-VT) 

one obtains: Vp = aoR ao . VDSAT1 is the drain voltage when 
the velocity saturation occurs at drain: -fl.n(Leff)(Eo + aLeff) = 1]2Vsat, where 
Eo = -1]1~' a = 2(1-1)~;DSATl, fl.n(Le!!) is the electron mobility at drain, 

eff eff 
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Figure 4.38: Cross section of the deep submicron ultrathin SOl NMOS device under 
study. 

and 'T/2 is a fitting parameter. From Eq. (4.77), VDSATl becomes: 

'T/2 Vsat L;ff 
VDSATI = (2 - 'T/d(l - 'T/~)f.1s(T,,)Leff + 1j-(1- 'T/l)'T/~f.1s(T"hvsat . (4.82) 

As shown in Eq. (4.80), V DSAT is determined by the smaller of VDSATI and v;,. 
VDSATI is determined by the electron velocity saturation behavior in short channel 
devices. v;, is determined by the pinchoff behavior in long channel devices. In or­
der to be adaptable for both long and short channel cases, V DSAT is determined by 
the smaller of the two ~ velocity saturation in short channel devices (VDSATl) and 
pinch off in long channel devices (v;,). 

(1) The pre-saturation region 

In the pre-saturation region, Eq. (4.75) is the drain current formula except that 
Lell should be replaced by Lell - ~L and V D replaced by V DSAT . 

(2)The post-saturation region 

Using a similar approach as in Ref.[74J, in the post-saturation region, 2D Gauss' 
Law has been applied in the Gauss' box area as shown in Fig. 4.38[65]- from a loca-
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tion y to a location y + dy in the lateral channel direction and from oxide interface 
to the top of the buried oxide in the vertical direction. Integrating Gauss' box, one 
obtains an equation in terms of the potential V(y) in the lateral channel region: 

fox Va - V(y) q(NA + n) 
-- . dy - tsiE(y) + tsiE(y + dy) = - tsidy, 
~ ~ ~ 

(4.83) 

where NA is the silicon thin-film doping density, fsi is the silicon permittivity, fox is 
the oxide permittivity, and n is the electron density. From Eq. (4.83), one obtains: 

fox Va - V(y) dE NA + n -- + tsi - = -qtsi---· 
fsi tax dy fsi 

(4.84) 

The boundary condition for Eq. (4.84) is that at the saturation location (y = 0): 

fox Va - VDSAT NA + n 
-=-_---=..c""'-- + tsia = -qtsi---. 

fsi tax fsi 
( 4.85) 

From Eqs. (4.84)&(4.85), one obtains a differential equation in terms of the channel 
potential V (y): 

( 4.86) 

where>. is (>. = vfaita;tox) [17]. Solving Eq. (4.86) with boundary conditions - at 
fox 

saturation point, the channel potential is VDSAT and the electric field is E1, the 
channel potential is: 

V( ) V; \2 >.(El - a>.) _11. >.(E1 + a>.) 11. 
y = DSAT + aA + 2 e)o. - 2 e)o. , (4.87) 

where El = - (2~:~~~lAT. From Eq. (4.87), considering that at drain the potential 

is VD, one obtains: VD = VDSAT + a>.2 + A(E12- UA)e-'\L - A(E12+UA)e",.L, which is a 
nonlinear function of 6.L. Note that El and a are also a function of 6.L. In order 
to simplify the equation assume that a = 2(1-'I1)VPSAT and E = _ (2-'11)VPSAT 

, L~ff' 1 Leff' 

6.L has been obtained: 

_ [-(VD - VDSAT - a>.2) - .j(VD - VDSAT - a>.2)2 + >.2(Er - a2>'2)] 
6.L - s>'ln >.(E1 + a>.) , 

(4.88) 

where s is a correction factor, which is used to include the influence of 6.L in a 
and E1. In addition, s can also be used to compensate for the velocity overshoot 
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Parameter Value 
W 9.5jtm 

LefI 0.2jtm 

Rs lOOn 
VT 0.25V 
s 0.75 

tox 70A 
Vsat 8 x 106cm/sec 
tsi sooA 
'fI1 0.5 
'fI2 0.S5 
jto 400cm2 /V . sec 
(} 0.32 
Tf 0.2psec 

tbox 4000A 
Kox I.4W/m· K 
Kd 63W/m· K 
To 300K 

Table 4.2: Parameters of the SOl NMOS device under study. 

effect, which is neglected in Eq. (4.88). Eqs.(4.75)(4.80)(4.82)(4.88) are the drain 
current formula for the ultrathin SOl NMOS device considering electron and lattice 
temperatures except that in Eq. (4.75), LeJ! should be replaced by Lett - DoL and 
V D replaced by VDSAT. 

The ultrathin SOl NMOS device under study here has an effective channel length 
of 0.2jtm with a 800A silicon thin-film atop a buried oxide of 4000A.The gate oxide 
thickness is 70A. The threshold voltage of the device is O.25V. Table 4.2 shows the 
parameters of the 0.2jtm ultrathin SOl NMOS device under study [67J. Fig. 4.39 
shows the ID versus VD curves for the ultrathin SOl NMOS device based on the 
closed-form analytical model[65J (1) considering both the electron and the lattice 
temperatures (EB+LT), (2) considering the electron temperature and without con­
sidering the lattice temperature (EB), (3) considering the lattice temperature and 
without considering the electron temperature (LT), and the experimental data [67J. 
As shown in the figure, in the saturation region, at a large drain voltage, the drain 
current gets small - the negative differential output resistance phenomenon. For a 
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Figure 4.39: The ID versus VD curves for the 0.2j.Lm ultrathin SOl NMOS device 
based on the model (1) considering both the electron and the lattice temperatures 
(EB+LT), (2) considering the electron temperature and without considering the 
lattice temperature (EB), (3) considering the lattice temperature and without con­
sidering the electron temperature (LT) , and the experimental data. 

larger V G, the negative differential output resistance phenomenon is more serious. 
Without considering lattice temperature, no negative differential resistance can be 
seen. This verifies that the negative differential resistance phenomenon is indeed 
due to the self-heating of the lattice. 

Fig. 4.40 shows the output conductance versus VD curves of the 0.2j.Lm ultrathin 
SOl NMOS device based on the analytical model (1) considering both the electron 
and the lattice temperature (EB+LT), (2) considering the electron temperature and 
without considering the lattice temperature (EB), (3) considering the lattice temper­
ature and without considering the electron temperature (LT), and the experimental 
data[67]. As shown in the figure, the negative differential output conductance can 
be identified in some region. In addition, in the negative differential output con­
ductance region, a larger gate voltage leads to a more negative differential output 
conductance. As shown in dotted lines, considering electron temperature only, the 
negative differential output conductance cannot be modeled. As shown in dashed 
lines, considering lattice temperature only, the dependence of the gate voltage in the 
negative differential output conductance region is not vivid. Considering both the 
electron and the lattice temperatures, the gate voltage dependence in the negative 
differential output conductance region is noticeable. Compared to two other models, 
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Figure 4.40: Output conductance versus VD curves of the 0.211m ultrathin SOl 
NMOS device based on the model (1) considering both the electron and the lattice 
temperatures (EB + LT), (2) considering the electron temperature and without 
considering the lattice temperature (EB), (3) considering the lattice temperature 
and without considering the electron temperature (LT), and the experimental data. 

the analytical model results considering both electron and lattice temperature are 
more accurate. The deviation between the EB + LT model and the experimental 
data is due to the parasitic bipolar device effects at a high drain voltage[75]. As 
shown in the figure, the transition between the triode region and the saturation 
region is smooth and continuous. 

For an ultrathin SOl MOS device, power dissipation effect cannot be overlooked 
due to the existence of the buried oxide. As a result, self-heating of lattice can be 
serious. Fig. 4.41 shows the lattice temperature versus the drain voltage curves of 
the ultrathin SOl NMOS device biased at V G = 0.5V, 1.0V, 1.5V, 2.0V based on 
the analytical model (1) considering both the electron and the lattice temperatures 
(EB+LT), (2) considering the lattice temperature and without considering the elec­
tron temperature (LT)[65]. As shown in the figure, in the saturation region, the 
lattice temperature increases rapidly as the drain voltage gets high. For a large 
V G, the lattice temperature is high. In the triode region, the lattice temperature is 
parabolically proportional to the drain voltage. In the saturation region, the lattice 
temperature is linearly proportional to the drain voltage. The difference in the slope 
of the lattice temperature between the triode and the saturation regions can be rea­
soned using Eq. (4.71). From Eq. (4.71), the increase in the lattice temperature can 
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Figure 4.41: The lattice temperature versus the drain voltage curves of the ultrathin 
SOl NMOS device biased at V G = O.5V, l.OV, l.5V, 2.0V based on the analytical 
model (1) considering both the electron and the lattice temperatures (EB+LT), (2) 
considering the lattice temperature and without considering the electron tempera­
ture (LT). 

be expressed as: t.11 = (VDt.ID + IDt.VD)Rth . In the triode region, both terms 
in the above equation are important. On the other hand, in the saturation region, 
t.ID is negligible, therefore, the equation is simplified as: t.11 ~ IDt.VDRth. Hence, 
in the saturation region, the slope of the lattice temperature is linearly proportional 
to YD. 

Fig. 4.42 shows the effective electron temperature versus the drain voltage curves 
of the ultrathin SOl NMOS device biased at V G = O.5V, l.OV, l.5V, 2.0V based on 
the analytical model (1) considering both the electron and the lattice tempera­
tures (EB+LT), (2) considering the electron temperature and without considering 
the lattice temperature (EB). Note that the effective electron temperature is de­
fined as the average temperature in the presaturation region of the ultrathin SOl 
NMOS device. Without considering lattice temperature, the electron temperature 
is lower. As shown in Fig. 4.41, considering lattice temperature, although lat­
tice temperature increases by only several tens of degrees, the electron tempera­
ture has been raised by over several hundred degrees. Since the effective mobility 
can be rewritten using the effective electron temperature: J.leff = l+:fi:::'~Ti)' one 

q 

• -- qv2 T,(Ji+K&-l) () 2 obtams: Tn - 11 = ~ 1-'0 • From Eq. 4.77, K ex: VDSAT at satura-
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Figure 4.42: The effective electron temperature versus the drain voltage curves of 
the ultrathin SOl NMOS device biased at V G = O.5V, l.OV, l.5V, 2.0V based on 
the analytical model (1) considering both the electron and the lattice temperatures 
(EB+LT), (2) considering the electron temperature and without considering the 
lattice temperature (EB). 

tion. From Eq. (4.82), for a short channel device, since VBSAT ex: -\-, therefore, "'. Tn - 7; ex: ..1... Since J.Ls is inversely proportional to T?, considering lattice tempera-"'. ture, J.Ls is smaller. A smaller J.Ls leads to a larger Tn -7;. Consequently, considering 
lattice temperature, Tn - 7; is larger. 

Fig. 4.43 shows the effective mobility, the effective electron temperature, and the 
lattice temperature versus the channel length of an ultrathin SOl NMOS device bi­
ased in the negative differential output resistance region (VG = VD = 2V) based on 
the analytical model (1) considering both the electron and the lattice temperatures 
(EB+LT), (2) considering the electron temperature and without considering the 
lattice temperature (EB), (3) considering the lattice temperature and without con­
sidering the electron temperature (LT)[65]. With a very short channel « O.2J.Lm) , 
the effective electron temperature increases rapidly inversely proportional to the 
channel length. Compared to the electron temperature, as shown in the figure, the 
lattice temperature increases slightly. However, a slight increase in the lattice tem­
perature leads to a substantial decrease in J.Ls. In addition, with a short channel, 
the influence of the effective electron temperature in the effective mobility is also 
important. Neglecting either the effective electron temperature or the lattice tem-
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Figure 4.43: The effective mobility, the effective electron temperature, and the lat­
tice temperature versus the channel length of an ultrathin SOl NMOS device biased 
in the negative differential resistance region (Va = VD = 2V) based on the analyti­
cal model (1) considering both the electron and the lattice temperatures (EB+LT), 
(2) considering the electron temperature and without considering the lattice tem­
perature (EB), (3) considering the lattice temperature and without considering the 
electron temperature (LT). 

perature may cause substantial deviations. 

In this section, an analysis of the drain current for an SOl NMOS device biased 
in the strong inversion, considering both electron and lattice temperatures simul­
taneously using a quasi-two-dimensional approach for deep submicron SOl NMOS 
devices has been described. Based on the analysis, with a channel length of smaller 
than O.2/-Lm, both the effective electron temperature and lattice temperature are 
important in determining the negative differential resistance due to self-heating. 

4.8 Source/Drain Resistance Effects 

For fully-depleted SOl NMOS devices, a smaller silicon thin-film thickness leads to 
a smaller second order effects. In a fully-depleted SOl MOS device with a very small 
silicon thin-film thickness, the source/drain resistance is much larger as compared 
to the bulk devices. Therefore, the source/drain resistance cannot be overlooked. 
Fig. 4.44 shows the source/drain resistance versus silicon thin-film thickness of an 
SOl NMOS device[76]. As shown in the figure, when the silicon thin-film becomes 
thinner, the source/drain resistance becomes larger, which degrades its current driv-
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Figure 4.44: Source/drain resistance versus silicon thin-film thickness of an SOl 
NMOS device. 

ing capability in the strong inversion region. Reducing the source/drain resistance 
has become an important issue for ultra-thin fully-depleted SOl MOS devices. In 
order to reduce source/drain resistance, an SOl MOS technology with a recessed 
channel structure as shown in Fig. 4.45 has been used[76]. In the figure, by using 
a patterned nitride layer, local oxidation has been used to reduce the silicon thin­
film thickness in some regions in the silicon thin-film-the thickness of the silicon 
thin-film in the source/drain region is still large. Therefore, source/drain resistance 
is not too large. Using the recessed channel structure, the drain current has been 
improved substantially. 

Source/drain resistance can be improved by using the self-aligned silicide (sali­
cide) technique for the ultra-thin SOl MOS devices as shown in Fig. 4.46[77][78]. Af­
ter patterning the polysilicon gate, LTO/nitride sidewall spacers are formed. Then, 
a thin Ti/Co layer is deposited, followed by a two-step RTA (rapid thermal anneal) 
is used to produce the salicide layer. As shown in the figure, with the salicide struc­
ture, the drain current has been substantially improved. 

Due to the oxide isolated structure, SOl MOS devices may have two methods 
in contacting their source/drain region. Fig. 4.47 shows the surface and the lat­
eral contacts to the source/drain region for SOl MOS devices with silicide[79]. As 
shown in the figure, the source/drain resistance is strongly correlated to the contact 
structures. When the contact resistance is greater than 1.3 x 1O-8Dcm -2, using the 
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Figure 4.45: Processing steps of an SOl MOS technology with a recessed channel 
structure. 
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Figure 4.46: Cross section of an ultra-thin SOl MOS device with self-aligned sili­
cide( salicide). 
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Figure 4.47: Surface and lateral contacts to the source/drain region for sal MaS 
devices with silicide. 

surface contact, the effective resistance is smaller. When the contact resistance is 
smaller than 1.3 x 1O-8ncm -2, using the lateral contact, its effective resistance is 
smaller. Therefore, in an advanced fully-depleted sal MaS technology with silicide, 
lateral contact to the source/drain region is a good choice. As shown in the figure, 
when the distance between the source/drain contact and the channel region becomes 
smaller, its effective resistance becomes smaller. 

4.9 Impact Ionization 

As described in the previous section, for an sal NMOS device with a very short chan­
nel length, the high electric field effect is very important. Specifically under a high 
electric field in the MaS device, the carrier temperature can be much higher than 
the ambient temperature. Conventional drift models are not sufficient to describe 
the drain current characteristics. Including an energy balance equation, improved 
models considering the carrier temperature for short-channel NMOS devices have 
been described [53]. In addition, for SOl CMOS devices biased at a high current 
level, self-heating of the silicon thin-film seriously degrades their performance. As 
a result of the elevated lattice temperature, the reduced carrier mobility leads to 
a negative differential output resistance at a high current level. Considering both 
the lattice thermal effect and the electron temperature effect, an analytical model 
for very short-channel sal MaS devices has been described in the previous section. 
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Figure 4.48: Impact ionization effect in an SOl NMOS device with an aspect ratio 
of W /L = 9.5/Lm/0.25/Lm. 

Under a high electric field, the impact ionization effect, which may lead to break­
down of the device, is also very important [80]. For SOl MOS devices, due to their 
parasitic bipolar device structure above the buried oxide, the impact ionization is 
especially noticeable [81]-[86]. In this section by simultaneously considering impact 
ionization effect with carrier temperature effect and lattice thermal effect, an analyt­
ical drain current model for short-channel ultrathin SOl NMOS devices is described. 

For a deep-submicron SOl NMOS device biased at a large VDS , its internal elec­
tric field is large. Therefore, the high electric field effects can not be neglected [81]. 
As shown in Fig. 4.48, when VDS is greater than a certain value, the drain current 
may increase suddenly. This is caused by impact ionization. As for the bulk CMOS 
devices, under a high electric field, a moving electron acquires a large amount of 
energy. Therefore, it may collide with the lattice. As a result, the electron/hole pair 
may be generated. The generated electron may acquire energy and collide with the 
lattice. The regeneration repeats itself to a become a positive feedback, hence the 
drain current increases drastically. Compared with bulk MOS devices, the impact 
ionization of the SOl MOS devices is different. In this section, the impact ionization 
of the SOl MOS device is analyzed[81]. 

As shown in Fig. 4.49[81], for an SCI NMOS device, the drain current due to 
the impact ionization effects is composed of the channel current (Ich) , the impact 
ionization current (h), and the collector current of the parasitic npn bipolar device. 
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Figure 4.49: The mechanism of impact ionization in an SOl NMOS device. 

The channel current has been analyzed in the previous section. In the parasitic npn 
bipolar device, the collector current is related to the emitter current as: 

(4.89) 

where leBo is the leakage current between the base and the collector when the 
emitter-base junction is open-circuited, and leBo is a function of the gate voltage. 
The source current is composed of the channel current (Ich) and a partial portion of 
the impact ionization current ((1 - K)h) and the emitter current (IE): 

Is = l ch + (1 - K)h + IE. ( 4.90) 

The impact ionization current is dependent on a portion of the collector current 
(K'le) flowing through the high electric field and the channel current: 

h = (M - l)(lch + K'le), (4.91) 

where M is the multiplication factor[89]' which is dependent on the drain voltage: 

M -1 = o:(VD - VDSAT)exp(-V ~ ), 
D - DSAT 

( 4.92) 

where 0: and f3 are process-dependent parameters. From the above equation, at the 
onset of saturation (VD = VDSAT), M-1=0. By considering that the drain current is 
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Figure 4.50: IV characteristics of a 0.25J.l.m SOl NMOS device. 
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equal to the source current (ID = Is), the emitter current of the parasitic bipolar 
device and the impact ionization current become: 

K (M - 1) 1 + K K' (M - 1) I () 
1- (1 + KK'(M - 1))(l0 Ich + 1- (1 + KK'(M _ 1))(l0 CBO, 4.93 

I - (M _ )( 1 - (lo I K' 1) 
h - 1 1-(1+KK'(M-1))(l0 ch+ 1 -(1+KK'(M-1))(l0 CBO· 

Since the drain current is compased of hand (1 - K')lc , the drain current is: 

ID = Glch + HlcBO , ( 4.94) 

h G - 1 (M-l)(l-{l-K)",o) d H - l+K'(M-l) B d th b were - + l-(1+KK'(M-l))",o' an - l-{1+KK'(M-l))",o· ase on e a ove 
model considering the lattice temperature and the electron temperature as described 
in the last section, Fig. 4.50 shows the IV characteristics of a 0.25J.l.m SOl NMOS 
device[81]. From Fig. 4.50, when VDS is large, there is a kink in the drain current 
characteristics. When the drain current is small, the kink is produced by the impact 
ionization and the parasitic npn bipolar device. When the drain current is large, 
the kink is caused by the lattice temperature effect. Therefore, the kink in the drain 
current characteristics of an SOl CMOS device is caused by self-heating and the 
parasitic bipolar device. 

The parasitic BJT induced breakdown voltage of an SOl MOS device can be 
improved using the LDD structure. Fig. 4.51 shows the gate-overlapped LDD struc­
ture in an ultra-thin SOl MOS device with a front gate oxide of 150A, a buried oxide 
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Figure 4.51: An ultra-thin SOl MOS device with a gate-overlapped LDD structure 
and a front gate oxide of 150A, a buried oxide of 4600A, and a silicon thin-film of 
800A. 

of 4600A, and a silicon thin-film of 800A[87]. The gate-overlapped LDD structure 
was formed by a phosphorus ion-implant at an energy of 80keV and at an oblique 
angle of 60 degrees. Using the gate-overlapped LDD structure, the change in t he 
electric field near the drain can be reduced- the impact ionization and the para­
sitic BJT effect can be lowered. As shown in the figure, without the LDD structure, 
its breakdown voltage is 2.3V. Using the conventional LDD structure without the 
overlap between the gate and n- region, the breakdown voltage has been improved. 
However , due to the increased parasitic resistance, its drain current becomes smaller. 
Using the gate-overlapped LDD structure, its breakdown voltage can be improved. 
In addition, its drain current is not sacrificed. 

The parasitic BJT effect also increases the gate-induced-drain-Ieakage (GIDL) 
current as shown in Fig. 4.52[88] . As shown in the figure, when Va is very negative 
and VD is positive, although the SOl NMOS device is off, the electric field in the 
gate-drain overlap region is large. As a result, electrons move from the silicon thin­
film to the drain via tunneling from the valence band to the conduction band­
GIDL. The holes in the silicon thin-film are amplified by the parasitic BJT - the 
leakage current is increased. As shown in the figure, when the channel length be­
comes smaller, the GIDL current is higher because of the parasitic BJT effect. Using 
the LDD structure, the GIDL current can be suppressed. 

In this section, an analytical drain current model considering the impact ion-

5 
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ization and parasitic BJT effects for short-channel SOl NMOS devices has been 
described. From the analysis, in the saturation region at a small gate voltage, the 
impact ionization and parasitic BJT effects are important. At a large gate voltage, 
lattice thermal effect is important. Finally, the improvement of breakdown voltage 
and the gate-induced drain leakage using an LDD structure has been described. 
GIDL can be reduced by the LDD structure- the change in the electric field near 
the drain can be reduced by the LDD structure. 

4.10 N on-Local Effect 

Until now, the electron temperature and the lattice temperature effects for SOl 
CMOS devices have been considered. In addition, the impact ionization and the 
parasitic BJT effect of a short-channel SOl CMOS have been described. For an SOl 
MOS device biased under a high electric field, the impact ionization effect, which 
may lead to breakdown of the device, is important. The impact ionization model 
described in the previous section is based on the conventional local impact ioniza­
tion models for bulk MOS devices [80]-[86][89][90]. According to recent studies, in a 
VLSI MOS or bipolar device biased under a high electric field, the electron energy 
may not be in the equilibrium state. As a result, non-local effect is also very im­
portant [91]-[96]. Following the non-local effect on the breakdown voltage of bipolar 
devices[97][98], the non-local effect on the ultrathin SOl MOS devices is presented in 
this section. Here, a double-gate SOl NMOS device is used to describe the non-local 
effect. 

In an NMOS device under an electric field, the ionization coefficient considering 
the local effect is exponentially related to its electric field [89] as: 

-B 
a(y) = A· eXP[E(y)]' 

where E(y), which is the electric field, can be expressed as: 

Y E(y) = Eo . exp( -:x). 

(4.95) 

(4.96) 

Due to the rapid change in the electric field, energy equilibrium between the electrons 
and the lattice may not be reached. Under this situation, the non-local effect is very 
important- the ionization coefficient is not only related to the electric field but 
also dependent on the shape of the electric field, which can be characterized by oX 

as indicated in Eq. (4.96). From Refs.[91][92]' the coefficients A and B are also 
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Parameter Value 
W lOJ.Lm[lO] 
tax 1l0A[10] 
tsi 600A[10] 

tbox l.5J.Lm[1O] 
Nsi l.5 X 1015cm-3[1O] 
Rs 600[65] 
To 300K[1O] 

Vsat 8 X 106cm/sec[65] 
() 0.3[65] 
T, 0.2psec[65] 
1Jl 0.5[65] 
1J2 l.0[65] 
s 0.85[65] 
"( 4.4 X 1010cm-2 [91] 

Bo 9 X 105V /cm[92] 
AO 900A[92] 
0:0 0.997[81] 
Iso lOA/cm2 [81] 
(}r 1[81] 
K 0.95[81] 
K' 0.95[81] 
A 317 A(double-gate),448A(single-gate) [65] 

Table 4.3: Parameters of the double-gate ultrathin SOl NMOS device under study. 

functions of A. Therefore, 0: in Eq. (4.95) can be re-expressed as [99]: 

-Eo(1 +~) 
o:(y) = "'fA . exp[ E(y) >. ], (4.97) 

where "'f, Eo and AO are constants. Eq. (4.97) is the ionization coefficient model 
considering the non-local impact ionization effect. 

Based on the parameters listed in Table 4.3, Fig. 4.53 shows the drain current 
versus drain voltage curves of (a) the double-gate and (b) the single-gate ultrathin 
SOl NMOS device with an effective channel length of O.33/1m, a width of 10{1m, 
a thin-oxide thickness of l1oA, and a silicon thin-film thickness of 6ooA, based on 
the analytical models[99] (1) considering lattice temperature and non-local impact 
ionization, (2) considering lattice temperature and local impact ionization, (3) con-
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Figure 4.53: The drain current versus drain voltage curves of (a) the double-gate 
and (b) the single-gate ultrathin SOl NMOS devices with an effective channel length 
of O.33J,tm, a width of 10J,tm, a thin-oxide thickness of lloA, and a silicon thin-film 
thickness of 6ooA, based on the analytical models (1) considering lattice tempera­
ture and non-local impact ionization, (2) considering lattice temperature and local 
impact ionization, (3) considering non-local impact ionization and without consid­
ering lattice temperature, and the experimental data. The thermal resistance is 
6 x 103K/W. The threshold voltage is 1.0V for the double-gate device and 1.3V for 
the single-gate device. 

sidering non-local impact ionization and without considering lattice temperature, 
and the experimental data [10]. The thermal resistance is 6 x 103 K/W. The thresh­
old voltage is 1.0V for the double-gate device and 1.3V for the single-gate device. 
As shown in the figure, the drain current of the double-gate device is much higher 
than that of the single-gate device. For both the double-gate and the single-gate 
devices, at a small Va, as the drain voltage exceeds a certain value, the drain current 
increases rapidly due to the impact ionization in the high electric-field region. The 
generated holes as a result of impact ionization in the high electric-field region ac­
tivate the parasitic bipolar device in the silicon thin-film. At a larger gate voltage, 
the rapid increase in the drain current occurs at a higher drain voltage. As the 
gate voltage increases further, this rapid increase in drain current disappears. At a 
high gate voltage, the lattice temperature in the silicon thin-film can be high. As 
a result, the electron mobility can be degraded. A region with a negative differ­
ential output conductance can be identified. In addition, the negative differential 
output resistance of the double-gate device due to self-heating is more serious­
the difference between the double-gate cases with and without considering thermal 

(b) 
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Figure 4.54: Breakdown voltage versus Va - VTH of the double-gate and the single­
gate ultrathin SOl NMOS devices with an effective channel length of O.33J.Lm based 
on the analytical models (1) considering lattice temperature and non-local impact 
ionization, (2) considering lattice temperature and local impact ionization, (3) con­
sidering non-local impact ionization and without considering lattice temperature. 

effect is larger. However, channel length modulation of the double-gate device is 
less. For the double-gate device, considering the local impact ionization effect, the 
breakdown phenomenon occurs at a much smaller drain voltage. Only with con­
sidering the non-local impact ionization, the breakdown voltage of the double-gate 
device can be more accurately modeled. On the other hand, for the single-gate de­
vice, the necessity of the non-local effect is not so much as for the double-gate device. 

As shown in Figs. 4.53(a)&(b), for the single-gate device, whether the non-local 
effect model is used or not does not seriously affect the accuracy in modeling the 
impact ionization phenomenon. However, for the double-gate device, the non-local 
effect model is necessary for accurately modeling the impact ionization. This can be 
understood by considering the electric-field profile in the post-saturation region. For 
the double-gate device, >. is smaller. The gradient of the electric field near the drain 
of the double-gate device is larger. As a result, the non-local effect is more influential 
in the double-gate device. Fig. 4.54 shows the breakdown voltage versus Va - VTH of 
the double-gate and the single-gate ultrathin SOl NMOS devices with an effective 
channel length of O.33J.Lm based on the analytical models (1) considering lattice 
temperature and non-local impact ionization, (2) considering lattice temperature 
and local impact ionization, (3) considering non-local impact ionization and without 
considering lattice temperature[99]. As shown in the figure, the breakdown voltage 
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is a function of the gate voltage. As the gate voltage is small, its breakdown voltage 
is small- impact ionization is influential. As the gate voltage is large, its breakdown 
voltage becomes large. For the single-gate devices, among the three model results, 
their breakdown voltages are similar. However, for the double-gate device, the 
breakdown voltage is much more sensitive to the model adopted. Using the local 
impact ionization effect model, the breakdown voltage is the smallest- impact 
ionization has been overestimated. Considering the non-local impact ionization 
effect, the breakdown voltage is at least O.7V higher as compared to the local impact 
ionization model result. Including the lattice temperature model in the non-local 
impact ionization model, the breakdown voltage is worse. From this figure, for the 
double-gate device, both the lattice temperature model and the non-local impact 
ionization model are important in characterizing the drain current behavior. 

4.11 Summary 

In this chapter, analysis of device performance for SOl CMOS devices has been 
done. Starting from the back gate bias effect, considering the small-geometry effect 
including the short-channel effect and the narrow-channel effect, a small-geometry 
threshold voltage model has been described for the SOl CMOS devices. Then, con­
sidering the impurity scattering effe'ct, the surface scattering effect, and the electron 
temperature and the lattice temperature effects, a comprehensive mobility model 
has been described by simultaneously considering the energy transport equation. In 
addition, the velocity overshoot phenomenon of SOl CMOS devices has also been 
described. Then, analysis of the subthreshold current and the strong inversion cur­
rent of SOl CMOS devices has also been reported by including the lattice tempera­
ture and the electron temperature effects. Negative differential output resistance of 
the SOl CMOS devices has been explained as due to self-heating effects. Then the 
breakdown of the SOl CMOS devices has been analyzed using the impact ionization, 
the parasitic BJT effects model, and the non-local effects. In the following chap­
ter, capacitance and transient behavior of inversion-mode and accumulation-mode 
SOl CMOS devices will be described. In addition, sensitivity, partially-depleted 
SOl CMOS devices, hot electron effects, temperature effect, radiation hardness, and 
noise will be reported. 
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Problems 

1. For an SOl NMOS device as shown in Fig. 4.3, the gate oxide is 50A. The channel 
length is O.ll1m. The doping density of the p-type silicon thin-film is 1018cm-3. 

The thickness of the silicon thin-film is 500A. The buried oxide is 3000A. 

(a) Calculate the threshold voltage without considering the short channel effect. 

(b) Calculate the body effect coefficient. 

(c) Calculate the subthreshold slope in terms of m V / decade. 

(d) Calculate the short-channel effect threshold voltage. 

(e) If the thickness of the sidewall oxide is 100A, calculate the narrow channel 
effect threshold voltage if the channel width is 0.2I1m. 

2. For the SOl NMOS device as shown in Fig. 4.3, if the p-type dopants of the 
thin film are replaced by the n-type dopants. Other parameters are the same. 
Recalculate (a)-(e) in Prob. 1. 

3. Consider the double-gate SOl device as shown in Fig. 4.9. Instead of PMOS, an 
NMOS using an N+ poly gate, a thin-film of 1000A doped with a p-type doping 
density of 5 x 1016cm-3, front and back gate oxide layers of 100A, and channel 
width and length of 511m. 

(a) Compute its threshold voltage. 

(b) If the back gate oxide becomes 200A, what is the threshold voltage? 

(c) If the silicon thin-film thickness becomes 500A, what is the threshold voltage? 

(d) If the channel length becomes 0.2I1m, what is the threshold voltage? 

(e) If the channel width becomes 0.2I1m, what is the threshold voltage? (f) If the 
thin-film doping density is switched to n-type 2 x 1016cm-3 , repeat (a)-(c) 
to compute the threshold voltage. 
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4. Consider the single-gate SOl NMOS device as shown in Fig. 4.22. 

(a) If the channel width is 10p,m, compute the change in the threshold voltage 
when the channel length is scaled down from lOp,m to 0.2p,m. 

(b) If the channel width is changed to 0.2p,m, compute the change in the thresh­
old voltage as in (a). 

(c) Based on (a) and (b), when the channel width is scaled down, discuss the 
effect on the short channel effect. 

(d) If the silicon thin-film thickness becomes 500A, repeat (a)-(c). Discuss the 
effect on the short channel and narrow channel effects when the silicon thin­
film thickness becomes smaller. 

5. Consider an SOl NMOS device with its parameters listed in Table 4.2. If the 
device is biased at Vas = 2V and VDS = 2.5V, compute the following items: 

(a) The drain current and its lattice temperature. 

(b) Repeat (a) if the thickness of the buried oxide is shrunk to 2000A. 

(c) Repeat (a) if P,o is 200cm2 /Vsec. 

(d) Repeat (a)-(c) if the device is working in an environment temperature of 80C. 

6. In Prob. 5, if the biasing voltages are changed to Vas = 0.5V and VDS = 3V, 
considering impact ionization, compute the following items: 

(a) If 0; = 0.15V-l, f3 = 15.7V-l, K = K' = 0.85, ICBO 20' 0, and current gain 
0;0 = 0.994, repeat the questions in Prob. 5. 

(b) If 0;0 becomes 0.98, repeat (a). 

7. Consider a double-gate SOl NMOS device with its cross section as shown in 
Fig. 4.9. Using the approach associated with Fig. 4.38, analyze the lateral elec­
tric field (Ey) in the post-saturation region and compute I~/EYI. If the back 

gate is removed to become a single-gate device, compute 1 ~ / Ey I. Which of the 
single-gate and double-gate devices has a more higher change in the electric field 
distribution? Which one has a higher non-local effect? 



Chapter 5 

SOl CMOS Devices-Advanced 

In this chapter, further reports on the SOl CMOS devices are described. For SOl 
CMOS technology, in addition to the inversion-mode devices, owing to the buried 
oxide isolation structure, accumulation-mode devices are also important. In this 
chapter, first, the DC and the capacitance models for the accumulation-mode SOl 
MOS devices are presented. Recently, the trends on the fully-depleted SOl CMOS 
devices are toward using very thin silicon thin-films. With a very thin silicon thin­
film, device second order effects can be further improved. However, when the silicon 
thin-film is too thin, the threshold voltage of the SOl CMOS devices may be very 
sensitive to the silicon thin-film thickness. As a result, fully-depleted SOl CMOS 
devices with a very thin silicon thin-film may not be practical for mass produc­
tion from a manufacturing point of view. Therefore, SOl technology goes back for 
a thicker silicon thin-film. With a thicker silicon thin-film, the silicon thin-film 
may not be fully depleted- partially-depleted SOl CMOS devices. For partially­
depleted SOl MOS devices, due to the floating body structure, impact ionization 
and parasitic BJT effects are important. As a result, the kink effect in the strong 
inversion and peculiar subthreshold characteristics have been observed. In addition, 
due to the floating body structure, the positive feedback in the device causes the 
single-transistor latch phenomenon. Furthermore, the breakdown voltage can also 
be affected by the floating body. In the next portion of this chapter, the kink effect 
and the subthreshold behavior of the partially-depleted SOl MOS devices are an­
alyzed. A Ge-implanted source structure based on engineering bandgap narrowing 
has been used to reduce the parasitic BJT effect in the SOl device. In the later por­
tion of this chapter, a SiGe-implanted SOl MOS device to reduce the floating body 
effect is also reported. Due to the floating body structure, transient performance of 
SOl CMOS devices may be quite different from that of bulk ones. Transient analy­
sis of SOl CMOS devices is described. As for bulk CMOS devices, deep-submicron 
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SOl CMOS devices also have hot carrier effects due to the high electric field in the 
lateral channel. In the next portion of the chapter, hot carrier effects of the SOl 
CMOS devices are analyzed. Due to the poor heat dissipation capability from the 
buried oxide structure, the temperature effect is important in SOl CMOS devices. 
In the remaining portion of the chapter, thermal analysis of the SOl CMOS devices 
is presented. On the other hand, owing to the buried oxide structure, SOl CMOS 
devices also have superior properties in radiation hardness. In the final portion of 
this chapter, it is dedicated to radiation hardness of the SOl CMOS devices, followed 
by noise analysis. 

5.1 Accumulation-mode - Drain Current 

Due to the buried oxide isolation structure, in SOl CMOS technology, accumulation­
mode devices are also available in addition to the inversion-mode devices. Owing 
to their unique structure, accumulation-mode SOl PMOS devices have advantages 
in high-temperature operation [1], breakdown voltage [2], hot electron effect [3], 
floating body effect [4], and mobility [5J. Short-channel accumulation-mode SOl 
PMOS devices and circuits have been reported [5J-[7J. For an accumulation-mode 
SOl PMOS device, the silicon thin-film is p-type. Therefore, from the source, via the 
silicon thin-film, to the drain, it is P+ - P - P+. In contrast, for an inversion-mode 
SOl PMOS device, it is P+ - N - P+. Fig. 5.1 shows the drain current characteris­
tics of a typical accumulation-model SOl PMOS device [8J. Its current conduction 
mechanisms are shown in Fig. 5.2[8J. As shown in Fig. 5.2, the current conduction 
mechanisms in an accumulation-mode SOl PMOS device are complicated. Depend­
ing on the biasing conditions, various current conduction situations may exist in 
the accumulation-mode SOl PMOS device. In (a) of Fig. 5.2, when the device is 
turned off, the silicon thin-film is fully depleted. When the device gradually turns 
on in (b), buried channel exists in the silicon thin-film. In addition, near the drain, 
the buried channel is pinched off. In (c), buried and surface channels coexist in the 
silicon thin-film and the surface channel is pinched off. In (d), the device is with a 
buried channel without being pinched off. In (e), the device is with both buried and 
surface channels without being pinched off. 

Fig. 5.3 shows the IV characteristics of an accumulation-mode SOl NMOS de­
vice with a front gate oxide of 125A, a silicon thin-film of 1000A, and a channel 
length of 0.8J.1m[3J. As shown in the figure, due to the n-type silicon thin-film region 
(n+ - n - n+), there is no parasitic BJT in the device. As a result, the breakdown 
voltage of the accumulation-mode SOl MOS devices is higher as compared to the 
inversion-mode devices. 
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Figure 5.1: Drain current versus drain-source voltage characteristics of an 
accumulation-mode SOl PMOS device with an aspect ratio of W /L = 501Lm/1.51Lm, 
a front gate oxide of 230A, a buried oxide of 350oA, a silicon thin-film of loooA doped 
with a p-type doping density of 4 x 1016cm-3 biased at a back gate bias of OV and 
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Figure 5.3: IV characteristics of an accumulation-mode SOl NMOS device with a 
front gate oxide of 125A, a silicon thin-film of lOooA, and a channel length of O.8I1m. 

Due to the buried channel structure of the accumulation-mode SOl MOS de­
vices, subthreshold characteristics may be influenced substantially by the silicon 
thin-film thickness and the back gate bias. Fig. 5.4 shows the inverse subthreshold 
slope versus silicon thin-film thickness of an accumulation-mode SOl NMOS device 
with a front gate oxide of 175A, a buried oxide of 380oA, and a channel length of 
Il1m[2J. As shown in the figure, when the silicon thin-film becomes thicker or the 
back gate bias becomes more positive, the inverse subthreshold slope becomes worse. 

Short-channel accumulation-mode SOl PMOS devices and circuits have been re­
ported [5J-[7J. Analysis of accumulation-mode SOl MOS devices has been reported 
[9J-[14J. Most of the analysis is for accumulation-mode SOl MOS devices oper­
ating at a certain condition[15J-[20J. In this section, an analytical drain current 
model considering channel length modulation and prepinchoff velocity saturation 
for short-channel accumulation-mode SOl PMOS devices is described[21J. The dif­
ferences between the short-channel analytical model and the long-channel one for 
the accumulation-mode MOS devices will be described. In the following subsections, 
derivation of the analytical model is described. 
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accumulation-mode SOl NMOS device with a front gate oxide of 175A, a buried 
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Figure 5.5: (a) Cross section of the accumulation-mode SOl PMOS device under 
study. (b) The upper and the lower portions of the silicon thin-film are depleted. (c) 
The lower portion of the silicon thin-film is depleted. The top surface is accumulated 
with holes. 



212 CHAPTER 5. SOl CMOS DEVICES-ADVANCED 

5.1.1 Mo bile Carriers 

Fig. 5.5(a) shows the cross section of the accumulation-mode SOl PMOS device 
under study. It has a 2 x 10I6cm-3 p-type silicon thin-film of lOooA above a 3500A 
buried oxide[21]. The p-type substrate doping density is 1 x lOI5cm-3. A front 
thin oxide of 125A is placed under an N + polysilicon gate. Fig. 5.5(b) shows the 
cross section in the substrate direction at a location y in the channel as the device 
is biased at VGl - V(y) ~ VFBl , where VGl is the front gate voltage, V(y) is the 
channel potential at location y in the channel, and VFBl is flat-band voltage of the 
front gate[21]. As shown in the figure, the upper and the lower portions of the silicon 
thin-film are depleted. Solving the Poisson's equation in the substrate direction, the 
widths of the upper and the lower depletion portions in the silicon thin-film are 
expressed as [8]: 

[ Csi tsi · ---+ 
Coxl 

X d2 (V(y)) = t si . [_CCSi + 
ox2 

( C si ) 2fsi ( ))] ( ) C 2 + Nt2 VGl - VFBI - V(y , 5.1 
oxi q" " 

( Csi )2 2fsi ( )] ( ) C + ~ VG2 - VFB2 - V(y), 5.2 
ox2 q "tsi 

where tsi is the silicon thin-film thickness, Csi = Es;Jtsi' fsi is the silicon permittivity, 
Coxi = Eox/toxl' Eox is the oxide permittivity, toxi is the oxide thickness under the 
front gate, Cox2 = Eox/tox2' tox2 is the thickness of the buried oxide, VG2 is the 
back gate voltage, and VFB2 is the flat-band voltage of the back gate. Under this 
condition, the conducting channel is in the center neutral portion of the silicon 
thin-film. The amount of total mobile carriers in the center channel is: 

(5.3) 

As VGl - V(y) < VFBl , as indicated in Fig. 5.5(c)[21], the upper depletion region 
disappears. Holes are accumulated at the top surface. Under this situation, the 
amount of total mobile carriers in the channel, which includes the amount of total 
holes in the neutral silicon thin-film (Qjilm) and in the accumulated holes at top 
(Qaee) , is 

Qaee 

Qjilm 

-COXI(VGl - VFBl - V(y)), 

qNsi(tsi - Xd2). 

(5.4) 

For a short-channel accumulation-mode SOl PMOS device, in addition to the 
influence from the back gate, the lower depletion region in the silicon thin-film may 
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Figure 5.6: 2D electrostatic potential contours in the accumulation-mode SOl PMOS 
device biased at VGl = -l.OV, and VD = -l.5V. 

also be influenced by the drain voltage via the buried oxide [10][16][22]. As shown 
in Fig. 5.6, from the 2D potential contours in the accumulation-mode SOl PMOS 
device biased at VGl = -l.OV, and VD = -l.5V, the influence from the drain is not 
negligible[21]. Since the vertical electric field under the silicon thin-film is affected 
by the drain voltage, X d2 is also influenced by the drain voltage. Therefore, an 
effective gate voltage Vaej j2 has been used to describe the influence of VD and VG2 
in the vertical electric field. Considering the influence of the drain voltage, the width 
of the lower depletion region in the silicon thin-film can be modified as: 

(gSi )2 + ~ES~2 (Vaefj2 - VFB2 - V(y))],(5.5) 
ox2 q., ., 

where Vaefj2 :::::: Va2 + kl . VD , and a similar approach [22] has been adopted to 
simplify the model. kl is a fitting parameter used to reflect the indirect influence of 
the drain voltage on the lower depletion region in the silicon thin-film. kl is related 
to the channel length and the thickness of the buried oxide. 

For the mobile carriers in the neutral region of the silicon thin-film (Qjilm), the 
hole mobility is [23]: /-Lb = l+~E' where /-LbO is the low-field mobility, Vsat is the hole 

Vsat 

saturated velocity, and E is the lateral electric field. For the mobile carriers in the 
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Parameter Value 
Le!! 0.55J1.m 

W 8.0J1.m 

toxl 125A 
tox2 3500A 
tsi 1000A 
Nsi 2.0 x 1016cm-3 

Nsub 1.0 x 1015cm-3 

J1.bO 204cm2 /V . sec 
Vsat 9.5 x 106cm/sec 

() 0.22 
kl 1.0 
k2 0.9 
k3 0.7 
nd 0.08V-1 

Rs 2000 
IbO 2.0 X 10-8 A 

VFBI -0.694V 
VFB2 -2.592V 
VTH -0.7V 

Table 5.1: Device parameters of the accumulation-mode SOl PMOS device under 
study. 

accumulated hole region at top (Qacc), holes are influenced by both the lateral and 
the vertical electric fields. Therefore, for QacCl its hole mobility is [24]: fLs = l+~E' 

Vsat 

where fLso = I-O.(~~;~VFBl)' k2 and () are fitting parameters used to account for the 
surface scattering effect. 

5.1.2 Drain current 

Depending on the biasing condition, the mechanism of the conducting current in 
an accumulation-mode SOl PMOS device can be complicated. The neutral silicon 
thin-film region may offer holes for current conduction. In addition, the accumulated 
holes at the top surface may also contribute to the mobile carriers for current con­
duction. Depending on the biasing conditions, the accumulation-mode SOl PMOS 
device may be working in the subthreshold, triode or saturation region. Depending 
on the biasing conditions, there are seven cases for the current conduction condition 
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in the accumulation-mode SOl PMOS device as shown in Fig. 5.7. 

In Case 1 [21], at a small VGl , the silicon thin-film is fully depleted for the device 
biased in the subthreshold region. In Case 2, as the magnitude of VGl increases, 
the upper and the lower portions of the silicon thin-film are depleted. Only the 
center portion of the silicon thin-film is neutral, which can be provided for current 
conduction. In Case 3, the center conducting channel is pinched off. In Case 4, as the 
magnitude of VGl further increases, the top depletion region disappears. The neutral 
region spreads from the center to the top. In addition, holes are accumulated at the 
top surface. The current conduction is via the neutral region and the accumulated 
hole region at top. If the magnitude of VD increases, as shown in Case 5, the 
top hole-accumulated channel is pinched off. Beyond the top pinch off point, the 
center neutral region is more important for current conduction. If the magnitude 
of VD increases further, even the center neutral region may pinch off as shown in 
Case 6. It's worth pointing out that in Case 6, beyond the top pinch-off point, 
the current conduction is dominated by the center neutral region. In Case 7, the 
top and the center channels may reach the saturation point at the same lateral 
location. This means that both the top accumulated and the center neutral channels 
are equally important for current conduction at this location. Compared with the 
current conduction in the long-channel accumulation-mode SOl MOS devices [8] and 
bulk buried-channel MOS devices[25][26]' Case 7 for the short-channel accumulation­
mode SOl PMOS device is unique. As will be described in the following subsection, 
in Case 7, prepinchoff velocity saturation may exist in the top accumulated channel. 

(a) Case 1 

In Case 1, the accumulation-mode SOl PMOS device is biased in the subthreshold 
region. The threshold voltage of the device is defined as the front gate voltage 
VGl = VTH when the fully-depleted condition is satisfied at the source end. Therefore 
at threshold voltage one obtains: tsi = Xdl(O) + Xd2(O). From Eqs. (5.1)(5.2), the 
threshold voltage formula is obtained: 

qNSit;i [( Csi CSi )2 (CSi )2 ( ) VTH VFBl + VGeff2 - VFB2 + -2-- 1 + -C + -C + -C - 5.6 
fsi oxl ox2 ox2 

( Csi )2 ( Csi CSi ) (CSi )2 2fsi ( )] -- - 2· 1 + -- + -- -- + --2 VGeff2 - VFB2 . 
Coxl Coxl Cox2 Cox2 qNsitsi 
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Figure 5.7: Various conditions in the accumulation-mode SOl PMOS device biased 
at various conditions. Case 1: fully depleted. Case 2: depleted at upper and lower. 
Case 3: depleted at upper and lower and pinched off at center. Case 4: depleted at 
lower and accumulated at top. Case 5: depleted at lower and pinched off at the top 
accumulated. Case 6: both top accumulated channel and the center neutral pinched 
off. Case 7: both top accumulated channel and the center neutral saturates at the 
same lateral location. 
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In the subthreshold region, diffusion current dominates. Therefore, from Ref. [27], 
the drain current is: 

w v: exp[ (VGl-VTH)] 
IDI - --lbo· [1 - exp{....!!..}] . nt/>, {5.7} 

- L A. 1 [(VGl-VTH)]' elf 'l't + exp - nt/>, 

where n = 1 + c.;,C&;2+g.Z2C.; + ndlVDI. CPt is O.0259V, Lelf is the channel length, 
ox1 8' 

W is the channel width, ho is a fitting parameter, and nd represents the influence 
of the two-dimensional effect from the drain voltage in the subthreshold slope [28]. 

(b) Case 2 

As shown in Fig. 5.7, for Case 2, current conduction is via the center neutral region 
and the device is operating in the triode region. Since the drain end of the center 
channel is not pinched off, the drain current for Case 2 is expressed as: 

(5.8) 

Note that in the above equation, the positive direction of the drain current is defined 
as the current flowing into the drain contact. In Eq. {5.8}, by moving the denomi­
nator to the left hand side and integrating from source to drain using Eq. {5.3}, one 
obtains the drain current formula for Case 2 as: 

(c) Case 3 

In Case 3, if the magnitude of the drain voltage increases, holes in the center neutral 
region near the drain may be travelling at the saturated velocity. Defining the 
saturation point where holes are traveling just at the saturated velocity, the center 
neutral channel region is divided into two regions: the pre-saturation region and the 
post-saturation region. At the saturation point, the channel potential is V Dsatl . 

Instead of finding the solution for VDsatb the channel potential at the pinchoff point 
{Vp} where the center neutral channel pinches off is derived first. At the pinchoff 
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point, one obtains: tsi = Xdl(Vp) + Xd2(VP). From Eqs.(5.1)(5.2), the pinchoff 
potential is: 

V. - V; v: + qNsit~i ( CSi )2 qNsit~i 1 p - GI - FBI --- -- - ---
2Esi Cox I 2Esi 4(1 + CsdCoxl + CsdCox2 )2 

(5.10) 

[ ( Csi CSi )2 (CSi )2 (CSi )2 2Esi ( )]2 - 1 + -- + -- + -- - -- + ---2 VGeff2 - VGl - VFB2 + VFBI 
Cox I Cox2 Cox2 Cox I qNsitsi 

At the saturation point, the hole velocity is equal to k3Vsat, where k3 is a constant 
smaller than 1. (Note that the hole velocity: vp = J1.bE = I'''J.~E is equal to Vsat as 

I+~ 
Usat 

the electric field E is approaching infinity. In the above equation, for a hole veloc-
ity above k3Vsat(k3 = 0.7), a further increase in E does not lead to a proportional 
increase in velocity. Therefore, k3Vsat is regarded as the saturation point to simplify 
the model. k3 can be regarded as a parameter to describe the effect of the length 
of the post-saturation region. ) The drain current for Case 3 must satisfy the fol­
lowing condition: ID21 _ = -Wk3Vsat . qNsdtsi - Xdl(VDsatl) - Xd2(VDsatl)]. 

VD-VDsatl 

This is an equation in terms of VDsatl , which is difficult to solve. Applying Vp 
as the initial guess for VDsatl in the Newton's method on the above equation, one 
obtains: ID21 _ ~ - Wk3Vsat"qNsi( - aaXvd1 I - aaXvd2 1 )(VDsatl - Vp), where aaXvd1 I = 

VD-VP Vp Vp Vp 
~ ~ 

_ qN,;',; and aXd21 = _ qN,;',; . There-J c· 2, . , av v J c· 2, . (cT"';-)2+~(VGl-VFBl-VP) P (ci:""2-J2+~(VGeff2-vFB2-Vp) 
ox q 81 si ox q St si 

fore, the VDsatl formula is: 

VDsatl ~ (5.11) 

At the saturation point, defining the lateral electric field as Esat. one obtains: 
k3Vsat = I .df,jfE E sat . Therefore, Esat is: Esat = k(~':"k)· From the above + Vsat sat J.LbO 3 

analysis, as IVD I > IVDsatll, the post-saturation region starts to exist in the de­
vice. Under this situation, gradual channel approximation is not applicable. 2D 
effects should be considered. As shown in Case 3 of Fig. 5.7, considering the Gauss' 
box in the post-saturation region (Leff - tlL :::: y :::: Left) [24], the width of 
the post-saturation region formula is obtained as in the previous chapter: tlL = 

.\ . In[- VO-VO,gtJ + . /1 + (Vo-Vo,at! )2], where .\ = Stik~. Therefore, the 
)"Esat V )"Esat fox taxI +tox2 

drain current formula for Case 3 can be obtained by modifying Case 2 formula 
(Eq. (5.9)) as: 
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(d) Case 4 

As shown in Fig. 5.7, in Case 4, if VOl is negative enough, the upper depletion 
region of the silicon thin-film may disappear. In addition, the top surface may have 
accumulated holes. The accumulated surface channel at top is not pinched off. In 
addition, the hole velocity in the center neutral channel does not reach the saturated 
velocity. Under this situation, current conduction is via both the top accumulated 
channel and the center neutral channel. Therefore, the drain current for Case 4 is: 

/-LbO BV /-Lso BV 
ID4 = WQlilm1_ Ebo..~ • By + WQacc 1 _ E&~ . By· 

Vsat 8y Vsat By 

(5.13) 

Approximating the ~~ portion in the denominator of the mobility in the above 

equation by ~v ':::' ....!:I.LLV and integrating from source to drain, the drain current 
uy eff 

formula for Case 4 is: 

W /-Lso 1 2 W 
-y-COX11 _ E&...!:l2.J(VOl - VFBl)VV - "2VV ] + y-qNsitsi · 

ell v.at Lett ell 

: V [VV + F2(Vv) - F2(O)]. (5.14) 
1- ....!:I.L 

Usat LeI! 

(e) Case 5 

As shown in Fig. 5.7, in Case 5, the current conduction is via the top accumulated 
channel and the center neutral region. In addition, the top accumulated channel is 
pinched off and the center neutral channel does not have the post-saturation region 
yet. Therefore, using the similar method as for Case 4 except for the two-segments 
approach, one obtains the drain current formula for Case 5 as: 
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(f) Case 6 

As shown in Fig. 5.7, in Case 6, the top accumulated channel is pinched off. In ad­
dition, the center neutral channel is also pinched off. However, the top accumulated 
channel and the center neutral channel do not pinch off at the same lateral location. 
The accumulated channel pinches off earlier. Define VDsat2 as the channel poten­
tial, at which travelling holes in the center neutral channel just reach the saturated 
velocity (k3V sat), in the center neutral channel. The drain current for Case 6 must 
satisfy a condition by considering the drain current at the saturation point (VDsat2 ) 
in the center channel and the drain current formula for Case 5 using VD = VDsat2 
as: 

Using a similar method as for Case 3, the VDsat2 formula is approximated as: 

ID5lvn=vp 
VDsat2 ~ v;, + Wk . N .(BXdl I + BXd2 I ). 

3Vsat q .. BV Vp BV Vp 
(5.17) 

Using Eq. (5.17)(5.15), the drain current formula for Case 6 can be obtained: 

W /-Lso 1 ( )2 W /-LbO 
I D6 = L _ b.L 1- .&.!L_Y.!24.1liL 2COX1 VOl - VFB1 + L - b.L 1-~~ 

ell V,at L.,,-flL ell V,at L.,,-flL 

qNsitsi· [VDsat2 + Fl(VDsat2) - F1(VOl - VFBl ) + F2(VDsat2) - F2(0)], (5.18) 

where b.L = >. .Zn[- Vo-Vo. a12 + . /1 + (Vn VOaat2)2]. 
)'Esat V )'Esat 

(g) Case 7 

Case 7 is similar to Case 6 except that the top accumulated channel has prepin­
choff velocity saturation. In the center neutral channel, before the top accumulated 
channel pinches off, the hole velocity already reaches the saturated velocity (k3Vsat). 
Define VDsat3 as the channel potential at which the hole velocity of the center chan­
nel just reaches the saturated velocity. Using the drain current formula for Case 4 
and VD = VDsat3, the drain current for Case 7 must satisfy the following condition: 
ID41 _ = d~'Et WCoxl(VOl-VFBl-VDsat3)-Wk3Vsat"qNsi[tsi-Xd2(VDsat3)]. 

Vn-VDsat3 Vsat sat 

Using a similar method as for Case 3, the above equation can be simplified as: 

ID41 ~ /-Ls=~ WCox1(VOl - VFB1 - VDsat3) - Wk3Vsat· qNsi . 
Vn=Vp 1 + Vaat sat 

aXd1 aXd2 
[- av Ivp . (VOl - VFB1 - Vp ) - av Ivp . (VDsat3 - Vp)]. (5.19) 
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Figure 5.8: Judgment flowchart for determining which drain current formula should 
be used. 

Therefore, VDsat3 becomes: 

ID41 _ -Wk3Vsat· qNsi(a;{p 1 +a;t2 1 )(VGl - VFBI - Vp ) 
V; v: + VD-VP Vp Vp 

GI - FBI Wk N aXd21 WC E /( E..Si..E) 3V sat . q si av - oxlJ1s0 sat 1 + v sat· Vp sat 

VDsat3 c::: 

(5.20) 

Therefore, the drain current formula for Case 7 may be obtained by modifying 
Eq. (5.14) and using Eq. (5.20) as: 

W J1so [( ) 1 2] 1m = L _ b..L Cox I 1 E..Si..~ VGl - VFB1 VDsat3 - "2VDsat3 
el I - V,at L'ff-t>.L 

W J1bO 
+ L _ b..L qNsitsi . 1 _ l!l!.O..~ [VDsat3 + F2(VDsat3) - F2(0)], 

ell V,at L'ff-t>.L 

(5.21 ) 

where b..L = A ·Zn[- VD~VD,at3 + Jl + (VD-VD,at3)2]. 
AEsat >..Esat 

Based on the above formula, Fig. 5.8 shows the judgment flowchart for deter­
mining which drain current formula should be used for the accumulation-mode SOl 
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Figure 5.9: The drain current versus the drain voltage of the accumulation-mode 
SOl PMOS device based on the analytical model considering velocity saturation and 
channel length modulation and the experimental data. 

PMOS device[21]. As shown in the figure, if VGl > VTH , the device is biased in the 
subthreshold region, Case 1 drain current formula should be used. If VCl < VTH , a 
further decision is necessary. If VGl - VFBI > 0, Case 2 and Case 3 formulas should 
be used. If VD > VDsatl , Case 2 formula should be used. Otherwise, Case 3 formula 
is used. If VGl - VFBI < 0, a further decision is necessary. If VGl - VFBI > VDsat2, 
Cases 4,5,and 6 should be used. Otherwise, Cases 4 and 7 should be used. 

As shown in Table 5.1, the test device for studying the IV characteristics has a 
channel length of 0.55jLm. It has a 2 x 10l6cm-3 p-type silicon thin-film of 1000A 
above a 3500A buried oxide[5]. The p-type substrate doping density is 1 x 10l5cm-3 _ 

A front thin oxide of 125A is placed under an N+ polysilicon gate. 

Fig. 5.9 shows the drain current versus the drain voltage of the accumulation­
mode SOl PMOS device based on the analytical model considering velocity satura­
tion and channel length modulation and the experimental data [5]. The model result 
without considering velocity saturation (vsat ---+ 00) and the model result without 
considering channel length modulation (6L = 0) have also been included. As shown 
in the figure, without considering channel length modulation, substantial deviations 
can be seen in the saturation region. Without considering velocity saturation, the 
drain current in both the triode and the saturation regions is overestimated. Fig. 5.10 
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Figure 5.10: Output conductance versus drain voltage of the accumulation-mode 
SOl PMOS device based on the analytical model and the experimental data. 

shows the output conductance versus the drain voltage of the accumulation-mode 
SOl PMOS device based on the analytical model and the experimental data[5][21]. 
As shown in the figure, the transition region from the triode region to the satura­
tion region is smooth, which indicates that the technique in handling the saturation 
point is reasonable. 

Fig. 5.11 shows the drain current versus the front gate voltage of the accumulation­
mode SOl PMOS device based on the analytical model and the experimental data 
[5][21]. As shown in the figure, as 1V0l1 is large enough, the device is operating in 
Case 4 for a small IVDI and in Case 7 for a large IVDI. As 1V0l1 is small, the device 
is operating in Case 1 (subthreshold). In transition, the device is operating in other 
cases. As shown in the figure, the transition region is more complicated for a small 
IVDI. From the figure, for VD = -2.5V, its threshold voltage becomes less negative 
as compared to the VD = -0.1 V one. 

5.2 Capacitance Model 

For an SOl NMOS device, in addition to the DC model, the capacitance model 
is also important for transient analysis. The equivalent capacitance model of an 
NMOS device is shown in Fig. 5.12. The capacitance model of an SOl MOS device 
is composed of two intrinsic capacitances: the drain-gate capacitance (C DG) and the 
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Figure 5.11: The drain current versus the front gate voltage of the accumulation­
mode SOl PMOS device based on the analytical model and the experimental data. 
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Figure 5.12: The capacitance model of an SOl NMOS device. 
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source-gate capacitance (C sa) and the two extrinsic capacitances: the drain para­
sitic capacitance (CDB ) and the source parasitic capacitance (CSB )' The intrinsic 
capacitances affect the intrinsic performance of an MOS device. The extrinsic ca­
pacitances of the SOl MOS devices, which are much smaller than those of the bulk 
ones, are owing to the parasitic capacitances at the source/drain. The extrinsic 
parasitic capacitances also affect the speed performance of the device. 

The drain-gate capacitance (CDa ) and the source-gate capacitance (Csa ) are 
defined as[29]: 

Csa 

CDa 

oQs 
oVa' 
OQD 
oVa' 

(5.22) 

where QS/QD is the source/drain charge, which is the partitioned total charge under 
the gate. Definition of Qs and QD was a difficult task for developing a consistent 
capacitance model for bulk MOS devices in 1970s. At the beginning, Csa and CDa 
were regarded as linear: Csa = Cas, CDa = CaD. Thus, Csa and CDa were 
obtained by Csa = ~ and CDa = ~. However, CDa and Csa are not linear, 
hence reciprocity does not hold. The above definitions of CDa and Csa assuming 
reciprocity are wrong. In this section, CDa and Csa are derived from the current 
continuity equation. 

Consider an SOl NMOS device. At location y in the channel of the device (y is 
the lateral channel direction), the current is: 

oV(y, t) 
I(y, t) = W f-tn(Y, t)QI(Y, t) oY . (5.23) 

From the current continuity equation, in a small region dy at location y in the 
channel, in a unit time, the change of the total electrons in this region is equal to 
the gradient of the current profile: 

1 oI(y, t) 
-----

W oy 
(5.24) 

Integrating the above equation from source (y = 0) to y, an indefinite integral is 
obtained: 

(5.25) 
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Reintegrating this indefinite integral Eq.(5.25) from source (y = 0) to drain (y = L), 
one obtains: 

W rVD W rL ry aQI(y' t) 
1(0, t) = J-lnr; io Q(V(y), VG)dV(y) + r; io io at ' dy'dy. (5.26) 

From the above equation, the transient current of the source terminal can be ex­
pressed in terms of the transport current and the derivative of the source charge 
with respect to time: 

_ dQs(t) 
Is(t) = 1(0, t) = IT(t) - ~' (5.27) 

where the transport current (IT) is dependent on the terminal voltages, which is 
identical to the DC drain current: 

(5.28) 

From Eqs.(5.26)&(5.27), the source charge is composed of a double integral: 

W rL ry , , 
Qs(t) = -r; io io QI(y, t)dy dy. (5.29) 

Using integration by parts, the double integral in the source charge can be simplified 
as: 

rL y Qs(t) = -W io (1 - L)QI(y, t)dy, (5.30) 

where dy in the above equation can be expressed as: 

dy - J-lnWCox(VG - VT - V(y)) dV(y) 
- 1 . (5.31 ) 

From Eqs.(5.30)(5.31), the source charge can be obtained. The source charge can be 
regarded as the weighted sum of the total electrons in the channel. From Eq.(5.30), 
at a location closer to the source, the weight of the electron is larger. At source, the 
weight is equal to 1. At drain, the weight is equal to 0. 

Using a similar method, the drain transient current is: 

ID(t) 

QD(t) 

(5.32) 



5.2. CAPACITANCE MODEL 227 

Figure 5.13: The equivalent circuit of the NMOS device for transient analysis. 

where QD is the weighted total electrons in the channel. When computing QD, the 
electrons in the channel near the drain are weighted by a large factor and those far 
away from the drain are weighted by a small factor. The sum of Qs and QD is equal 
to the quantity of the total electrons in the channel: Qs + QD = - W JoL QI(y)dy. 

The gate-drain capacitance CGD is defined as the derivative of the gate charge 
with respect to the drain voltage: 

(5.33) 

where QG is the gate charge: 

(5.34) 

CGD is defined as the influence of the drain voltage in the gate charge. Due to the 
nonlinearity of the capacitances, C GD is not equal to CDG~ the reciprocity does not 
hold. In analyzing the transient of a digital circuit, CDG is more frequently used. 

The capacitance model of an MOS device is used for transient analysis of an 
MOS circuit. As shown in Fig. 5.13, in a CMOS inverter circuit including an NMOS 
device and a PMOS device, the NMOS device is used to drive the output load 
during the pull-down transient. The input signal is usually imposed at the input 
gate electrode. The output voltage during the pull-down transient of the CMOS 
inverter circuit is to be calculated. Based on the equivalent circuit as shown in 
Fig. 5.13, writing the node equation at the output node, a differential equation in 
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terms of the output voltage is obtained: 

From the capacitance model, one obtains: 

dQD _ OQD dVa _ C dVa 
dt - oVa dt - Da dt . 

From Eqs.(5.37)&(5.35), one obtains a differential equation: 

(5.35) 

(5.36) 

(5.37) 

Solving this differential equation, the transient waveform of the output voltage can 
be obtained. 

5.3 Capacitance Model: Accumulation-Mode De-. 
VIces 

In this section, using the basic capacitance concept presented in the previous sec­
tion, a capacitance model for the accumulation-mode SOl PMOS devices [30] is 
described. It will be shown that including the short-channel effect, velocity satura­
tion, and channel-length modulation, the capacitance behavior of a submicron SOl 
accumulation-mode PMOS device is quite different from an inversion-mode one. 

For an accumulation-mode SOl PMOS device, Fig. 5.14 shows the Cas versus 
Vas curves for various back gate biases[31]. As shown in the figure, when the back 
gate bias becomes more negative, the Cas curve has two saturated portions with a 
two-step transition region, which is due to the buried channel in the silicon thin-film. 
With a positive back gate bias, the two-step transition region disappears. Instead, 
the transition region curve has a steeper slope. 

Consider an accumulation-mode SOl PMOS device as shown in Fig. 5.15[30]. 
Before hole accumulation exists at the top silicon surface in the silicon thin-film~ 
(VGl - V(y) ~ VFBb where VGl is the front gate voltage, V(y) is the potential at 
the top surface at location y, and VFB1 is the front-gate flat-band voltage), top and 
bottom surfaces are depleted. Solving the ID Poisson's equation in the substrate 
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Figure 5.14: CGS versus VGS of an accumulation-mode SOl PMOS device with an 
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VG1 

Vo 
+ N Poly 

Ix 
• 

tSI = 1000 A p+ 
Nsi 

y p+ 

0 

t ox2= 3500 A 
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direction, one obtains the depletion regions at the top and the bottom of the silicon 
thin-film [8] as: 

[ Csi 
tsi' ---+ 

Coxi 

[ Csi 
tsi' ---+ 

Cox2 

( Csi )2 2Esi ( ( ))] C + N .t2 VGl - VPBI - V Y , 
oxi q st st 

(5.38) 

respectively. (Coxi = Eox/toxl, Cox2 = Eox/tox2, Csi = Esi/tsi. toxi is the thickness 
of the front gate oxide. tox2 is the thickness of the buried oxide. Esi is the silicon 
permittivity. Eox is the oxide permittivity. VPB2 is the back-gate flat-band voltage.) 
Note that ki is used to reflect the influence of the drain voltage on the silicon thin­
film via the buried oxide [22]. Since the thickness of the buried oxide is thick, the 
V(y) in Eq. (5.39) can be neglected. Therefore, X d2 = X d20 = Xd2(0). The amount 
of the total mobile charge, which is the holes in the neutral silicon thin-film, is 

(5.40) 

When VGl - V(y) < VPBl, the top depletion region disappears and holes are accu­
mulated at the top surface. Therefore, the mobile charge contains the accumulated 
holes at the top surface (Qaee) and the holes in the neutral silicon thin-film region 
(Qjilm) as: 

Qacc -Coxi . [VGl - VPBI - V(y)], 

qNsi ' (tsi - Xd2o). 

(5.41) 

As described in the previous section, there are seven current conduction cases in the 
accumulation-mode SOl PMOS device biased at various conditions [21]. 

(a) Case 1 

In Case 1, the silicon thin-film is fully depleted and the device is biased at 
subthreshold. Therefore, the charge on the front gate and the effective source and 
drain charges are 

(5.42) 

QSI 0, 

QD1 O. 
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In this case, although nearly no mobile charge exists in the channel, the fringing 
electric field may induce some additional charge, which will be described in (e). 

(b) Case 2 

In Case 2, current conduction is via the neutral region in the center. Therefore, 
considering the lateral electric field dependent mobility [23], the drain current is: 

. JlbO BV 
ID2 = 1 _ l!b.Q.£J::: • WQlilm(Y)' By' 

V3at 8y 

(5.43) 

where JlbO is the low-field mobility, Vsat is the hole saturated velocity, and Qlilm is 
as described in Eq. (5.40). Multiplying both sides of Eq. (5.43) by 1- l!kaaV , from 

Vsat y 

Eq. (5.40), and integrating the equation, one obtains: ID2 = LW .JiQ~. qNsi . 
ef f 1- Vsat Lei f 

[(tsi - X d2o ) . VD + tsi . P(VD ) - tsi . P(O)], where P(V) = ~ V + q~:::;i . [(~)2 + 
N2f'ti2 . (VOl - VF Bl - V) ]1. 

q 81 si 

Similarly, from Eq. (5.43), using ~ = (~~)-l, and integrating the equation, one 

obtains: y = C + ,1 . (a + b· V) + 2B • (a + b· V) ~ where A = l!b.Q. + IIbO l!::.. . qN . (t -b 3b ' Vsat ,...., ID2 81, 81. 

X d2o ) + JlbOIW -""-'-ee. ·qNsi·tsi, B = -JlbOIW ·qNsi , a = (-""-'-ee. tsi )2+="'-q2Nf ' .. (VCI - VFBl ) , 
D2 ox! D2 ox! 81 

b = _1S.L C = _Aa _ 2Ba~ 
qN,i' b 3b . 

The front gate charge can be computed by counting the total space charge in 
the top depletion region (0 < x < Xdd: 

rLeff r VD BV 
10 W . qNsiXdl . dy = 10 w· qNsiXdl . ( By )-ldV, (5.44) 

[ C si (C si ) 2 « ) 3 W· qN .. ---tA· VD + A - --t B - a + b· VD 2 -
., Cox I ., Coxl " 3b 

a~)+ B«a+b.VD )2_ a2)] 2b . 

Based on the partitioned-charge method [32][33], from Eq. (5.40), one obtains the 
source charge by integrating the weighted mobile charge in the lateral channel as: 

IoLeff y 
QS2(ID2, VD ) = W . Qlilm(y) . (1- -) . dy, (5.45) 

o Lell 

rVD W· qNsi ' (tsi - X d20 - X dl ) . (1- LY ). (~V )-ldV, 
h ~ ~ 

C C C 2 
W· qNsi ' [AD(l- -). VD + (BD(l- -) - A(l- -))_. 

Lell Lell Lell 3b 
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(( )3 3) (A2D ( C) 1 2 2 a + b· VD 2" - a2" - -- + B 1- - ). -((a + b· VD) - a ) + 
bLel! LeI! 2b 

A2 2ABD ABD 2 5 5 2AB AB 
(- - -- - --) . -((a + b· VD)2" - a2") + (-- + - -
bLel! 3bLel! bLel! 5b 3bLel! bLel! 
2B2 D 1 3 3 2B2 2 1. 1. 
3bLel!)3b((a+b.VD) -a)+ 3bLeI!7b((a+b.VD)2 -a2)], 

where D = tsi-Xd2o+-"=-cc, tsi' Similarly, the drain charge is computed by integrating 
0.1 

the weighted mobile charge in the lateral channel as: 

IoLe!! Y w· Qlilm(Y) . - . dy, 
o LeI! 

(5.46) 

IoVD Y av 1 w . qNsi(tsi - X d20 - X d1 ) • -L . (-a )- dV, 
o ~ Y 

ADC BDC AC 2 3 3 
W . qNsi . [--VD + (-- - -)-((a + b· VD)2" - a2") + 

LeI! Lell LeI! 3b 
A2D BC 1 2 2 2ABD A2 ABD 
(-- -)·-((a+b·VD) -a )+(--- -+--). 

(c) Case 3 

bLel! LeI! 2b 3bLel! bLel I bLel! 
2 5 5 2B2 D 2AB AB 1 3 
-((a + b· VD)2" - a2") + (-- - -- - --)-((a + b· VD) -
5b 3bLeil 3bLef/ bLel1 3b 

3 2B2 2 7 7 
a ) - ---((a + b· VD)2" - a2")]. 

3bLef/ 7b 

Case 3 is similar to Case 2 except that near the drain prepinchoff velocity sat­
uration exists. Using a similar method in the previous section, at the onset of 
the prepinchoff velocity saturation, its potential is VDsatl ' The length of the post­
saturation region is tl.L. Using the method for Case 2, QG3, QS3, and QD3 can be 
computed by considering both the pre-saturation (0 < Y < Lef/ - tl.L)and post­
saturation (Lei I - tl.L < y < Lei I) regions. In the post-saturation region, a uniform 
charge distribution is assumed [34]. 

(5.47) 

QS3 
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QD3 

(d) Case 4 

In Case 4, the top depletion region disappears. In addition, hole accumulation 
exists at the top surface. Current conduction is via the neutral channel in the 
center and the hole-accumulated channel at top. Considering the surface scattering 
mobility for the top hole-accumulated channel [24], the drain current is: 

J.LbO oV J.Lso oV 
IV4 = 1 _ ~!fr': . WQ/ilm . 8 + 1 _ .&Q.!fr': . WQacc . 8' 

V.at By Y v.at By Y 
(5.48) 

J.LbO 
1 .&Q....fu.. 

- V.at LeI! oV J.Lso oV 
1- ~...fu.. . WQ/ilm· oy + 1- .&Q.BV . WQacc· oy' 

l1sat LeI f Vsat ay 
1 _ .&Q.BV 

Vsa.t 8y 

where J.Lso is the low-field surface mobility: J.Lso = k2J.LbO/(1-0(VOl - VFBl )). Using a 
similar approach as for Case 2, one obtains: y = G· V +!!..2 . V 2 , where G = .&Q. + IW • 

Vsat D4 
l_bIl......!:LL 

J.LbO l_~k . qNsi · (tsi - X d20 ) + I~4 • J.Lso( -Cox1 )· (VOl - VFBl) , H = I~4 • J.LsO· Cox!· 
Vsat LeI! 

From Eqs.(5.40), in Case 4, the gate charge can be computed by counting the total 
accumulated holes at the top surface: 

rLel! 
10 -w· Qacc(Y) . dy, (5.49) 

rVD oV 10 W . Cox! . [VOl - VFBI - V] . ( oy )-ldV, 

w· Cox! . [(GVOl - GVFBl) . Vv + ~(HVOl - HVFBl - G) . VE -

~H.VE] 3 . 
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Similarly, from Eqs.(5.40), the source charge in Case 4 is: 

!oLe!! Y 
QS4(ID4 , VD ) = W· [Qlilm(Y) + Qacc(Y)] . (1 - -L ). dy, (5.50) 

o ell 

rVD W . [qNsi . (tsi - X d2o ) - Coxl . (VOl - VFBl - V)] . (1 - LY ). 
io ell 

·(~~tldV, 
1 G2M 2 1 3GHM 

W· [GM· VD + -(GCoxl - -- + HM)· VD + -(HCoxl ----=--
2 Lell 3 2Lell 

_ G2COX1 ) • V 3 _ ~(3GHCoxl + H2 M) . V4 _ H 2Coxl . V 5 ] 

Lei I D 4 2LefJ 2LefJ D lOLel I D , 

where M = -CoXl . (VOl - VFBl ) + qNsi · (tsi - X d2o ). Similarly, the drain charge for 
Case 4 is: 

(5.51 ) 

Cases 1-4 are the typical current conduction mechanisms in the accumulation-mode 
SOl PMOS device. Cases 5-7 can be regarded as extension from Cases 1-4. Specif­
ically, in Case 5, the top accumulated channel is pinched off. Therefore, Case 5 is 
regarded as a combination of Cases 2 and 4. In Case 6, the surface accumulated 
channel is pinched off and the center channel has prepinchoff velocity saturation. 
Therefore, Case 6 can be regarded as a combination of Cases 3 and 4. In Case 7, 
both the top and the center channels have prepinchoff velocity saturation. There­
fore, Case 7 can be regarded as extended from Case 4. 

( e) Capacitance model 
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The capacitance of an MOS device can be regarded as the sum of the intrinsic 
capacitance and the fringing capacitance [34]: 

C I C ( Ci/) Cij = ij + f· 1 - 2 . , 
Coxl . W Leff 

(5.52) 

where C:j is the intrinsic capacitance, which is defined as: 

(5.53) 

where i,j can be G,S,D. Cf is the fringing capacitance between source/drain and 
gate without considering the charge shield effect of mobile charge [35]: 

2Esi W l [ 1.5 . tsi . ( 7rEOX)] Cf = --. og1+---stn -- . 
7r toxl 2Esi 

(5.54) 

In this section, an analytical capacitance model for accumulation-mode SOl PMOS 
devices has been derived. 

The accumulation-mode SOl PMOS device under study [5] has the parameters 
as shown in Table 5.1 of section 5.1. It has an effective channel length of 0.55fLm, 
a front oxide of 125A, a buried oxide of 3500A. The doping density of the 1000A 
silicon thin-film is 4 x 10l6cm-3. Fig. 5.16 shows CCS,CCD,cSC,cDC versus the front 
gate voltage VGl of the accumulation-mode PMOS device with a channel length of 
0.55fLm (left) and 10fLm (right)[30]. As shown in the figure, for the long-channel 
device, at VGl = 0, the value of its capacitances is zero. On the other hand, for 
the short-channel device, the value of its capacitances at VGl = 0 is not zero due 
to the fringing effect. As shown in the CCD and CDC figures, for the long-channel 
device, the transition from triode to saturation is sharp. Contrarily, for the short­
channel device, the gradual transition from triode to saturation is owing to the 
velocity saturation and channel length modulation effects[36]. Fig. 5.17 shows 
the pull-up transient analysis of a CMOS inverter using the PMOS device described 
in this section and a capacitive load of 10fF [30]. Fig. 5.18 shows Ccs, Csc, CCD, 
and CDC versus the front gate voltage of the short-channel accumulation-mode (a) 
and inversion-mode (b) PMOS devices. The donor density of the silicon thin-film 
in the inversion-mode device is 4 x 10l6cm-3[30]. As shown in the figures, for 
the inversion-mode device, the transition from subthreshold to strong inversion is 
abrupt. On the other hand, for the accumulation-mode device, the transition is 
gradual (Case 3). In the inversion-mode device, the abrupt transition is due to 
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Figure 5.16: Ccs, CCD, CSC , CDC versus front gate voltage of the SOl accumulation­
mode PMOS device with a channel length ofO.55p,m(a)-(d) and lOp,m(e)-(h), biased 
at a back gate bias of VG2 = -1.5V, and a drain voltage of 0, -IV, -2V, -3V. The 
channel width is 8p,m. 
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Figure 5.17: Pull-up transient analysis of a CMOS inverter using the PMOS device 
described in this section. 
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Figure 5.19: Description of the internal capacitances of the accumulation-mode SOl 
PMOS device biased in Case 3. 

the surface channel effect. In the accumulation-mode device, the gradual transition 
is the result of the complicated buried channel effect. The gradual transition in 
Case 3 for the accumulation-mode device can be reasoned using Fig. 5.19[30]. As 
shown in the figure, in the accumulation-mode SOl PMOS device biased in Case 
3, in addition to the fringing capacitances between the gate and the source/drain 
(C /,S/ D)' there exists front gate oxide capacitance (Col) in series with the depletion 
capacitance between the front surface and the central neutral channel (Ccap ) . Due 
to the series connection of Col and Ccap , the effective capacitance is decreased. As 
VOl becomes more positive for turning off the device, the depletion region between 
the top surface and the central channel region widens. Therefore, the equivalent 
capacitance becomes smaller. As a result, it leads to the gradual transition in Case 
3. 

5.4 Capacitance Model: Inversion-Mode Devices 

In the previous section, a capacitance model for the accumulation-mode SOl PMOS 
device has been presented. In this section, a capacitance model for the inversion­
mode SOl PMOS device is described. The derivation of the capacitance model for 
the inversion-mode SOl PMOS device is similar to the case for the accumulation­
mode one. 
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Figure 5.20: Cas and CaD versus Vas of an inversion-mode SOl NMOS device with 
a front gate oxide of 340A, a buried oxide of 4040A, and a silicon thin-film of 839A 
doped with a p-type doping density of 8 x 1Q16cm-3, biased at (a)VD = 0.05V, (b) 
VD = 1.05V, (C)VD = 2.05V, (d)VD = 3.05V, Vs = 0, VB = o. 

Fig. 5.20 shows Cas and CaD versus Vas of an inversion-mode SOl NMOS 
device with a front gate oxide of 340A, a buried oxide of 4040A, a silicon thin-film 
of 839A doped with a p-type doping density of 8 x 1Q16cm-3, and an aspect ratio 
of 600flm/20flm, biased at VD = 0.05,1.05,2.05, 3.05V, Vs = OV, VB = OV[37]. As 
shown in Fig. 5.20, the capacitance curves of the inversion-mode SOl NMOS device 
is similar to that of the bulk one. When the device turns on, the Cas curve has a 
sudden rise. When the device enters the triode region, it has a gradual decay. In 
contrast, the CaD curve has a non-zero value only when it enters the triode region. 

In the following paragraphs, the capacitance model for the inversion-mode PMOS 
device is presented. The derivation of the inversion-mode capacitance model is 
similar to that of the accumulation-mode described in the previous section. The 
inversion-mode capacitance model can be divided into three regions-subthreshold, 
triode, and saturation regions. 

(a) Subthreshold Region 

In the subthreshold region (Va < VT ), no mobile charge exists in the silicon thin­
film-the channel is turned off. Therefore, the source charge and the drain charge 
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are: QSl = QDl ~ O. On the other hand, the gate charge QGl, which is related to 
the space charge in the silicon thin-film, is equal to QGl ~ -WLejjqNsitsi' 

(b) Triode Region 

In the triode region (VGl > VT, VD < VDSAT), the channel turns on. However, 
near the drain region the channel does not pinch off. Following a similar approach 
as for the accumulation-mode device, the gate charge, the source charge, and the 
drain charge are: 

QG2 (ID2' VD) = -WCoxl . Jlso . -21 • [(VGl - VTH - VD? - (VGl - VTH )2](5.55) 
Vsat 

Jlso W2C~xl 1 [( )3 ( )3] + ID2 . "3' VGl - VTH - VD - VGl - VTH - WLejjqNsitsi' 

AD 2 2 
QS2 (ID2' VD) = WCoxl . [2' [(VGl - VTH - VD) - (VGl - VTH ) ] + 

BD + AE [( )3 ( )3] 3 . VGl - VTH - VD - VGl - VTH + 
CD+BE 4 4 

4 . [(VGl - VTH - VD) - (VGl - VTH ) ] + 

C5E . [(VGl - VTH - VD)5 - (VGl - VTH )5]], 

QD2 (ID2, VD) = WCoxl ' [(1-2A)D . [(VGl - VTH - VD? - (VGl - VTH?] + 
-BD+(l-A)E 3 3 

3 . [(VGl - VTH - VD) - (VGl - VTH ) ]-

CD + BE [ 4 )4] 4 . (VGl - VTH - VD) - (VGl - VTH -

C5E . [(VGl - VTH - VD)5 - (VGl - VTH )5]], 

where ID2 = - LW ~o~. Coxl . [(VGl - VTH ) . VD - ~ VD2], Jlso = 1 9 (';;,'J!bOV )' 
ell 1- Vsat LeI! -. Gl- TH 

A - 1-~· (V, -v: )+!J!,OWCOXI. (V, -v: )2 B -~ C - _J!,OWCoxl - LeffV,at Gl TH 2 LefflD2 Gl TH, - V,atLeff' - 2LefflD2 ' 
D =.&Q. and E = _J!'OWCoxl. 

Vsat' ID2 

(c) Saturation Region 

In the saturation region (VGl > VT, VD > VDSAT), the electrons in the channel 
near the drain travel at a saturated velocity. Therefore, the whole channel can 
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Figure 5.21: CGS, CSG , CnG, CGn versus the front gate voltage of an inversion­
mode SOl PMOS device with a front gate oxide of 125A, a buried oxide of 350oA, a 
silicon thin-film of lOooA doped with an n-type doping density of 4 x 1016cm-3 , and 
aspect ratios of 8p,m/1Op,m and 8p,m/O.55p,m, biased at a back gate bias of -1.5V 
and Vn = -IV. 

be divided into two regions-- the pre-saturation region and the post-saturation 
regions. The charge in these two regions should be considered simultaneously. For 
a similar approach as for the accumulation-mode devices, the gate charge, the source 
charge, and the drain charge are: 

Qn3 = 

Fig. 5.21 shows CGS, CSG , CnG , CGn versus the front gate voltage of an inversion­
mode SOl PMOS device with a front gate oxide of lOoA, a buried oxide of 350oA, a 
silicon thin-film of lOooA doped with a p-type doping density of 4 x 1016cm-3 and 
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Figure 5.22: Threshold voltage sensitivity to the silicon thin-film thickness variation. 
Device A: NA = 3 x 1015cm-3 and tox = g5A, Device B: NA = 5 x 1016cm-3 and 
tox = g5A, Device C: NA = 3 x 1015cm-3 and tox = 50A. 

aspect ratios of 8/lm/10/lm and 8/lm/O.55/lm, biased at a back gate bias of -1.5V and 
VD = -IV. From Fig. 5.21, compared to the long-channel device, the capacitance 
curves of the short-channel device have a more gradual transition region from the 
triode region to the saturation region. In addition, when the device turns off, the 
capacitance curves have a non-zero value due to the fringing effect for the short­
channel device. Compared to the accumulation-mode device, in the inversion-mode 
device its capacitance curves have a sudden jump in the transition region from 
turn-off to turn-on, instead of the gradual change as for the accumulation-mode 
case. This difference can be explained from the current conduction mechanism. In 
the inversion-mode device, the current conduction is via the surface channel only. 
However, in the accumulation-mode device, it is via the buried channel in addition 
to the surface channel. 

5.5 Sensitivity 

The trends on the fully-depleted SOl CMOS devices are toward using very thin 
silicon thin-films. With a very thin silicon thin-film, device second order effects can 
be further reduced. However, when the silicon thin-film is too thin, the threshold 
voltage of the SOl CMOS devices may be very sensitive to the silicon thin-film 
thickness. Fig. 5.22 shows the threshold voltage sensitivity to the silicon thin-film 
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Figure 5.23: Threshold voltage sensitivity to the silicon thin-film thickness variation 
versus the back gate bias of an SOl NMOS device with a channel length of O.lJ-tm, 
a silicon thin-film of 500A doped with an n-type doping density of 3 x l016cm-3, a 
front gate oxide of 95A, and a buried oxide of 3750A, biased at VDS = 1.5V. 

thickness variation of three devices with different silicon thin-film doping densities 
and front gate oxide thicknesses[38]. Note that the applied back gate bias is -15V. 
As shown in the figure, when the front gate oxide thickness is reduced, the threshold 
voltage sensitivity with respect to the silicon thin-film thickness is decreased. On 
the other hand, a change in the silicon thin-film doping density does not alter the 
threshold voltage sensitivity substantially because of the negative back gate bias in 
this case. Fig. 5.23 shows the threshold voltage sensitivity to the silicon thin-film 
thickness variation versus the back gate bias of an SOl NMOS device with a channel 
length of O.lJ-tm, a silicon thin-film of 500A doped with a p-type doping density of 
3 x l015cm-3, a front gate oxide of 95A, and a buried oxide of 3750A, biased at 
VDS = 1.5V[38]. As shown in the figure, when the back gate bias becomes more 
negative, the threshold voltage sensitivity improves. When the back gate bias be­
comes more negative, the vertical electric field may increase. Hence, short-channel 
effect is reduced. Therefore, the threshold voltage sensitivity is reduced. When the 
back gate bias is smaller than -15V (Vas < -15V), the threshold voltage sensitiv­
ity does not improve if the back gate bias is decreased further. This is due to the 
fact that at a very negative back gate bias, strong inversion may already exist at 
the substrate surface or hole accumulation may exist at the bottom of the silicon 
thin-film- back gate bias effect is saturated. Fig. 5.24 shows the threshold voltage 
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Figure 5.24: Threshold voltage sensitivity of a O.2J.Lm SOl NMOS device with a 
front gate oxide of 8oA, and a buried oxide of 380oA, biased at VDS = 2.5V and 
VES = OV. 

sensitivity of a O.2J.Lm SOl NMOS device with a front gate oxide of 8oA, and a buried 
oxide of 380oA, biased at VDS = 2.5V and VES = OV[39]. At silicon thin-film doping 
densities of 5 x 1017 cm3 and 2 x 1017 cm-3 , a higher silicon thin-film doping density 
leads to a higher threshold voltage sensitivity to the silicon thin-film thickness. At 
a silicon thin-film doping density of 5 x l016cm-3, due to the drain-induced barrier 
lowering (DIBL), its threshold voltage sensitivity is even higher but in the negative 
direction. Therefore, if the silicon thin-film doping density is not too light, a thinner 
silicon thin-film leads to a higher threshold voltage sensitivity. If the silicon thin-film 
doping density is too light, a reverse trend on the threshold voltage sensitivity can 
be seen. Without a negative back gate bias, a change in the silicon thin-film doping 
density will alter the sensitivity substantially. 

5.6 Floating Body Effects(I) 

For an SOl MOS device, if its silicon thin-film is not fully depleted under a biasing 
condition, it is called partially-depleted SOl CMOS devices. Compared to the fully­
depleted SOl MOS devices, partially-depleted devices usually have a thicker silicon 
thin-film. Due to the neutral region in the bottom portion of the silicon thin-film, 
floating body effect on the performance of a partially-depleted SOl CMOS devices 
is more serious, as compared to the fully-depleted device. Due to the floating body 
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Figure 5.25: IV and output conductance characteristics of a partially-depleted SOl 
NMOS device. 

effect, the parasitic bipolar device affects the performance of a partially-depleted 
SOl MOS device. 

One of the floating body effects in a partially-depleted SOl MOS device is the 
kink effect. As shown in Fig. 5.25, an unsmooth transition in the saturation region 
can be identified[40]-kink effect, which is due to the floating body of the partially­
depleted SOl NMOS device. A sudden rise in the output conductance can be seen. 
The kink effect is due to the hole current caused by the turn-on of the parasitic 
bipolar device, triggered by the accumulated holes, which are generated by impact 
ionization in the depletion region near the drain. As shown in the figure, when the 
gate voltage is small, the kink effect occurs at a low drain voltage[40]. Fig. 5.26 
shows ID versus VDS characteristics of a partially-depleted NMOS device with a 
front gate oxide of 250A, a buried oxide of 450oA, and a silicon thin-film of lOooA 
doped with a p-type doping density of 1.2 x 1017cm-3, biased at a front gate bias of 
3V[41]. As shown in Fig. 5.26(a), at a back gate bias of -5V, the kink effect is related 
to the channel length. A smaller channel length leads to an earlier occurrence of 
the kink effect. This is due to the fact, that when channel length becomes smaller, 
the electric field becomes larger. Hence, impact ionization becomes more serious. 
In addition, a smaller channel length also makes the parasitic BJT perform better. 
Therefore, the kink effect occurs at a smaller VDS . As shown in Fig. 5.26(b), the 
kink effect is also related to the back gate bias. When the back gate bias becomes 
more negative, the kink effect is more visible since more holes can be accumulated 
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Figure 5.26: ID versus VDS characteristics of a partially-depleted NMOS device with 
a front gate oxide of 250A, a buried oxide of 450oA, and a silicon thin-film of lOooA 
doped with a p-type doping density of 1.2 x 1017cm-3 . 

at the bottom of the silicon thin-film. 

The sudden increase in the output conductance due to kink effect may degrade 
the performance of a circuit. Fig. 5.27 shows the I/O transfer curve and the small­
signal gain versus the output voltage of an inverter using partially-depleted SOl 
MOS devices with body floating or grounded [42]. As shown in the figure, with 
floating body, the I/O transfer curve and the gain are worse due to the floating 
body induced kink effect. As shown in the figure, when the output voltage is high, 
the circuit performance is worse. With the body tied to ground, the performance is 
better-the kink effect has been suppressed. 

In the next portion of this section, an analysis of the kink effect for partially­
depleted SOl NMOS devices operating in strong inversion is presented. It will be 
shown that with a lighter doping density in the silicon thin-film and a thicker gate 
oxide, the onset of the kink effect occurs at a larger VDS . 

Due to the floating body structure and the parasitic BJT effect, the impact 
ionization effect of SOl NMOS devices is much more important than that of bulk 
NMOS devices [43]-[51]. Due to full depletion of the silicon thin-film, the source­
bulk potential barrier is always small in a fully-depleted SOl device[52]. Therefore, 
accumulation of holes cannot take place in the body. As a result, the influence of the 
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Figure 5.27: I/O transfer curve and small-signal gain versus output voltage of an 
inverter using partially-depleted SOl MOS devices with body floating or grounded. 

body potential on the device behavior is small. In partially-depleted SOl NMOS 
devices, owing to the existence of the neutral region in the bulk, the source-bulk 
potential barrier is large. Therefore the generated holes due to impact ionization 
are easily trapped in the bulk. As a result, the potential barrier between the source 
and the bulk decreases. The hole current generated by impact ionization flows from 
bulk to source. Due to the increase in the bulk potential, the threshold voltage 
changes depending on the drain bias. This is the so-called kink effect [53]-[55]. In 
this section, an analytical kink effect model for partially-depleted SOl NMOS de­
vices operating in strong inversion is derived[43]. 

Fig. 5.28 shows the cross section of a partially-depleted SOl NMOS device with 
a gate oxide thickness of taxI = 250A, a silicon thin-film thickness of tsi = 450oA, 
and a buried-oxide thickness of tox2 = Ij.lm[43]. The silicon thin-film is doped with 
a p-type doping density of NA = 8 x lOI6cm-3. The channel length is L = 3j.lm and 
the channel width is W = lOj.lm. Shaded area shows the neutral region in the bulk. 

Fig. 5.29(a) shows the experimental drain current versus the drain voltage [56] 
of the partially-depleted SOl NMOS device as described in Fig. 5.28, biased at a 
gate voltage from IV to 5V and a drain voltage from OV to 6V. As shown in the 
figure, in the saturation region there are unsmooth transitions in the drain cur­
rent due to impact ionization. This is the so-called kink effect. Fig. 5.29(b) shows 
the corresponding bulk-emitter voltage versus the drain voltage of this device[43]. 
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Figure 5.28: Cross section of the partially-depleted SOl NMOS device under study. 
It has a channel length 3pm, a gate-oxide thickness of 250A, a buried-oxide thickness 
of l/lm and a silicon thin-film thickness of 4500A doped with 8 x 1016cm-3. 

From Figs.5.29(a)(b) we can identify that at the kink the bulk-emitter voltage of 
the parasitic bipolar device has an abrupt change. The bulk-emitter voltage can 
be expressed as the difference in the quasi-Fermi potential across the bulk-emitter 
junction: VBE = <pp - <Pn, where <pp and <Pn are the hole and the electron quasi­
Fermi potentials at the bulk-emitter junction, respectively. The sudden increase in 
the bulk-emitter voltage at the kink in the saturation region is due to accumulated 
holes caused by the injection of the hole current generated by impact ionization. 

When imposing an external bias on the drain terminal, the emitter-bulk junction 
is forward biased. Most of the voltage drop is across the collector-bulk junction. The 
emitter current of the parasitic bipolar device is a combination of the recombination 
current and the electron diffusion current[57][58]: 

VBE VBE 
IE = IrecoeXP(2kT/q) + IEsexP(kT/q)' (5.57) 

where I reco = qn·2AWbe , and I ES = qANDewBn~ , q is the electron charge, k is Boltzmann 
Tr A B 

constant, T is the temperature in Kelvin, ni is the intrinsic concentration, Tr is 

the recombination life time, A = W(t si - 2<'N·2</>f) is the area of the cross section, 
q A 

fsi is the silicon permittivity, <Pf = k;lnt;; is Fermi potential, DeB = k; /leff is 
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Figure 5.29: (a) The drain current versus the drain voltage of the partially-depleted 
SOl NMOS device, which has an aspect ratio of 1OILm/3ILm, a front gate oxide of 
250A, a buried oxide of lOoooA, and a silicon thin-film of 4500A doped with a p-type 
density of 8 x 1016cm-3. (b) The bulk-emitter voltage versus the drain voltage of 
the device. 
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the electron diffusion constant in the bulk, /-Leff is the electron effective mobility, 
Wbe 3:! J2<'NiPbi is the bulk-emitter junction width, ¢bi = kTlnNA'jD is the built-in 

q A q n i 

potential, N D is the doping density of the source/drain region, W B = L - W be - Wbc 

is the base width, and Wbc 3:! 2<,i(4)bi+VDS) is the bulk-collector junction width. 
qNA 

Considering the effect from VBE , the threshold voltage formula is: 

(5.58) 

where 'Y = ~, and Vfb is the flat-band voltage. The channel current at the 
front surface is 125][59]: 

4 4 1 EcLg 
where () = ~, Vdm = VDS + VDSAT - (VDS + VDsAT) 4, VDSAT = ~ , 

ox1 EcL+ 1+8 

8 = vi 1 , Va is the gate voltage, /30 and ()B are empirical constants, and 
2 Pa+2Pf-VBE 

¢a is used to compensate for the deviation caused by Taylor's expansion [25]. In 
deriving the analytical kink effect model, the analysis is divided into two sections: 
(1) VDS ~ VDSAT , and (2) VDS > VDSAT (VDSAT is the saturation drain voltage). 

5.6.1 Triode Region (VDS ::; VDSAT) 

For the partially-depleted SOl NMOS device biased in the triode region (VDS < 
VDSAT ) , there is no impact ionization existing in the silicon thin-film as shown in 
Fig. 5.30(a)[43]. Therefore, the floating body region can be regarded as two diodes 
connected back-to-back and the operation of the parasitic n-p-n bipolar device is 
weak. As shown in Fig. 5.30(a), since the collector-base junction is reverse biased, 
the collector current is due to generation current. Considering the avalanche effect 
in the collector-bulk junction, the collector current is [57][58]: 

(5.60) 

h I - qniAWbc M - 1/(1 (~)n) V, - <.iElr E - 2 5 105 X were gen - 2Tg , B - - Vbr ' br - 2qNA' br - . X 

1+(lo9%A-14)3, 1'g is the generation lifetime, and n is a constant. At VDS ~ VDSAT , 

from Fig. 5.29(b), VBE is small. Therefore, at the bulk-emitter junction, the emitter 
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(a) (b) 

Figure 5.30: Cross section of the partially-depleted SOl NMOS device biased at (a) 
VDs ::; V DSAT , and (b) V DS > V DSAT . 

current is dominated by recombination. From Eqs.(5.57)(5.60) and IE = Ie, one 
obtains the bulk-emitter voltage as: 

(5.61) 

5.6.2 Saturation Region (VDS > VDSAT) 

In the saturation region (VDS > V DSAT ), as shown in Fig. 5.30(b) , due to the impact 
ionization effect at the front surface near the drain in the silicon thin-film, hole 
current is injected into the body. At this moment, the floating body is like an 
active BJT. The hole current generated by impact ionization can function as the 
base current. Due to the high doping density of the emitter, the forward alpha Cip 

of the BJT connected in common base configuration is [57][60J: Cip = cosh(~B/LeB) ' 

LeB = ..j DeBTeB, TeB = l+NA/~x1Q16' where TO is the hole lifetime. The electron 
diffusion current in the base is expressed as: 

(5.62) 

which can be divided into two portions. kl portion of it is attracted by the front gate. 
1-kl portion of it is injected into the collector [48J. Therefore, from Eqs. (5 .59)(5.62), 
and the hole current generated by the impact ionization in the front channel is: 

(5.63) 
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where M is the avalanche multiplication factor, which can be expressed as [61][62]: 
M = 1 + ~(VDS - VDSAT)exp( - ), where a and (3 are process-

:::;~; (VDS-VDSAT) 

dependent parameters [48], fox is the oxide permittivity, and Xc = 2~;::t is the 

depth of depletion region. From Eqs.(5.60)(5.62), the hole current generated by the 
impact ionization at the collector-base junction is: 

(5.64) 

The base current(IB) is the sum of IBl and I B2 . The emitter current is composed 
of the base current and the electron diffusion current (IE = IB + l edilJ ). Therefore, 
from Eqs.(5.63)(5.64)(5.57), VBE can be obtained from the following equation: 

lreco . 
~E ~E 

eXP(2kT/q) + (1- aF - (M - l)klaF - (MB -1)(1- kl)aF)IEsexP(kT/q) 

= MBlgen + (M - 1)lcH. (5.65) 

Note that VDS increases, VBE may be larger than 2¢f. Under this condition, 
the threshold voltage formula of Eq. (5.58) is not applicable. The threshold voltage 
formula should be modified as [63]: 

(5.66) 

where k2 is a fitting parameter [41][63]. The drain current is expressed as: 

for V DS :::; V DSAT , 

for V DS > V DSAT , 

(5.67) 
where generation and recombination effects have been neglected for the VDS :::; 

V DSAT case. Eq.(5.67) is the analytical kink effect model for the partially-depleted 
SOl NMOS devices. 

The partially-depleted SOl NMOS device under study has a channel length of 
3/Lm, a gate-oxide thickness of 250A, a buried-oxide thickness of l/Lm, a silicon thin­
film thickness of 4500A doped with a p-type doping density of 8 x 1Q16cm-3. TO, 

Tg and Tr depend on the trap density in the silicon thin-film. For a higher trap 
density in the silicon thin-film, TO = IOns, Tg = IOns and Tr = 250ns are smaller. 
Ec = 3.6 x 1Q4V/cm is the critical electric field related to the mobility model[25]. 
a = 1.4 x 106cm-l and (3 = 3.773 X 1Q6V /cm are process-dependent parameters 
[48]. There are seven fitting parameters used in the analytical model. ¢a = 0.5 is 



5.6. FLOATING BODY EFFECTS(I) 253 

.... 

·1.0 - •• -.--".",~'''e-
-1.2 ¢ ·u 

.1.4'--_~_~ __ ~_~ __ _'___....J .1.4'--_~_~ __ ~_~ __ -,--_....J 

o 2 o 2 

Drain Voltage (V) 
(a) 

Drain Voltage (V) 

Figure 5.31: The deviation in the threshold voltage and the bulk-emitter voltage 
versus the drain voltage of the partially-depleted SOl NMOS device biased at Va = 
3V based on the analytical model. (a) The silicon thin-film doping density is 8 x 
1016cm-3. The thickness of the gate-oxide varies from 200A to 6ooA. (b) The 
thickness of the gate oxide is 250A. The silicon thin-film doping density varies from 
1 x 1Q16cm-3 to 1 x 1Q17cm-3. 

used to compensate for the deviation caused by Taylor's approximation [25]. n = 6 
is a constant [57][58]. m is a constant [59]. (30 = 0.00125 and OB = 0.02 are as in 
Ref.[25]. kl = 0.8. k2 = 0.5. 

The kink effect of the partially-depleted SOl NMOS device is also sensitive to 
the gate-oxide thickness and the silicon thin-film doping density. Fig. 5.31(a) shows 
the deviation in the threshold voltage and the bulk-emitter voltage as a function of 
the drain voltage at Va = 3V for a silicon thin-film doping density of 8 x 1016cm-3 

and based on the analytical model[43]. The thickness of the gate oxide varies from 
200A to 600A. As shown in the figure, for a thinner gate oxide, the bulk-emitter 
voltage becomes larger. This can be reasoned as follows. The avalanche multiplica­
tion factor is a function of the gate oxide thickness. For a thinner gate oxide, since 
the lateral field in the saturation region increases, the multiplication factor becomes 
larger. In the mean time, as the gate oxide becomes thinner according to Eq. (5.59), 
ICH becomes larger. Due to the increase in the avalanche effect and the channel 
current, the influence of the impact ionization effect in the bulk increases. Therefore, 
for a thinner oxide, the bulk-emitter voltage becomes larger. Despite the increase in 
the bulk-emitter voltage for a thinner gate oxide, the change in the threshold volt­
age due to the kink effect is smaller. This can be understood using Eq. (5.58). For 
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Figure 5.32: The triggering VDS (V kink) at the onset of the kink effect versus the sil­
icon thin-film doping density of the partially-depleted SOl NMOS device for various 
gate-oxide thicknesses, based on the analytical model . 

a thinner gate oxide, although the bulk-emitter voltage increases, the body effect 
coefficient (r = ~) decreases. Therefore, as the gate oxide becomes thinner, 
the change in the th';eshold voltage due to the kink effect becomes smaller. As de­
scribed before, the bulk-emitter voltage can be used to monitor the kink effect. As 
shown in Fig. 5.31(a), regardless of the thickness of the gate oxide, the onset of the 
kink effect seems to be triggered at the same VDS . This means that the variation 
in the gate oxide thickness does not influence the triggering VDS at the onset of the 
kink effect when the silicon thin-film doping density is high. Fig. 5.31(b) shows the 
deviation in the threshold voltage and the bulk-emitter voltage as a function of the 
drain voltage at Va = 3V, based on the analytical model[43]. The silicon thin-film 
doping density varies from 1 x l016cm-3 to 1 x 1017cm-3. Different from the case 
described in Fig. 5.31(a), according to Fig.5.31(b), the triggering VDS at the onset 
of the kink effect is strongly dependent on the silicon thin-film doping density. For a 
more heavily doped silicon thin-film, the onset of the kink effect occurs at a smaller 
triggering VDS . In addition, for a more heavily doped silicon thin-film, the change 
in the threshold voltage due to the kink effect is larger. 

The triggering VDS formula at the onset of the kink effect can be found. Defining 
that at the triggering VDS the bulk-emitter voltage is VBE = VBES + ~ k~, where 
VBES is VBE at VDS = VDSAT . Using Eqs. (5.59) (5.65), the triggering VDS can be 
found. Based on the analytical model, Fig. 5.32 shows the triggering VDS (Vkink ) at 
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Figure 5.33: Thrn-on characteristics for an illuminated and a nonilluminated 
partially-depleted SOl NMOS device with an aspect ratio of W /L = 50j.Lm/3.2/1,ffi, 
biased at VDS = 0.1 V and 1.5V. 

the onset of the kink effect as a function of the silicon thin-film doping density at 
various gate-oxide thicknesses[43]. As shown in the figure, Vkink is inversely propor­
tional to the silicon thin-film doping density. A more heavily doped silicon thin-film 
leads to a smaller triggering Vkink. As the doping density is high, the thickness of the 
gate oxide has little effect on the triggering Vkink . On the other hand, as the silicon 
thin-film is less heavily doped, the triggering Vkink is sensitive to the thickness of 
the gate oxide. A thinner gate oxide makes the kink effect to occur at a smaller VDS . 

In this section, the kink effect of partially-depleted SOl NMOS devices operating 
in strong inversion has been described. With a lighter doping density in the silicon 
thin-film and a thicker gate oxide, the onset of the kink effect occurs at a larger VDS . 

5.7 Floating Body Effects(II) 

Due to the floating body, the subthreshold characteristics of the partially-depleted 
SOl MOS device is sensitive to the light illumination. Fig. 5.33 shows the turn­
on characteristics for an illuminated and a non-illuminated partially-depleted SOl 
NMOS device with an aspect ratio of W /L = 50{Jm/3.2{Jm, biased at VDS = 0.1 V 
and 1.5V[64]. As shown in the figure, when the partially-depleted SOl NMOS 
device with the floating body is illuminated with light, electron-hole pairs are gen­
erated in the silicon thin-film. The generated electrons move to drain to become 
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Figure 5.34: Subthreshold characteristics of a partially-depleted SOl NMOS device 
with an aspect ratio of 8j1.m/3j1.m, a front gate oxide of 270A, a buried oxide of 350oA, 
and a silicon thin-film of 2800A doped with a p-type density of of 5 x l016cm-3. 

the leakage current. The generated holes are accumulated at the bottom of the 
silicon thin-film. As a result, the potential of the floating body increases. Conse­
quently, its threshold voltage is decreased and the subthreshold slope becomes worse. 

Fig. 5.34 shows the subthreshold characteristics of a partially-depleted SOl NMOS 
device with an aspect ratio of 8j1.m/3j1.m, a front gate oxide of 270A, a buried 
oxide of 350oA, and a silicon thin-film of 2800A doped with a p-type density of 
5 x l016cm-3[65]. As shown in the figure, when the drain voltage exceeds 1.5V, 
the subthreshold slope becomes steeper as VD becomes larger, which is contrary to 
the trend on the subthreshold slope for the bulk NMOS devices. For bulk NMOS 
devices, when the drain voltage becomes larger, due to the increased DIBL effect, 
the subthreshold slope becomes less steep. For partially-depleted NMOS devices, 
the situation is reverse due to the floating body effect. The subthreshold slope of a 
partially-depleted SOl NMOS device is also dependent on the gate length. Fig. 5.35 
shows the subthreshold characteristics of a partially-depleted SOl NMOS device 
with various gate lengths[65]. As shown in the figure, due to the floating body, with 
a smaller gate length, its subthreshold slope becomes better, which is contrary to the 
short-channel effect case- when the channel length becomes smaller, its subthresh­
old slope becomes worse. With a smaller channel length, the electric field becomes 
larger, thus impact ionization becomes more serious. In addition, the parasitic BJT 
performs better when the channel length is shrunk. Thus, a better subthreshold 
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Figure 5.35: Subthreshold characteristics of a partially-depleted SOl NMOS device 
with various gate lengths. 

slope can be seen when the channel length of a partially-depleted SOl NMOS device 
is shrunk. 

Fig. 5.36 shows the drain current versus gate voltage characteristics of a partially­
depleted SOl NMOS device with a front gate oxide of 250A, a buried oxide of 520oA, 
a silicon thin-film of 3400A doped with a p-type density of l017cm-3, and a chan­
nel length of 1.2J.Lm[66]. As shown in the figure, with a low leakage current, the 
kink effect dominates the subthreshold region. At a low-current level the leakage 
current dominates. As shown in Fig.5.37, leakage current is mainly due to the gen­
eration process of the traps near the buried oxide interface, which are produced by 
incorporation of the metal impurities into the silicon thin-film during the oxygen im­
plantation for forming the buried oxide[66]. Combining the impact ionization effect 
in the high-electric field region, the leakage current may dominate in the partially­
depleted SOl NMOS device. In a partially-depleted SOl NMOS device with a low 
leakage current, its subthreshold slope is dominated by the parasitic BJT effect and 
the impact ionization effect. Therefore, a higher drain voltage leads to a steeper 
subthreshold slope since the diffusion current of the parasitic BJT effect is more 
important. 

For a partially-depleted SOl NMOS device, when the drain voltage is too large, 
the device cannot turn off. Fig. 5.38 shows the subthreshold characteristics of a 
partially-depleted SOl NMOS device with a front gate oxide 260A, a silicon thin-



tOJ 

104 

10' 

~ 
10' 

C 10' 

~ ., 
'" 

,. 
() 
C 10· e 

,iI' Q 

1~1 

I~I 

.all 

258 CHAPTER 5. SOl CMOS DEVICES-ADVANCED 

Low Leakage Device 

• :~Dlia 

--:ModoIR_ 

• • ... '"' Gate Voltage M 

High Leakage Device 

•• la' ••••• 

,a' • :~0I111 

--:_ R .... 1to 

la' 4-. .......... ,.,·'-.Lo ..... .,.....= .... L-::;;u:__--: ... ~-~ ... :----: ... :'-:--..J 

Gate Voltage M 

Figure 5.36: Drain current versus gate voltage characteristics of a partially-depleted 
SOl NMOS device with a front gate oxide of 250A, a buried oxide of 520oA, a silicon 
thin-film of 3400A doped with a p-type density of 1017 cm-3 , and a channel length 
of 1.2J.lm. 

Figure 5.37: Current conduction mechanism in the partially-depleted SOl NMOS 
device biased in the subthreshold region. 
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Figure 5.38: Subthreshold characteristics of a partially-depleted SOl NMOS device 
with a floating body, a front gate oxide of 260A, a silicon thin-film doped with a 
p-type density of 1017 cm -3, and an aspect ratio of W /L = 7.2p,m/lp,m. Inset shows 
the subthreshold characteristics with body grounded. 

film doped with a p-type density of 1017cm-3, and an aspect ratio of W/L = 
7.2p,m/lp,m[67]. As shown in the figure, at VD = IV, its subthreshold curve is 
normal. At VD = 4V, a hysteresis may occur. When VD becomes larger, the win­
dow of the hysteresis widens. At VD = 5V, even when Va switches from 2V to -3V, 
the device cannot be turned off due to the turn-on of the parasitic BJT. Once the 
device is latched, only by lowering VD or by grounding the silicon thin-film body, the 
device can be recovered. This is the so-called single-transistor latch phenomenon, 
which occurs at high drain biases. The floating body results in a positive feedback 
between the impact ionization current, the body-to-source diode forward bias, and 
the transistor currents. At large drain voltages, this positive feedback can maintain 
a high drain-to-source current even when Va is smaller than the threshold voltage. 

Floating body effects of SOl MOS devices bring in lowering of the drain break­
down voltage, the kink effect, abnormal subthreshold slopes, current instability in 
switching, and enhanced leakage current. Using the bandgap engineering technique 
to implant germanium into the source region, the parasitic BJT effect can be re­
duced, hence the floating body effect can be lowered. Fig. 5.39 shows the Si1- xGex 

source structure in an SOl NMOS device[68]. Germanium is implanted to form a 
Si-Ge structure as a narrow bandgapped material in the source area, which is about 
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Figure 5.39: Si1-xGex source structure in an SOl NMOS device. 

one tenth of a volt smaller than the silicon bandgap. Due to a narrower bandgap 
in the Si-Ge source area, the hole current in the emitter is enhanced. The built-in 
potential barrier between the source and the body is lowered. Consequently, the 
accumulated holes in the silicon thin-film can be more easily expelled. As a result, 
the parasitic BJT effect is reduced. Fig. 5.40 shows the comparison of the IV charac­
teristics between a conventional SOI-MOSFET and aGe-implanted SOI-MOSFET, 
which have a front gate oxide of 50A, a silicon thin-film of 1000A, and an aspect 
ratio of W /L = 1OJ.tm/O.15J.tm[68]. As shown in the figure, owing to the Ge im­
plant to the source region, the parasitic BJT effect is lowered. Therefore, the kink 
effect is lessened, hence, the breakdown voltage is improved for the device with the 
Si-Ge source structure. Fig. 5.41 shows the subthreshold characteristics of conven­
tional and Ge-implanted SOl NMOS devices with aspect ratios of 10J.tm/O.15J.tm 
and 10J.tm/0.25J.tm[68]. As shown in the figure, in the Ge-implanted SOl NMOS de­
vice, the onset of the single-transistor latch behavior is due to the positive feedback 
phenomenon described in the previous paragraph, is improved from VD = 2.55V 
to VD = 3.75V (Va = ....,lV). Also shown in the figure, the peculiar subthreshold 
slope behavior-at a larger drain voltage the subthreshold slope is steeper due to 
the parasitic BJT effect, is reduced substantially. 

In addition to the Ge-implanted source structure, other techniques have also 
been figured out for reducing the nonideal effects of the partially-depleted SOl MOS 
devices due to floating body effects. Fig. 5.42 shows the cross section of a O.lJ.tm 
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Figure 5.40: Comparison of the IV characteristics between a conventional SOI­
MOSFET and aGe-implanted SOI-MOSFET, which have a front gate oxide of 
50A, a silicon thin-film of 1000A, and an aspect ratio of W /L = lOJLm/O.15JLm. 

partially-depleted SOl NMOS device with a nonuniformly doped silicon thin-film 
structure[69]. By having a heavily-doped region at the bottom of the silicon thin­
film, the short-channel effect of the partially-depleted SOl NMOS devices can be 
reduced. In addition, due to the heavily doped region in the silicon thin-film, the 
performance of the parasitic BJT worsens. Therefore, the kink effect and the break­
down voltage can be improved. 

In the past two sections, floating body effects in SOl CMOS devices have been 
discussed. The impact ionization effect and the parasitic BJT effect due to the 
floating body structure cause the kink effect in the strong inversion, the peculiar 
subthreshold behavior, the single-transistor latch phenomenon, and the reduction 
in the drain breakdown voltage in partially-depleted SOl MOS devices. By using 
a SiGe-source structure and a nonuniformly doped silicon thin-film, the function of 
the parasitic BJT can be reduced. As a result, those unique behaviors related to the 
floating body structure can be lessened. In the following section, transient analysis 
of the SOl MOS devices is described. 
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Figure 5.42: Cross section of a O.lJ.Lm partially-depleted SOl NMOS device with a 
non-uniformly doped silicon thin-film structure for various carrier lifetimes. 

5.8 Transient Analysis 

This section is dedicated to the analysis of the transient behaviors in sal MaS de­
vices. Due to the floating body structure, the internal mechanisms in the sal MaS 
devices during the transient are complicated. Especially, for the partially-depleted 
sal MaS devices, the parasitic BJT effect and the impact ionization effect further 
complicate the internal mechanism during the transient. In this section, influence of 
the floating body structure in the transient performance is introduced first. Then, 
the influences of the drain voltage and the gate voltage in the transient behavior 
are analyzed. The operating frequency and the duty cycle of the clocks imposed on 
the sal MaS devices also affect the transient behaviors. In the next portion of this 
section, the influence of the operating frequency in the transient performance of the 
sal MaS devices is described. 

The floating body structure affects the transient behavior in a partially-depleted 
sal NMOS device. Fig. 5.43 shows the transient drain current characteristics of a 
25J.Lm/25J.Lm partially-depleted SOl NMOS devices with a floating body structure 
and the body tied to the source, respectively. These devices have a front gate oxide 
of l05A, a buried oxide of 4oooA, and a silicon thin-film of lOooA doped with a 
p-type density of 2.2 x 1017cm-3. Imposing a voltage step from OV to 1.8V at the 
front gate, the devices with the floating body and with the body-tied to ground show 
different transient characteristics[70J. The device with the body tied to ground does 
not have any overshoot in the drain current. The drain current settles to its final DC 
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Figure 5.43: Thansient drain current characteristics of a 25J.Lm/25J.Lm partially­
depleted SOl NMOS devices with a floating body structure and a body tied to source, 
respectively. These devices have a front gate oxide of 105A, a buried oxide of 4oooA, 
and a silicon thin-film of lOooA doped with a p-type density of 2.2 x 1017 cm-3. The 
source and the back gate are grounded. 

value from the very beginning. In contrast, for the device with the floating body, 
when the gate voltage switches to positive, the device suddenly turns on. At the 
beginning, the holes in the p-type silicon thin-film cannot be evacuated immediately. 
Therefore, at the beginning, compared to the device with the body tied to ground, 
the device with the floating body has more holes in its silicon thin-film. As a re­
sult, at the beginning of the transient, the threshold voltage of the device with the 
floating body is smaller than that of the device with the body tied to ground. Con­
sequently, a larger drain current can be seen at the beginning of the transient. For 
the device with its body tied to ground, when the gate voltage switches to a positive 
value, the holes in the silicon thin-film can be evacuated immediately. Therefore, 
its threshold voltage will not change. Therefore, no overshoot in the drain current 
can be observed. 

Drain voltage affects the internal transient behavior of a partially-depleted SOl 
NMOS device. Fig. 5.44 shows the transient drain current of a partially-depleted 
NMOS device with a front gate oxide of 50A, a buried oxide of 380oA, a silicon 
thin-film of 750A, and an aspect ratio of 25J.Lm/O.15J.Lm. Its gate is imposed by 
a pulse from -O.2V to O.5V with an on-cycle of 35ns[71]. As shown in the figure, 
when the drain voltage is larger, the drain current switches to its final steady state 
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Figure 5.44: Transient drain current of a partially-depleted SOl NMOS device with 
a front gate oxide of 50A, a buried oxide of 380oA, a silicon thin-film of 750A, and 
an aspect ratio of 25J.1m/O.15p,ID. Its gate is imposed by a pulse from -O.2V to O.5V 
with an on-cycle of 35ns. 

more quickly. At a larger VD , impact ionization is more serious. Therefore, a larger 
hole current is generated. Hence, the speed of the hole accumulation in the silicon 
thin-film is faster. Consequently, the parasitic BJT turns on faster and the device 
reaches its final steady state earlier. 

In addition to the drain voltage, the gate voltage also affects the internal transient 
behavior in a partially-depleted SOl NMOS device. Fig. 5.45 shows the drain current 
characteristics of a partially-depleted SOl NMOS device with an aspect ratio of 
50J.1m/O.2J.1m, biased at VDS = 1.5V. Its gate is imposed by a clock, which switches 
from OV to Vas. The pulse width is 8J.ls. The pulse frequency is 50Hz[72]. As shown 
in the figure, for a smaller gate voltage, the drain current reaches its final steady 
state value more slowly. At a smaller gate voltage, its drain current is smaller. The 
hole current generated by impact ionization is also smaller. Therefore, the process 
of the hole accumulation in the silicon thin-film is slower. Therefore, it takes a 
longer period of time for the device to reaches its final steady state. Fig. 5.46 shows 
the subthreshold characteristics of a partially-depleted SOl NMOS device with its 
parameters and transient measurements same as for the previous figure[72]. Solid 
lines show the DC results. As shown in the figure, when VD > IV, the transient 
value is smaller than the DC value. Since the holes produced by impact ionization 
during the transient cannot be accumulated in time, the parasitic BJT does not 
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Figure 5.45: Drain current characteristics of a partially-depleted SOl NMOS device 
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Figure 5.46: Subthreshold characteristics of a partially-depleted SOl NMOS device 
with its parameters and transient measurements same as for the previous figure. 
Solid lines show the DC results. 
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Figure 5.47: Switching characteristics of a partially-depleted SOl NMOS device with 
an aspect ratio of 20/1m/2/1m, a front gate oxide of 700A, a buried oxide of l/1m, 
and a silicon thin-film of 5000A doped with a p-type density of 5 x 1016cm-3 , biased 
with an input clock of 2V imposed at the gate with intervals of 250/1s and 20/1s. 

turn on yet. Therefore, its threshold voltage during the transient is larger than that 
at DC. Consequently, the subthreshold current during the transient is smaller than 
its DC value at VD > IV. On the other hand, at VD < IV, the situation is reverse. 
At VD < IV, the transient value is larger than the DC value. At VD < IV, when 
the device suddenly turns on, the holes in the silicon thin-film cannot be evacuated 
quickly. As a result, the threshold voltage of the transient one at VD is smaller than 
its DC value. Therefore, at VD < IV, its subthreshold current during transient 
is larger than its DC value. From the above reasoning, two mechanisms during 
transient exist. For VD > 1, the transient behavior is dominated by the impact 
ionization and the parasitic BJT effects. For VD < 1, the impact ionization and the 
parasitic BJT effects are not so important as compared to the hole evacuation effect. 
For VD < 1 V, the transient behavior is dominated by the change in the threshold 
voltage due to the hole evacuation condition. 

The transient behavior in a partially-depleted SOl NMOS device is also de­
pendent on the interval between consecutive turn-on cycles. Fig. 5.47 shows the 
switching characteristics of a partially-depleted SOl NMOS device with an aspect 
ratio of 20/1m/2/1m, a front gate oxide of 700A, a buried oxide of l/1m, and a silicon 
thin-film of 5000A doped with a p-type density of 5 x 1016cm-3 , biased with an input 
clock of 2V imposed at the gate with intervals of 250/1s and 20/1s[73]. As shown in 
the figure, the overshoot in the drain current is due to a lag in the hole evacuation 
process during the sudden turn-on of the device as described before. With a long in­
terval between consecutive turn-on cycles (250/18), before the turn-on of the second 
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Figure 5.48: Transient drain current of the partially-depleted NMOS device with 
a front gate oxide of 70A, a silicon thin-film of 1400A, and an aspect ratio of 
10I1m/0.3I1m, biased at Va = OV. A clock as shown is imposed at the source. 

turn-on cycle, the device has reached its stable state. Therefore, the drain current 
overshoot of the second turn-on period is identical to that of the first one. On the 
other hand, if the interval between turn-on cycles is short (20118), after the first turn­
on cycle, the device has not reached its stable off-state yet- the evacuated holes 
during turn-on have not been fully recovered to the silicon thin-film region for the 
turn-off cycle. At this time, the second turn-on cycle starts- the device suddenly 
turns on. At this time, the amount of holes in the silicon thin-film is smaller than 
that in the case with a longer interval (250118). Therefore, the threshold voltage 
is larger for the 20118 case. Consequently, the drain current overshoot during the 
second turn-on period of the 20118 case is smaller as compared to the 250l1s case. 

The leakage current in a partially-depleted SOl NMOS device is important in de­
termining the transient performance. The leakage current is related to the function 
of the parasitic BJT. Fig. 5.48 shows the transient drain current of the partially­
depleted NMOS device with a front gate oxide of 70A, a silicon thin-film of 1400A, 
and an aspect ratio of 10I1m/0.3I1m, biased at Va = OV. A clock from OV to 2.5V 
is imposed at the source[74]. In this experiment, the device is turned off such that 
it can be concentrated on the leakage current effect. When the source voltage is 
2.5V, the base-emitter junction of the parasitic BJT is reverse biased. When the 
source voltage is OV, the base-emitter junction is forward biased. When the clock 
switches from 2.5V to OV, the base-emitter junction turns on. A sudden rise in the 
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Figure 5.49: (a) A simplified circuit used to measure bitline-induced transient effect 
of a DRAM circuit built by partially-depleted SOl MOS devices. The device on the 
left represents the access transistor and the device on the right senses the voltage on 
the storage node Vs. Clocks to drive the world line and the bit line are shown.(b) 
Normalized discharge time to discharge the storage capacitance versus time interval 
between consecutive turn-low of the bit lines. 

leakage current can be seen. After the base-emitter junction turns on, the holes 
in the silicon thin-film are being evacuated. Therefore, the drain current decays. 
The interval between consecutive turn-on periods of the base-emitter junction is 
also important for the leakage current. If the interval is long (50ms), the evacuated 
holes during the turn-on of the base-emitter junction have been fully returned to 
the silicon thin-film region. During the next turn-on, the leakage current is larger 
due to the fully forward bias of the base-emitter junction. On the other hand, if the 
interval between turn-ons is short (IOO/ls), during the interval the silicon thin-film 
has not been fully recovered with all its holes. Then, during the next turn-on the 
leakage current is smaller. The leakage current can determine the time to discharge 
the storage capacitance. Fig. 5.49 shows a simplified circuit used to measure bitline­
induced transient effect of a DRAM circuit built by partially-depleted SOl MOS 
devices. The device on the left represents the access transistor and the device on 
the right senses the voltage on the storage node V.. Clocks to drive the word line 
and the bit line are shown[75]. Also shown in the figure are the discharge times for 
the DRAM circuit using bulk CMOS, fully-depleted and partially-depleted CMOS 
devices. As shown in the figure, if the time for the bitline at a high voltage is short, 
the leakage current is small as described before. Therefore, the time to discharge 
the storage capacitance is long. If the bitline time at the high voltage is long, the 

1 
(b) 



270 CHAPTER 5. SOl CMOS DEVICES-ADVANCED 

VOO=1.5V 

4.5 

4.0 L-::-~"7""-'-::"~"7""-'-::--'-::-~-:---'-:---"--:--'-::c--' 
10-2 10-1 10° 101 102 103 104 105 106 107 108 

Operating Frequency (Hz) 

Figure 5.50: Delay time versus operating clock frequency of a 54-bit adder built by 
partially-depleted SOl MOS devices. 

discharge time decreases since the leakage current increases. If the bitline time at 
the high voltage is short, regardless of the device type, the discharge time is about 
identical. If the bitline time at the high voltage is long, the partially-depleted case 
shows the worst discharge time since the leakage current is largest among three cases. 

The internal transient behavior decides the speed performance of a circuit built 
by partially-depleted SOl MOS devices. Fig. 5.50 shows the delay time versus 
operating clock frequency of a 54-bit adder built by partially-depleted SOl MOS 
devices[75]. As shown in the figure, at a high operating frequency, the delay time of 
the adder built by partially-depleted SOl MOS devices is longer since the interval 
between two consecutive on periods is shorter. Therefore, before the beginning of 
the on cycle, the silicon thin-film does not have enough time to recover its evacuated 
holes. Consequently, the threshold voltage of the devices at the beginning of the 
on cycle is larger as compared to the case with a lower operating frequency. As a 
result, a smaller driving drain current is expected at a higher operating frequency. 
Hence, the propagation delay time is longer. 

5.9 Hot Carrier Effects 

For deep-submicron CMOS devices with a very small channel length, due to a large 
lateral electric field, the hot carrier effects are important. Due to the floating body 
structure, for deep-submicron SOl CMOS devices, the hot carrier effects may be 
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Figure 5.51: IV characteristics of an SOl NMOS device with an aspect ratio of 
25I1m/2I1m, a front gate oxide of 250A, a buried oxide of 3600A, and a silicon 
thin-film of 850A, before and after stress for a period of 1500 seconds. The stress 
conditions are Va = IV, Vs = VB = 0, VD = 6.5V. 

different from those for bulk CMOS ones. In this section, hot carrier effects of SOl 
CMOS devices are analyzed. Starting from the hot carrier effect on the strong in­
version drain current of SOl NMOS and PMOS devices, the hot carrier effect on 
the subthreshold characteristics is analyzed. Then, the hot carrier degradation of 
fully-depleted and partially-depleted SOl CMOS devices is analyzed in terms of 
stress time. Comparison of the hot carrier degradation between SOl and bulk MOS 
devices is also included. In the final portion of this section, following the technique 
in studying the hot carriers for the bulk devices, monitoring the hot carrier degra­
dation in terms of the body current is presented. Differences in the body current 
between the bulk and SOl devices are explained. 

Fig. 5.51 shows the IV characteristics of an SOl NMOS device with an aspect 
ratio of 25I1m/2I1m, a front gate oxide of 250A, a buried oxide of 3600A, and a 
silicon thin-film of 850A, before and after stress for a period of 1500 seconds. The 
stress conditions are Va = IV, Vs = VB = OV, VD = 6.5V[77]. As shown in the 
figure, after stress, the drain current decreases. After stress, the hot electrons in 
the high electric field near the drain are trapped at the front oxide. Therefore, 
the threshold voltage shifts toward the positive direction. Hence, the drain current 
is decreased after stress. If the source and the drain are reversed-reverse mode, 
after stress, the degradation in the drain current is even more as compared to the 
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Figure 5.52: Drain current versus drain voltage of an SOl PMOS device with an 
aspect ratio of lQJ.lm/lJ.lm, a silicon thin-film of 916A, and a front gate oxide of 
118A, before and after stress. 

normal mode without reversing the source and the drain. After stress, in the reverse 
mode, the breakdown voltage becomes larger. This is due to the fact, in the reverse 
mode, near the source end there exist a lot of interface traps after stress. When 
impact ionization occurs, the generated holes, which are supposed to be gathered 
by the source end, are attracted by the interface traps near the source. Thus, these 
holes recombine with the traps. As a result, the parasitic BJT effect is suppressed. 
Therefore, the breakdown voltage of the reverse mode after stress is higher. 

In the previous paragraph, hot carrier effects of an SOl NMOS device have been 
reported. Here, hot carrier effects of an SOl PMOS device are described. Fig. 5.52 
shows the drain current versus drain voltage of an SOl PMOS device with an aspect 
ratio of lOJ.lm/lJ.lm, a thin-film of 916A, and a front gate oxide of 118A, before 
and after stress[78]. As shown in the figure, contrary to the NMOS case, the drain 
current decreases after stress. In addition, the generated hot electrons are injected 
into the front oxide. Therefore, the threshold voltage is shifted toward the positive 
direction. Thus, for a PMOS device its drain current increases after stress. If the 
source and the drain are reversed after stress, the enhancement in the drain current 
is smaller as compared to the normal mode- the source and the drain are not re­
versed after stress. 

Until now in this section, hot carrier effects on the strong inversion drain current 
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Figure 5.53: Subthreshold characteristics of a partially-depleted SOl NMOS device 
with an aspect ratio of 1OJ.Lm/O.17 J.Lm, a front gate oxide of 50A, a buried oxide of 
90oA, and a silicon thin-film of 50oA, before and after stress at V G = O.2V and 
V D = 3V for three minutes. 

characteristics have been analyzed. Here, hot carrier effects on the subthreshold 
characteristics are described. Fig. 5.53 shows the subthreshold characteristics of a 
partially-depleted SOl NMOS device with an aspect ratio of 1OJ.Lm/O.17J.Lm, a front 
gate oxide of 50A, a buried oxide of 90oA, and a silicon thin-film of 50oA, before 
and after stress at Va = O.2V and VD = 3V for three minutes [79J. As shown in 
the figure, before stress, owing to the parasitic BJT effect, the subthreshold slope is 
steep for VD = 2V. After stress, for the normal mode (without reversing the source 
and the drain) the characteristics does not change substantially. However, for the 
reverse mode (reversing the source and the drain) after stress, the subthreshold 
slope becomes less steep. This can be reasoned as follows. Under reverse mode 
after stress, a lot of traps gather near the source. Therefore, the holes, which are 
generated by impact ionization in the high electric field region near the drain, are 
attracted by the traps and thus recombined. Therefore, the parasitic BJT effect has 
been suppressed. As a result, the subthreshold slope becomes less steep. 

The hot carrier effects in SOl MOS devices are dependent on the stress time. 
Fig. 5.54 shows the drain current degradation versus stress time of an SOl NMOS 
device with a channel length of O.8J.Lm, a front gate oxide of l08A, a buried oxide of 
360oA, and a silicon thin-film of 700A doped with a p-type density of 5 x 1016cm-3, 
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Figure 5.54: Drain current degradation versus stress time of an SOl NMOS device 
with a channel length of O.B/-Lm, a front gate oxide of lOBA, a buried oxide of 3600A, 
and a silicon thin-film of 700A doped with a p-type density of 5 x 1016cm-3, stressed 
at VD = 4.5V. 

stressed at VD = 4.5V[BOJ. From this figure, in general, a longer stress time leads to 
a larger degradation in the drain current. When Vas - VTH for stressing becomes 
smaller, the current degradation becomes worse. The worst current degradation oc­
curs at a stress condition at Vas = VTH for the SOl NMOS device. In contrast, for 
the bulk NMOS device, the worst current degradation after stress occurs at a stress 
condition of Vas = VDs /2. The difference in the condition when the worst current 
degradation occurs after stress between the SOl and the bulk NMOS devices is prob­
ably due to the parasitic BJT effects. Fig. 5.55 shows the drain current degradation 
versus stress time for a partially-depleted SOl NMOS device with a silicon thin-film 
of 1000A doped with a p-type density of 3 x 1017 cm-3 and two fully-depleted SOl 
NMOS devices with a silicon thin-film doping density of 5 x 1016cm-3, and a channel 
length of 0.7/-Lm, stressed at Vas - VT = 0.15V and VDS = 3.BV. [BOJ. As shown 
in the figure, the partially-depleted SOl NMOS device has the worst hot carrier 
effects- the degradation is the worst among three cases. In addition, between two 
fully-depleted SOl NMOS devices, the silicon thin-film thickness does not substan­
tially affect the hot carrier degradation. 

Fig. 5.56 shows the transconductance degradation versus stress time of a fully­
depleted SOl NMOS device with an aspect ratio of 25/-Lm/0.4B/-Lm, a front gate oxide 



5.9. HOT CARRIER EFFECTS 

~ 10 ,..-----...,-------,-------, 
'i. 
<i 
Z o 

~ 
~ 
" W 
Q 

!Z w 
a: 
a: a 
a: 

v GS(stress)" VT=O·15V 

VOS(stress) =3.8V 

leff=0.7Ilm 

• PO, loonrnl3xl017cm·3 

• FD, lOOnrnl5x1016cm-3 

o FD, 70nrnl5xl016cm-3 

~ 0.1 L-____ -'-____ --'-____ --l 

~ 0.1 100 1 10 
STRESS TIME (min) 

275 

Figure 5.55: Drain current degradation versus stress time for a partially-depleted 
SOl NMOS device with a silicon thin-film of lOooA doped with a p-type density 
of 3 x 1017cm-3 and two fully-depleted SOl NMOS devices with a silicon thin­
film doping density of 5 x l016cm-3, and a channel length of O.7p,m, stressed at 
Vas - VT = O.15V and VDS = 3.8V. 
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Figure 5.56: Transconductance degradation versus stress time of a fully-depleted 
SOl NMOS device with an aspect ratio of 25p,m/0.48p,m, a front gate oxide of 
l05A, a buried oxide of 4oooA, and a silicon thin-film of gOOA doped with a p-type 
density of 1.7 x 1017cm-3, stressed at Vas = VTH . 
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Figure 5.57: Hot carrier lifetime versus l/VD of two partially-depleted SOl NMOS 
devices with a channel length of 0.3{.tm, a front gate oxide of 70A, a buried oxide of 
4000A, and a silicon thin-film of 2000A, stressed at Vas = VT . One device is with 
its body tied to ground. The other is with its body floating. 

of 105A, a buried oxide of 4000A, and a silicon thin-film of gOOA doped with a p-type 
density of 1.7 x 1Q17cm-3, stressed at Vas ~ VTH [81J. As shown in the figure, at 
different drain voltages the degradation mechanisms may be different. For VD < 5, 
the degradation is a function of (stress time)-n, where n is between 0.5 and 0.7. For 
VD > 6V, n is between 0.1 and 0.2. 

Fig. 5.57 shows the hot carrier lifetime versus l/VD of two partially-depleted SOl 
NMOS devices with a channel length of 0.3{.tm, a front gate oxide of 70A, a buried 
oxide of 4000A, and a silicon thin-film of 2000A, stressed at Vas = 0.7V. One device 
is with its body tied to ground. The other is with its body floating[82J. As shown in 
the figure, the hot carrier lifetime is defined as the elapsed time when the measured 
drain current in the saturation region is degraded by 15%, which is measured in 
reverse mode (with source and drain reversed) after stress. For a partially-depleted 
SOl NMOS device, the floating body structure affects the hot carrier performance 
substantially. With its body tied to ground, the hot carrier lifetime is longer. On 
the other hand, with its body floating, the hot carrier lifetime is shorter. Especially, 
after the onset of the kink effect, its lifetime decreases sharply due to the parasitic 
BJT effect. 
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Figure 5.58: Body current versus gate voltage of a fully-depleted SOl NMOS device 
with a front gate oxide of 7oA, and a silicon thin-film of 560A under stress. 

As for the bulk CMOS devices, hot carrier degradation can be monitored by 
measuring the body current of the SOl device under stress. By adding a body con­
tact to the silicon thin-film area, the body current of the SOl NMOS device under 
stress can be measured. Fig. 5.58 shows the body current versus gate voltage of a 
fully-depleted SOl NMOS device with a front gate oxide of 7oA, and a silicon thin­
film of 560A under stress[83]. A higher body current means that impact ionization 
is more serious, hence a higher hot carrier degradation can be expected. As shown 
in the figure, the peak in the body current is related to the peak in the hot carrier 
degradation. From the peak in the body current, the worst hot carrier degradation 
occurs at Vas = VTH , which is different from the bulk CMOS devices, where the 
worst hot carrier degradation occurs at Vas ~ VDS /2. 

Fig.5.59 shows Isub/ID(VD - VDSAT) versus l/(VD - VDSDAT) of SOl and bulk 
NMOS devices with an aspect ratio of 9.5J1,m/1.4p,m under stress [84]. The bulk 
device has a gate oxide of 86A, and a source/drain junction depth of 2000A. The SOl 
device has a front gate oxide of 90A. From this figure, the hot carrier degradation 
in the SOl devices is much smaller than that in the bulk. In addition, the hot 
carrier degradation is not sensitive to the silicon thin-film thickness of the SOl MOS 
devices. 
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Figure 5.59: Isub/ID(VD - VDSAT) versus l/(VD - VDSAT) of SOl and bulk NMOS 
devices with an aspect ratio of 9.511,m/1.4J.Lm under stress. The bulk device has a 
gate oxide of 86A, and a source/drain junction depth of 2000A. The SOl device has 
a front gate oxide of 90A. 

5.10 Thermal Analysis 

Due to the buried oxide structure, SOl CMOS devices are sensitive to the thermal 
effect. In this section, thermal analysis of SOl CMOS devices is described. Specifi­
cally, starting from the effect of the ambient temperature on the carrier mobility, the 
influence of the ambient temperature in the threshold voltage, the leakage current, 
and the kink effect are presented. Then, the lattice temperature effect due to self­
heating on the drain current and the transient behaviors is analyzed. In addition, 
the influence of the SOl structure in terms of the silicon thin-film and buried oxide 
thickness in the lattice temperature is discussed. In the final portion of the section, 
thermal coupling between devices for SOl circuits having various layouts is described. 

When the ambient temperature is changed, the surface mobility in an SOl NMOS 
is affected. Fig. 5.60 shows the surface mobility versus ambient temperature of an 
SOl NMOS device[85]. When the ambient temperature is raised, the surface mo­
bility is lowered. In addition, when the back gate bias becomes more negative, the 
surface mobility is also degraded due to the increased surface electric field. When 
the back gate bias is very negative, strong inversion at the substrate surface or hole 
accumulation at the bottom of the silicon thin-film may exist. Under this situation, 
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Figure 5.60: Surface mobility versus ambient temperature of an SOl NMOS device. 

the back gate bias effect on the surface mobility becomes saturated. 

In addition to mobility, threshold voltage of an SOl CMOS device is also sen­
sitive to the ambient temperature. Fig. 5.61 shows the threshold voltage versus 
ambient temperature of an inversion-mode fully-depleted SOl NMOS device with 
a front gate oxide of 190A, and a silicon thin-film of 1000A doped with a p-type 
density of 1.6 x 1017 cm3 [86]. Also shown in the figure are the threshold voltages for 
partially-depleted SOl and bulk NMOS devices. As shown in the figure, the sensi­
tivity of the threshold voltage to the ambient temperature of the partially-depleted 
SOl and bulk NMOS devices is about two to three times higher than that of the 
fully-depleted SOl NMOS devices since the depletion width under the channel in 
the partially-depleted SOl and bulk NMOS devices changes when the ambient tem­
perature varies. However, for the fully-depleted devices, the fully-depleted silicon 
thin-film does not depend on the ambient temperature. It's worth pointing out that 
when the ambient temperature rises, the difference in the threshold voltage sensitiv­
ity to the ambient temperature between the partially-depleted and the fully-depleted 
SOl NMOS devices narrows. 

Leakage current, which is important in determining the performance of an SOl 
MOS device, is sensitive to temperature variations. Fig. 5.62 shows the off leakage 
current versus ambient temperature of accumulation-mode SOl PMOS devices bi­
ased at VG = OV and VD = -3V [1]. Also shown in the figure is the off leakage 
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Figure 5.61: Threshold voltage versus ambient temperature of an inversion-mode 
fully-depleted SOl NMOS device with a front gate oxide of 190A, and a silicon thin­
film of lOooA doped with a p-type density of 1.6 x 1017 cm -3. Also shown are the 
threshold voltages for partially-depleted SOl and bulk NMOS devices. 
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Figure 5.62: Off leakage current versus ambient temperature of accumulation-mode 
SOl PMOS devices biased at Va = OV and VD = -3V. 
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Figure 5.63: ID versus VDS of a partially-depleted SOl NMOS device with an aspect 
ratio of 50ILm/20ILm, a front gate oxide of 250A, a buried oxide of 4500A, and a 
silicon thin-film of 2500A doped with a p-type density of 1017 cm-3 . 

current for the bulk device. As shown in the figure, the leakage of the bulk device 
is much more ambient-temperature dependent than that of the accumulation-mode 
SOl PMOS device since the leakage current in the bulk device is dominated by the 
reverse-biased diode current between the drain and substrate. Therefore, the leakage 
current of the bulk device is ex nr. On the other hand, for the SOl device, the drain 
is separated from the substrate by the buried oxide. Therefore, no diode current 
exists between the drain and the substrate. In the SOl device, the leakage current 
is mainly from the thermal generation current, which is linearly proportional to the 
intrinsic carrier concentration (ex ni). Therefore, the sensitivity of the SOl device 
to the temperature is much smaller than that of the bulk device. 

In addition to the mobility, the threshold voltage, and the leakage current, the 
IV behavior of an SOl MOS device is also dependent on the ambient temperature. 
Fig. 5.63 shows ID versus VDS of a partially-depleted SOl NMOS device with an 
aspect ratio of 50ILm/20ILm, a front gate oxide of 250A, a buried oxide of 450oA, and 
a silicon thin-film of 2500A doped with a p-type density of 1017 cm-3 [87]. As shown 
in the figure, when the temperature rises, the mobility is degraded. Therefore, the 
drain current is reduced. When the temperature rises, the impact ionization rate is 
decreased. Therefore, the kink effect becomes smaller at a higher temperature. 

Until now in this section, the temperature dependence is referred to raising the 
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Figure 5.64: ID versus VDS characteristics of a fully-depleted SOl NMOS device 
with a front gate oxide of 175A, a buried oxide of 380oA, and a silicon thin-film of 
sooA, operating at 300K and 77K. 

ambient temperature. Here, self-heating of an SOl MOS device operating at 77K 
is described. Fig. 5.64 shows ID versus VDS characteristics of a fully-depleted SOl 
NMOS device with a front gate oxide of 175A, a buried oxide of 380oA, and a sil­
icon thin-film of 8ooA, operating at 300K and 77K[88]. As shown in the figure, 
at the low temperature, the negative differential output resistance is more notice­
able. This is due to the fact that at the low temperature a higher mobility can 
be reached. Therefore, the drain current is larger at the low temperature, hence 
more power dissipation. As a result, self-heating is more noticeable at the low 
temperature. In addition, the thermal conductivity of the oxide is worse at the 
low temperature also contributes to the more noticeable negative output resistance 
behavior. Fig. 5.65 shows the thermal conductivity (Kox) and thermal resistance 
(Rth ) versus temperature with a silicon thin-film of 800A[89]. From the figure, since 
the thermal conductivity of the oxide varies with the temperature, the thermal re­
sistance of the device is not fixed. With an identical buried oxide thickness, the 
thermal resistance of the device drops when the temperature rises. With a thinner 
buried oxide, the thermal resistance becomes smaller. 

As described before, due to the buried oxide structure, self heating of an SOl 
MOS device can not be overlooked. Due to self heating, the temperature in the 
silicon thin-film may rise above the ambient temperature- self-heating due to the 
lattice temperature. The lattice temperature of an SOl MOS device is dependent on 
two factors: the silicon thin-film thickness and the buried-oxide thickness. Fig. 5.66 
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Figure 5.65: Thermal conductivity (Kox) and thermal resistance (Rth ) versus tem­
perature of an SOl MOS device with a silicon thin-film of 800A. 
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Figure 5.66: Lattice temperature versus power dissipation of an SOl NMOS device 
with an aspect ratio of lOflm/O.3flm, and a front gate oxide thickness of 55A. 
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Figure 5.67: Drain current and the lattice temperature during the transient of a 
fully-depleted SOl MOS device with an aspect ratio of 2.4jLm/1.8/1,m, a front gate 
oxide of 150A, a buried oxide of 330oA, and a silicon thin-film of 170oA, with a 
sudden rise in the drain voltage. 

shows the lattice temperature versus power dissipation of an sal NMOS device 
with an aspect ratio of 10jLm/O.3jLm, and a front gate oxide thickness of 55A[90]. 
As shown in the figure, when the power dissipation increases, the lattice temperature 
rises. In addition, a thinner silicon thin-film leads to a higher sensitivity to the power 
dissipation. Compared to the bulk device, from the silicon thin-film thickness point 
of view, the sal device has a much higher lattice temperature sensitivity. On the 
other hand, the lattice temperature is also sensitive to the buried oxide thickness. 
As shown in the figure, a thicker buried oxide leads to a higher lattice temperature 
due to a poorer heat dissipation capability. 

Until now in this section, the thermal analysis is on the DC performance of an 
sal MaS device. In fact, self-heating also affects the transient behavior. Fig. 5.67 
shows the drain current and the lattice temperature during the transient of a fully­
depleted sal MaS device with an aspect ratio of 2.4jLm/1.8jLm, a front gate oxide 
of 150A, a buried oxide of 330oA, and a silicon thin-film of 1700A [91]. As shown in 
the figure, with a sudden rise in the drain voltage, the drain current rises suddenly 
to a peak. Along with an increase in the power consumption, the accumulated heat 
results in a gradual rise in the lattice temperature as shown in the figure. Note that 
the response time in the thermal effect is very slow. Therefore, due to the lattice 
temperature effect, the drain current falls accordingly to a stable DC value. 

100 



Figure 5.68: Small-signal output conductance of a partially-depleted SOl NMOS 
device with an aspect ratio of 20j.lm/5j.lm, a front gate oxide of 250A, a buried oxide 
of 4150A, and a silicon thin-film of 1780A, biased with VDS - VDSAT = 1.8V and 
with its body tied to source. A sinusoidal signal with various frequencies is imposed 
at the drain. 

As described in the previous paragraph, it takes some time for self heating of 
an SOl MOS device. Therefore, depending on the frequency of the imposed input 
signal to an SOl MOS device, the influence of self-heating varies. Fig. 5.68 shows 
the small-signal output conductance of a partially-depleted SOl NMOS device with 
an aspect ratio of 20j.lm/5j.lm, a front gate oxide of 250A, a buried oxide of 4150A, 
and a silicon thin-film of 1780A, biased with VDS - VDSAT = 1.8V and with its 
body tied to source. A sinusoidal signal with various frequencies is imposed at the 
drain[92]. As shown in the figure, when a IMHz sinusoidal signal is imposed at the 
drain, the response of self-heating is lagging behind. Therefore, its output conduc­
tance is identical to the one as for the bulk devices- the output conductance is 
linearly proportional to the drain current. When the frequency of the input sinu­
soidal signal falls, self-heating gradually affects the device operation. As a result, 
the output conductance decreases when the drain current rises. When the frequency 
is smaller than 20KHz, even a negative output conductance can be seen. Therefore, 
self-heating is most noticeable when the frequency of the imposed input signal is low. 

In addition to self-heating, thermal c0upling among devices in a circuit using SOl 
MOS devices is also important for thermal analysis. Here, a current mirror circuit is 
used to exemplify the thermal coupling effect. Fig. 5.69 shows the rise in Yin versus 
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Figure 5.69: Rise in Yin versus Vout of a current mirror circuit with various layouts 
of fully-depleted SOl NMOS devices with an aspect ratio of 20j-tm/2j-tm, a buried 
oxide of 30ooA, and a silicon thin-film of lOOOA. 

Vout of a current mirror circuit with various layouts of full-depleted SOl NMOS 
devices with an aspect ratio of 20j-tm/2j-tm, a buried oxide of 30ooA, and a silicon 
thin-film of lOOOA[93]. In layout A, the source terminals of the two devices in the 
current mirror circuit share the same region. Therefore, via the shared source silicon 
thin-film area, the heat from one device can affect the other. In layout B, except 
the polysilicon gate and the metal interconnect, two devices are separated from each 
other. During the measurement, at the diode-connected side of the current mirror 
circuit, a constant current source of lin is imposed. By changing the voltage at the 
output end (Vout ) , the Vas of the diode-connected device-Yin is measured . The 
purpose of this experiment is to see the thermal coupling from the output device 
to the diode-connected device. As shown in the figure, when the output voltage is 
changed, the input voltage is changed accordingly due to the thermal coupling effect. 
When Vout becomes higher, the power dissipation and thus the lattice temperature of 
the output device rise accordingly. Via thermal coupling between devices, the lattice 
temperature of the input diode-connected device also rises. Therefore, the carrier 
mobility of the input diode-connected device drops. Consequently, the input voltage 
needs to increase such that a constant current (lin) can be maintained. Therefore, 
thermal coupling between two devices can be measured using this current mirror 
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Figure 5.70: VI;; versus Va of an SOS(silicon-on-sapphire) NMOS device for various 
ionizing dose levels. 

circuit. Compared to layout B, thermal coupling between two devices in the current 
mirror circuit using layout A is more noticeable. Depending on the layout of the 
circuit, thermal coupling between devices also takes time [94]. For example, for the 
current mirror circuit using layout A, the time for the thermal coupling from the 
output device to the input diode-connected device takes about 7 J-LS, which is much 
longer than those observed for self-heating of individual devices. Therefore, the 
thermal effect in SOl MOS devices is also layout-dependent. 

5.11 Radiation Hardness 

Owing to isolation from the buried oxide, SOl MOS devices are known for their 
radiation hardness capability. With the buried oxide structure, the photo-current 
generated from radiation can be reduced in SOl MOS devices. However, when ion­
izing radiation penetrates through the oxide, electrons and holes are generated and 
move under the influence of the electric field. Some electrons may move out of the 
oxide. Holes move toward the negative electrode and may be trapped in the oxide. 
The most serious case is when the trapped positive charge exists at the oxide inter­
face. Under this situation, device performance can be substantially affected. In this 
section, the radiation effect on the leakage current, the threshold voltage, the sub­
threshold slope, the strong-inversion drain current, and the transient performance 
of SOl MOS devices is analyzed sequentially. 

This trapped positive charge may cause strong inversion at the bottom of the 
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Figure 5.71: Threshold voltage shift versus total radiation dose of a fully-depleted 
SOl PMOS device with a channel length of 4.3j.Lm, a front gate oxide of 109A, a 
buried oxide of 3800A, and a silicon thin-film of 450A. 

silicon thin-film. As a result, the front gate has no control over the back channel. 
Fig. 5.70 shows..;r;; versus Va of an SOS(silicon-on-sapphire) NMOS device for var­
ious ionizing dose levels[95]. As shown in the figure, when the gate voltage is small, 
a substantial amount of leakage current exists. In addition, with a higher ionizing 
dose level, the amount of the leakage current is larger since the back channel at the 
bottom of the silicon thin-film caused by the trapped positive charge at the oxide 
interface turns stronger. 

Fig. 5.71 shows the threshold voltage shift versus total radiation dose of a fully­
depleted SOl PMOS device with a channel length of 4.3j.Lm, a front gate oxide of 
109A, a buried oxide of 3800A, and a silicon thin-film of 450A [96]. The trapped 
charge caused by radiation depends on the biasing condition of the device when 
exposed to radiation. In the figure, on-state means that the device is exposed to 
radiation when the device is biased at VGl = -4V and VD = O. Off-state means 
that the device is exposed to radiation when the device is biased at VGl = OV and 
VD = -4V. Also shown in the figure is the result for a compatible bulk device. 
As shown in the figure, when the radiation dose increases, the threshold voltage 
shift rises due to the increased amount of trapped charge at the oxide interface. 
Compared to the bulk device, the SOl device shows a much worse threshold voltage 
shift from radiation because more holes are trapped in the buried oxide. Fig. 5.72 
shows the subthreshold characteristics and the strong-inversion drain current degra-
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Figure 5.72: Subthreshold characteristics and the strong-inversion drain current 
degradation versus total radiation dose of the fully-depleted SOl PMOS device with 
its parameters as described in the previous figure. 

dation versus total radiation dose of the fully-depleted SOl PMOS device with its 
parameters as described in the previous figure[96]. As shown in the figure, without 
radiation, the subthreshold slope of the SOl device is better than that of the bulk 
device. When the radiation dose increases, the difference in the subthreshold slope 
between the bulk and the SOl devices narrows. When the radiation dose exceeds 
5 x 1Q5rad, the subthreshold slope of the SOl device becomes worse than that of the 
bulk device due to the hole trapping in the buried oxide via electrostatic coupling 
between the front and the back oxide interfaces. On the other hand, the strong­
inversion drain current of the bulk device is insensitive to the radiation dose. In 
contrast, the SOl device is quite sensitive to it. With a larger radiation dose, the 
strong-inversion drain current degrades more for the SOl device. 

In addition to the effects described above, the transconductance of an SOl MOS 
device is strongly affected by the radiation. Fig. 5.73 shows the transconductance 
versus gate voltage of an SOl NMOS device with a silicon thin-film of 1500A[97]. As 
shown in the figure, when the radiation dose increases, the transconductance curve 
shifts toward the negative direction. This implies that a large amount of trapped 
charge at the buried oxide interface makes the threshold voltage move left. In ad­
dition, with radiation, when the gate voltage decreases, the transconductance does 
not fall from its peak value directly. Instead, with radiation its transconductance 
falls from peak more slowly due to the back channel induced by the trapped positive 
charge at the buried oxide interface. From the figure, the peak value of transcon-
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Figure 5.73: Transconductance versus gate voltage of an SOl NMOS device with a 
silicon thin-film of 1500A. 

ductance falls when the radiation dose increases-with a higher radiation dose, the 
quality of the silicon thin-film, the carrier mobility, and parasitic resistance become 
worse. 

The damage caused by radiation can be recovered by an isothermal anneal at 
140C. Fig. 5.74 shows the drain leakage current versus gate voltage of an SOl MOS 
device with various isothermal annealing times[98]. From this figure, when the 
annealing time becomes longer, the leakage current caused by the C060 gamma ir­
radiation becomes smaller, even back to the previous undamaged value. 

Fig. 5.75 shows single-ion particle effects on an SOl NMOS device[99][100]. When 
a single-ion particle hits an SOl NMOS device accidentally, a large amount of elec­
trons and holes are produced. Electrons are collected by the drain. The generated 
holes move to the silicon thin-film body. As a result, a pulse of the drain current, 
which is the ion current as shown in the figure, can be seen. Due to the remaining 
holes, the potential of the silicon thin-film body rises, which triggers the turn-on of 
the parasitic BJT. As a result, the leakage current with a long period can be seen. 

5.12 Noise 

In this section, noise behavior of the SOl CMOS devices is described. First, the 
noise spectrum of a partially-depleted SOl CMOS device is described. The noise 
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Figure 5.76: Noise spectrum of a partially-depleted SOl CMOS device with a front 
gate oxide of 230A, a buried oxide of 380oA, and a silicon thin-film of 150oA. 

in a partially-depleted CMOS device is also related to the kink effect. In the final 
portion of this section, the kink effect related noise is analyzed. 

Fig. 5.76 shows the noise spectrum of a partially-depleted SOl CMOS device 
with a front gate oxide of 230A, a buried oxide of 380oA, and a silicon thin-film of 
1500A[101]. As shown in the figure, in the low frequency regime (f < 1KHz), it is 
dominated by the II! flicker noise. In the high frequency regime (f > lOMHz), it 
is dominated by white noise. As for the bulk CMOS devices, the flicker noise of the 
SOl CMOS devices is due to the surface scattering at the Si - Si02 interface. The 
white noise is due to random motion of the carriers at the operating temperature. 
As shown in the figure, between the flicker noise regime and the white noise regime, 
there is a hump in the noise characteristics, which is owing to the equivalent re­
sistance of the neutral region in the silicon thin-film of the partially-depleted SOl 
MOS devices. This noise hump caused by the equivalent resistance of the neutral 
region, is filtered by a RC low-pass filter, where R is the equivalent resistance of the 
neutral region and C is made of the capacitances from the front and buried oxides. 

In addition to the hump noise described above, for a partially-depleted MOS de­
vice, there is a noise overshoot, which is related to the kink effect. Fig. 5.77 shows 
the normalized drain current noise versus drain voltage of a partially-depleted SOl 
NMOS device with an aspect ratio of 9.5JLm/1JLm, a front gate oxide of 115A, a 
buried oxide of 30ooA, a silicon thin-film of loooA, an aspect ratio of W IL = 
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Figure 5.77: Normalized drain current noise versus drain voltage of a partially­
depleted SOl NMOS device with an aspect ratio of 9.5/-Lm/1/-Lm, a front gate oxide 
of 1I5A, a buried oxide of 3000A, a silicon thin-film of 1000A (left device), an aspect 
ratio of W /L = 20/-Lm/1/-Lm, a front gate oxide of 200A, a buried oxide of 4000A, 
and a silicon thin-film of 1800A ( right device). 

20/-Lm/1/-Lm, a front oxide of 200A, a buried oxide of 4000A, and a silicon thin-film 
of 1800A [102][103]. As shown in the figure, at certain frequencies, there exists a 
noise overshoot, which occurs at a biasing condition where the kink effect also hap­
pens. With the similar reasoning as for the kink effect, the noise overshoot is also 
due to impact ionization. The holes generated from impact ionization flow to the 
bottom of the silicon thin-film. As a result, trapping and detrapping between these 
holes and the interface states at the buried oxide interface lead to this extra noise 
source, which is further affected by the floating body and the parasitic BJT. At 
the onset of the kink effect, the conductance of the body-to-source diode is highest. 
Therefore, propagation of this extra noise source is the most at the onset of the 
kink effect- the kink-effect related noise overshoot. The kink-effect related noise 
overshoot, which is low-frequency noise[103], is especially noticeable at a frequency 
below 100Hz. 

Fig. 5.78 shows the comparison of the low-frequency noise spectra in single-gate 
and double-gate SOl NMOS devices with various aspect ratios, a front gate oxide 
of 300A, and a silicon thin-film of 1000A for the double-gate and 1200A for the 
single-gate doped with a density of 5 x 1016cm-3[104]. As shown in the figure, the 
double-gate device has a much lower noise level than the single-gate device. Fig. 5.79 
shows the equivalent gate voltage noise versus drain voltage of the single-gate and 
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the double-gate SOl NMOS devices, with a front gate oxide of 50oA, biased at 
a drain current level of 5f-tA and operating at lOHz[104]. As shown in the figure, 
compared to the single-gate device, in addition to a lower noise level, the double-gate 
device does not have noise overshoot, which is due to the fact that the double-gate 
device is more easily fully-depleted. Besides, there are no interface states at the 
buried oxide interface in the double-gate devices. 

5.13 Summary 

In this chapter, DC and the capacitance models for the accumulation-mode SOl 
MOS devices have been presented. Sensitivity of the threshold voltage to the sili­
con thin-film thickness of SOl CMOS devices has been studied. When the silicon 
thin-film is too thin, the threshold voltage of the SOl CMOS devices may be very 
sensitive to the silicon thin-film thickness. For partially-depleted SOl MOS devices, 
due to the floating body structure, impact ionization and parasitic BJT effects are 
important. The kink effect in the strong inversion region and the peculiar sub­
threshold characteristics have been analyzed. Due to the floating body structure, 
the positive feedback in the device causes the single-transistor latch phenomenon. 
The drain breakdown voltage can also be affected by the floating body. The sub­
threshold behavior of the partially-depleted SOl MOS devices have been analyzed. 
A SiGe-implanted SOl MOS device to reduce the floating body effect has also been 
reported. Due to the floating body structure, transient performance of SOl CMOS 
devices may be quite different from that of bulk ones. Transient analysis of SOl 
CMOS devices has been described. As for bulk CMOS devices, deep-submicron 
SOl CMOS devices also have hot carrier effects due to the high electric field in the 
lateral channel. Hot carrier effects of the SOl CMOS devices have been analyzed. 
Due to the poor heat dissipation capability from the buried oxide structure, the 
temperature effect is important in SOl CMOS devices. Thermal analysis of the SOl 
CMOS devices has been presented. Owing to the buried oxide structure, SOl CMOS 
devices also have superior properties in radiation hardness. Radiation hardness and 
the noise analysis of SOl MOS devices have also been analyzed. 
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Problems 

1. Consider an accumulation-mode SOl PMOS device with an N+ poly-gate, a 
channel length of 0.5jlm, a channel width of 10jlm, a front gate oxide of l20A, 
a buried oxide of 3500A, and a silicon thin-film of sooA doped with a p-type 
density of 5 x 1016cm-3. Other parameters are the same as listed in Sec. 5.1 and 
Table 5.1. 

(a) Compute the threshold voltages of the device if it is biased at VDS = -0.1 V 
and VDS = -2V. 

(b) Compute VDsatl , VDsat2, VDsat3. 

(c) When the device is biased at Ves = -IV and VDS = -2.5V, based on Sec. 
5.1, in which case the device operates? What is IDs? 

(d) If the device is biased at Ves = -2.5V and VDS = -IV, repeat (c). 

2. Consider an accumulation-mode SOl PMOS device with an N+ poly-gate, a 
channel length of lOjlm, a channel width of lOjlm, a front gate oxide of l20A, 
a buried oxide of 4oooA, a silicon thin-film of 1000A with a p-type density of 
3 x 1016cm-3, and a p-type substrate doped with a density of 1015cm-3, biased 
at VDS = -0.01 V. 
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(a) If the device is biased at Va2 = 2.5V and -2.5V, what is the threshold 
voltage? 

(b) At Va2 = 2.5V and -2.5V, compute Cas and plot Cas versus VOl' 

(c) Analyze the Cas versus VOl plot to find out at what Va2 the two-step phe­
nomenon is the most noticeable. At what VG2 , this two-step phenomenon 
disappears. 

(d) Compute the maximum value of the fringing capacitance. 

(e) If the channel length of the device is shrunk to 0.5J-tm, repeat (b). Compare 
the difference between considering the fringing effect and without. 

3. Consider an inversion-mode SOl NMOS device with an N+ poly-gate, a channel 
length of 5J-tm, a channel length of 10J-tm, a front gate oxide of 150A, a buried 
oxide of 4000A, a silicon thin-film of 1000A doped with a p-type density of 
5 x 1016cm-3, and a p-type substrate doped with a density of 1015cm-3. Mobility 
is 500cm2/Vsec. Based on Sec. 5.2 and Sec. 5.3, 

(a) Plot CDa and CaD versus Vas if the device is biased at VDS = O.IV and IV. 

(b) Consider the circuit as shown in Fig.5.13. If the load capacitance is CL = 
O.lpF, Vas switches from OV to 3.3V in O.lns, compute the transient wave­
form at Vout . The initial value of the output is 3.3V. 

(c) If the channel length is shrunk to 0.5J-tm, considering velocity saturation 
(vsat = 107cm/sec), channel length modulation, and the fringing effect, re­
peat (a) and (b). 

4. Considering a fully-depleted inversion-mode SOl NMOS device with an N+ poly­
gate, a channel length and a channel width of 10J-tm/1OJ-tm, a front gate oxide of 
80A, a buried oxide of 4000A, a p-type silicon thin-film, and a p-type substrate 
doped with a density of 1015cm-3. VDS = VES = OV. 

(a) If the silicon thin-film doping density is 5 x 1016cm-3 and 2 x 1016cm-3, 

compute d~:~ versus tsi (silicon thin-film thickness) when the silicon thin­
film is fully-depleted. 

(b) If the dopant of the silicon thin-film is switched to n-type, the device becomes 
accumulation-mode. Repeat (a). 

(c) If the back gate is biased at -5V and the buried oxide is 2oooA, repeat (a) 
and (b). 
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(d) Consider a double-gate SOl NMOS device with a top gate oxide of 100A and 
a bottom gate oxide of 200A. Repeat (a) and (b). 

(e) Analyze the sensitivity under all situations in (a)-(d). 

5. Consider an SOl NMOS device with an N+ poly-gate, a channel length of 2JLm, a 
channel width of 10JLm, a front gate oxide of 200A, a buried oxide of lJLm, and a 
silicon thin-film thickness of 5000A doped with a p-type density of 8 x 1016cm-3. 

Other parameters are as listed in Sec. 5.6. 

(a) Before the onset of the kink effect, what is the threshold voltage? 

(b) At VGS = 1.5V and 3V, compute VDS at the onset of the kink effect. 

(c) As in (b), at VDS = 6V, compute the corresponding threshold voltages. 

(d) If the silicon thin-film doping density is changed to 1017 cm-3 and 5 x 1016cm-3 , 

repeat (a)-(c). 

(e) If the device is stressed to generate a large amount of interface traps such 
that all the related lifetimes become O.lx, repeat (a)-(d). 

6. Consider an inversion-mode SOl NMOS device with an N+ poly-gate, a channel 
length and a channel width of 10JLm, a front gate oxide of 250A, a buried oxide 
of lJLm, and a silicon thin-film thickness of 5000A doped with a p-type density 
of 5 x 1016cm-3. If the device is biased at VDS = 0.1 V and VGS switches from 
OV (turn-off) to 3V (turn-on) suddenly, 

(a) What is the change in the electrostatic potential at the front oxide/silicon 
thin-film interface? 

(b) If at the turn-on the device, holes can not be evacuated in time, the elec­
trostatic potential in the silicon thin-film stays unchanged. At this moment, 
the potential difference between the body and the source is identical to the 
result in (a). Compute the effective threshold voltage at this moment. 

(c) From (b), compute IDs at the sudden turn-on with the floating body and 
with the body grounded. 

(d) If the silicon thin-film doping density becomes 1017 cm-3 and 2 x 1016cm-3, 

repeat (a)-(c). 
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7. Consider two inversion-mode SOl NMOS devices with an N+ poly-gate, a channel 
length and a channel width of 10J.Lm, a front gate oxide of 150A, a buried oxide of 
3500A, and a grounded substrate doped with a p-type density of 5 x 1016cm-3. 

The silicon thin-film thicknesses are 800A and 5000A. Consider the influence 
of the temperature-dependent intrinsic carrier concentration (ni) and energy 
bandgap (Eg). 

(a) At room temperature, what is the thickness of silicon thin-film such that 
fully-depleted condition can be reached? 

(b) At 300C, repeat (a). 

(c) Compute the threshold voltages of these two devices from room temperature 
to 300C. 

(d) If the silicon thin-film doping density becomes 2 x 1016cm-3 and 1017cm-3, 

repeat (a)-(c). 

(e) For accumulation-mode SOl NMOS devices with a n-type silicon thin-film 
doping density of 2 x 1016cm-3, repeat (a) and (b). If the silicon thin-film 
thickness is 800A, repeat (c). 

(f) Consider a double-gate device with a front gate oxide of 100A, a back gate 
oxide of 200A, a silicon thin-film of 800A doped with a p-type density of 
5 x 1016cm-3. Repeat (a)-(d). 

(g) Compute the sensitivity of the threshold voltage with respect to temperature 
for the above cases. 



Chapter 6 

SOl-Technology ST-SPICE 

As described in the previous chapters, SOl CMOS technology has been regarded as 
another major VLSI technology in addition to bulk CMOS technology. VLSI circuits 
using SOl CMOS technology have been reported increasingly. Since the performance 
of SOl CMOS devices is quite different from that of the bulk ones, SOl VLSI circuits 
have demonstrated unique phenomena as described in Chapter 3. When designing 
SOl VLSI circuits, the SPICE CAD program designed for bulk CMOS devices may 
not be sufficient for circuit simulation. In this chapter, by including the analytical 
device models of deep-submicron fully-depleted SOl CMOS devices described in the 
last two chapters, SOl-Technology- ST-SPICE 1 suitable for CAD of SOl CMOS 
VLSI circuits is described. Starting from the basic concepts of the SPICE program, 
analytical device models of deep-submicron fully-depleted SOl CMOS devices used 
in ST-SPICE for CAD of VLSI circuits are explained. In the final portion of this 
section, usage of the ST-SPICE CAD program for analyzing the steady state and 
transient behaviors of SOl CMOS circuits is presented. 

6.1 Overview 

SOl technology has been becoming an important technology for deep-submicron 
CMOS VLSI[l ][2]. Using deep-submicron SOl technology, various VLSI circuits in­
cluding DRAM, SRAM, logic circuits and gate arrays have been integrated [3]-[8]. 
As compared to the bulk CMOS circuits, SOl CMOS circuits have a better speed 
performance owing to smaller parasitic capacitances. As a result, higher-speed low­
power applications can be obtained. The behaviors of deep-submicron SOl CMOS 
devices are quite different from those of bulk ones. In advanced deep-submicron 

1ST-SPICE fully-depleted SOl CMOS device models are available at http:/ / 
www.ee.ntu.edu.tw/www/faculty/jb-kuofjb-kuo.htm 
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CMOS technologies [9]-[11] especially for integrating memory circuits [3]-[5][12], 
narrow-channel and short-channel effects [13]-[16] are important in determining the 
device performance [17] [18]. In addition, sidewall conduction of narrow-channel SOl 
CMOS devices can not be neglected [19][20]. Furthermore, when channel length 
is very small, electron temperature effect is also important [21][22]. Therefore, re­
lated current and capacitance models should be adjusted to include these effects 
accordingly [23]. On the other hand, at a large drain voltage, the non-local im­
pact ionization [24] and parasitic BJT effect [25] need to be considered. For SOl 
CMOS devices, heat dissipation capability is not good. Therefore, thermal effect can 
not be overlooked[26][27]. Under this situation, conventional SPICE programs [28]' 
which are designed for bulk CMOS circuits, may not be applicable for simulation of 
deep-submicron SOl CMOS circuits. A SPICE program including these SOl device 
models suitable for simulation of SOl CMOS circuits is useful. In this chapter, an­
alytical device models of deep-submicron fully-depleted SOl CMOS devices used in 
ST-SPICE for CAD of VLSI circuits are described. It will be shown that as verified 
by 3D device simulation and experimental results, inclusion of these models in the 
ST-SPICE program is important in providing a good prediction of DC and tran­
sient behaviors of fully-depleted mesa-isolated SOl CMOS circuits. In the following 
sections, description of the fundamentals of the SPICE program is introduced first. 
Then SOl CMOS models used in the ST-SPICE program are presented, followed 
by the usage and verification of the ST-SPICE program containing the SOl CMOS 
device models. 

6.2 BSIM Models 

Circuit simulation, which can be used to evaluate the performance of the proposed 
circuits before the IC is fabricated, is an indispensable tool for engineering VLSI 
circuits. SPICE circuit simulation is an important CAD tool for designing circuits. 
The contributions of SPICE to the progress of the ICs are well recognized. 

In the SPICE program, the accuracy of the CMOS device models is critical for 
determining the precision of the results. SPICE CMOS device models have been con­
tinuously improved in the past. The SPICE MOS model was improved from Level 
1 in 1970, to Level 2 & 3 in 1980s. In late 1980s, BSIM model was announced[28]. 
Levell model, which is also called Shichman-Hodges model, is suitable for MOS 
device with a channel length of greater than 2J.1m. Level 2 model, which is suit­
able for MOS devices with a channel length of smaller than 2J.1m, already includes 
the second-order effects including the lateral and vertical electric field dependent 
mobility model. Level 3, which is a semi-empirical model, has a better mobility 
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model. Following these models are the second-generation models BSIM and BSIM2. 
The BSIM models are suitable for bulk CMOS devices with a channel length of less 
than IJ.tm. The BSIM models emphasize the influence of the process variations in 
the device models. Hot electron effects have also been considered. These models 
are arranged for efficient circuit simulation. However, these models are based on 
a semi-empirical approach. Sometimes, complicated polynomial eq~ations are re­
quired. Therefore, sometimes physical meanings cannot be perceived. BSIM3 is 
the third-generation SPICE model. In BSIM3, models are with physical meanings 
such that a perceivable relationship between the model parameters and the actual 
device structures can be maintained. BSIM3 has also been evolved continuously for 
smooth model equations. In the future deep-submicron CMOS devices, there is an 
increasing need to have a more complete set of CMOS device models to be used for 
CAD of ULSI circuit design. In addition, for simulation of the ULSI circuits such 
as 16Gbit DRAM, due to a large number of transistors involved, during the tran­
sient analysis, to make the iterations converged is a challenging task. For the future 
deep-submicron CMOS devices used for ULSI circuits, the SPICE CMOS device 
models need to be compact and accurate-physical models with physical meanings 
are important. 

Until now, the BSIM3 models developed for bulk CMOS devices cannot be used 
sufficiently for SOL Due to the different device structures, most ofthe BSIM3 models 
are not applicable. For example, the back-gate bias effect on the threshold voltage 
is different from that for bulk ones. Small-geometry effects on the threshold voltage 
for SOl CMOS devices need to be reconstructed. Electron-temperature dependent 
mobility models are also required for deep-submicron SOl CMOS devices. Due to 
the mesa-isolated silicon thin-film structure above the buried oxide, the subthresh­
old current hump model needs to be included. In addition, the capacitance model 
is also different for the SOl CMOS devices. Specifically, the extrinsic parasitic ca­
pacitances due to the depletion regions between the source/drain and the substrate 
areas disappear. Instead, the parasitic capacitances are mostly due to the fringing 
electric field. In addition, owing to the electron temperature effect, the BSIM intrin­
sic capacitances models are not sufficient for the deep-submic~on SOl CMOS devices. 

In this chapter, physical models used in the ST-SPICE program for deep-submicron 
fully-depleted mesa-isolated SOl CMOS devices are described. Fig. 6.1 shows the 
flow chart of the SPICE program, which processes the input file containing the 
physical model parameters of the SOl CMOS devices, the circuit structure and the 
intended simulation objectives, to produce the output simulation results. From the 
input file, in the SPICE program, the input processing step is initiated. After the 
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Figure 6.1: Flow chart of the SPICE program. 
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input processing step, parameters are set up in the parameter setting-up step. Then, 
identical physical models are used for the NMOS and PMOS devices by identifying 
the type. For NMOS, type is 1. For PMOS devices, type is -1. Then the gate­
source voltage (V GS) and the drain-source voltage (VDS ) for the NMOS and PMOS 
devices are individually defined. Using the SOl physical current and capacitance 
models with the threshold voltages for the NMOS and the PMOS devices, the drain 
currents are computed. Then, the modified nodal admittance matrix of the circuit 
is defined by writing the node equations at all nodes of the circuit based on the 
structure of the circuit using the physical models. 

For transient analysis, at time to the voltage at each node of the equivalent circuit 
is known: VxOI • If the input applied signal is known, the transient waveform of each 
node is to be computed. During the transient analysis, it's based on time increment 
method- from a time with all node voltages already known to compute the node 
voltages at the next time step. From the formula: ftto' idt = Q(t l ) -Q(to), all related 
equations can be built in an array: 

(6.1) 

where dQy/dVx = Cyx is the capacitance of the related SOl MOS device, V~l is the 
estimated voltage value of the previous iteration at node Xl, V,\ is the estimated 
voltage value of the current iteration at node Xl, h is the time step (h = tl - to), 
iyo is the estimated current of the previous iteration, and i;o is the current to be 
estimated in this current iteration. After building all node equations, a node voltage 
vector can be obtained. Then based on the numerical implicit integration algorithm, 
iterations have been used to compute the node voltage vector. If the result of the 
current iteration has a change much smaller than the result of the previous iteration, 
the convergence of the computation has been reached- the voltage at each node has 
been successfully obtained at a time step. Then the iteration process for computing 
the node voltage for the next time step can be initiated. If the time step is too large, 
as compared to the change in the input waveform, the iterations of node equations 
cannot reach a convergence. Then a cutback in the next time step is required. 

In the following sections, the physical deep-submicron fully-depleted mesa-isolated 
SOl CMOS device models including the back-gate-bias-dependent, small-geometry­
effect threshold voltage model, the subthreshold current hump model, the electron 
temperature dependent mobility model, the strong-inversion current models, the 
electron-temperature dependent capacitance model, the non-local impact ionization 
and parasitic BJT effect model, and the thermal effect model, are described. Due to 
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Figure 6.2: 3D cross section of of a fully-depleted mesa-isolated SOl CMOS device 
under study. 

similarities of the NMOS and the PMOS devices, only the NMOS device models are 
described here. The models for the PMOS devices can be obtained systematically. 

6.3 Threshold Voltage Model 

For a small-geometry mesa-isolated fully-depleted SOl MOS device as shown in 
Fig. 6.2, considering the short-channel and narrow-channel effects, its threshold 
voltage of the center-channel region used in the ST-SPICE can be obtained by 
solving 3D Poisson's equation as [17]: 

VTH,c = VFB + rPG - rPsi, (6.2) 
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where VFB is the flat-band voltage of the front gate, ¢c is the electrostatic potential 
at the front gate, ¢s3 is the electrostatic potential at the buried oxide/substrate 
interface, Eg is the silicon energy bandgap, L is the channel length, W is the channel 
width, Nsi is the silicon thin-film doping density, ¢si = kT In-=-Nw, and ni is the intrinsic q .. 
carrier density. Gsi = t· Gox1 = e;. Gox2 = -f::;;. Gsw = f:. tsi, tox1 , tox2 , tsw are 
the thicknesses of the silicon thin-film, front oxide, buried oxide, and sidewall oxide, 
respectively. Considering the depletion region in the substrate, the electrostatic 
potential (¢s3) and the electric field (Eo) at the buried oxide/substrate interface are 
[29J: 

¢s3 

Eo 

fsi 2 
¢sub + VBS + -2 N Eo, 

q sub 

qNsubtsi (1 + Gsi ) + 
fsi Gox2 

(6.3) 

respectively, where VBS is the substrate-source voltage, Nsub is the substrate dop­
ing density, and ¢sub = kT lnT' For a small-geometry mesa-isolated SOl CMOS 

q sub 

device, in addition to the center channel under the poly-gate, near the sidewall re-
gion, there is a parasitic transistor for current conduction [19][20J. Therefore, the 
threshold voltage of the sidewall parasitic transistor is also important. From Ref. 
[17], solving 3D Poisson's equation, the threshold voltage of the sidewall parasitic 
transistor is: 

VTH,s VFB + ¢c - ¢si, (6.4) 
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Fig. 6.3(a) shows the back gate bias effect: threshold voltage versus VBS of the 
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Figure 6.3: (a) Back gate bias effect: threshold voltage versus VBS of the SOl CMOS 
devices with a gate oxide of taxI = 100A, a 1000A silicon thin-film doped with 
densities of (p-type for NMOS, n-type for PMOS) 2 x 1016cm-3 and 5 x 1016cm-3 , 

a buried oxide of tax2 = 4000A, and channel length and width of 2p,m, based on 
the ST-SPICE models and 3D simulation results. (b) Short channel and narrow 
channel effects: threshold voltage in the center and the sidewall channel regions 
versus channel length and channel width of the SOl CMOS devices with a gate 
oxide of taxI = 100A, a sidewall oxide of 150A, a silicon thin-film of 500A and 1000A 
doped with a density of (p-type for NMOS, n-type for PMOS) 1 x 1017 cm-3, and 
a buried oxide of tax2 = 4000A, based on the ST-SPICE models and 3D simulation 
results. 
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SOl CMOS devices with a gate oxide of toxI = 100A, a 1000A silicon thin-film 
doped with densities of (p-type for NMOS, n-type for PMOS) 2 x 10I6cm-3 and 
5 x 10I6cm-3 , a buried oxide of tox2 = 4000A, and channel length and width of 2p.m, 
based on the ST-SPICE models and 3D simulation results. As shown in the figure, 
at a more negative VBS , the threshold voltages of both NMOS and PMOS devices 
are shifted toward the positive direction. Compared to the bulk CMOS devices, the 
body effect of SOl CMOS devices is much smaller. In addition, the influence of the 
silicon thin-film doping density in the body effect is small. Fig. 6.3(b) shows the 
short channel and narrow channel effects: threshold voltage in the center and the 
sidewall channel regions versus channel length and channel width of the SOl CMOS 
devices with a gate oxide of toxI = 100A, a sidewall oxide of 150A, a silicon thin-film 
of 500A and 1000A doped with a density of (p-type for NMOS, n-type for PMOS) 
1 x 1Ol7cm-3 , and a buried oxide of tox2 = 4000A, based on the ST-SPICE models 
and 3D simulation results. As shown in the figure, when the size of the device is 
small, the magnitudes of the NMOS and PMOS threshold voltages decrease. When 
the silicon thin-film becomes thinner, the small-geometry effect becomes smaller. 
In addition, the trends on the small-geometry effect of the center and the sidewall 
channel regions are similar except that the magnitude of the threshold voltage of the 
sidewall channel region is smaller than that of the center channel region. Therefore, 
the sidewall channel region turns on earlier than the center channel region. In 
addition, the small-geometry effect of the sidewall channel region is smaller than 
that of the center channel region. As shown in Figs. 6.3(a)& (b), the threshold 
voltage model used in the ST-SPICE can well predict the body effect and the small 
geometry effect. 

6.4 Subthreshold Current Model 

When the gate-source voltage (Vas) is smaller than the threshold voltage- the 
subthreshold region, diffusion current dominates in the device. Therefore, the 
diffusion current of the center channel used in the ST-SPICE is [30]-[32]: 

V' Y. W v, exp( GS- TH,c) 
vs ) nc·kT/q 

II' -L . (1- eXP(-kT/q) . v' y. , 1 + exp( GS- TH,c) 
nc·KT/q 

Vvs - Iv . (Rs + Rv) - VJ , V~s = Vas - Iv' Rs, 

(6.5) 

where II is a scaling coefficient, Iv is t1.e total drain current, Rs and Rv are the 
parasitic resistances of the source and the drain, respectively. VJ is the slight po-

tential barrier between the source/drain and the channel. nc = (a</>~{r!;t) )-1, where 
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¢>(O, .!f, ~) is the electrostatic potential at the center surface of the silicon thin-film. 
From Ref. [17], one obtains: 

dVas 
t _ EO€.i 
d -­

- qN.ub ' 

(6.6) 

where td is the depletion width in the substrate [29]. Similarly, the diffusion current 
of the sidewal channel is: 

v.' VTH 

I I 1 (1 (Vbs)) exp( ';.:~TJ/) 
di/f,. = 2 • - • - exp - -- . v.' V. ' 

L kT/q 1 + exp( GS- TH,_ 
n.·KTJq) 

1 
n. = 

where 12 is a scaling coefficient. 

(6.7) 

6.5 Mobility and Strong-Inversion Current Model 

In this subsection, the mobility and the strong-inversion current models of an SOl 
CMOS device used in the ST-SPICE in terms of the triode and the saturation regions 
are described. 

6.5.1 Triode Region 

When the channel of a fully-depleted mesa-isolated SOl CMOS device is very short, 
the electron temperature effect can not be neglected [21][22]. An electron-temperature­
dependent mobility model, which is referred to the difference between the electron 
temperature and the lattice temperature, is [23]: 

J1.n = 

Q = 

1 + Q~(Tn - TL)' 

3J1..(TL) 
2V~atT. ' 

(6.8) 

where TL is the lattice temperature, J1..(TL) is the electron surface mobility consid­
ering lattice temperature, q is the electron charge, v.at is the saturated velocity, T. is 
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the energy relaxation time, and k is Boltzmann constant. Considering energy bal­
ance equation and the electron-temperature-dependent mobility model, the effective 
mobility of the center channel region is: 

3 + VI + P . Vbs 2 • Ji.;,c' 
(6.9) 

Ji.s,c 
Ji.o(Td Tg 

1 + (}(Vas - VTH,c) ' Ji.o(Td = Ji.o(To) . Tl' 

4(2 - '1/1)2 40 (1 - 1]1)(2 -1]1)7, 

£2V;at 3 VsatL3 
p = 

where Ji.s,c is the surface mobility in the center channel, Ji.o is the low-field mobility, 
To is the ambient temperature, () is used to describe the influence of the vertical 
electric field in the mobility, and 1]1 is a fitting parameter related to the electric field 
distribution in the device. The drift current in the center channel of the SOl CMOS 
device biased in the triode region is: 

Idrift,c ( I ) W [( I ) I 1 I 2] Ji.e!!,c VDS . Cox1 L· Vas - VTH,c VDS - 2"ao,cVDS , (6.10) 

ao,c 

where ao,c is related to the body effect of the device. Similarly, the drift current in 
the sidewall channel of the device biased in the triode region is: 

Idrift,s 

Ji.ef f,s (V~s) (6.11) 

where Ce is the parasitic capacitance at the corner of the sidewall. 

6.5.2 Saturation Region 

When the voltage drop over the channel of the device (Vbs) is greater than a certain 
extent, the center channel starts to operate in the saturation region. At this time, 
Vbs = VDsat,c: 

VDsat,c 

VDsatl,c 

VDsat1,c + Vp,c - VVbsat1,c + y;,~c' 
1]2V sat L2 

(6.12) 
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Vi v-P . ( GS- TH,c) • 1/.2 
2ao,c f""S,C 

V' V-I + P . ( GS- TH,C)2 • p,2 
2ao,c s,c 

where "12 is related to the electron velocity at the saturation point. The drift current 
in the center channel region of the device biased in the saturation region is: 

-(Vvs - VDsat,e - aeA~) - V(Vvs - VDsat,e - aeA~)2 + A~(Er,e - a~A~ 
s·Ae·ln[------------------7-~~--~~----------~----­

Ae . (El,e + aeAe) 
__ 2(1 - "1l)VDsat,e E __ (2 - "1l)VDsat,e 

ae - L2 ,l,e - L ' 

where s is a correction factor. b.Le , which is the length of the post-saturation region 
in the center channel region, can be obtained from 2D Gauss' Law. As for the 
sidewall channel, its saturation voltage can be obtained similarly as for the center 
channel: 

VDsat,s 

VDsatl,s 

v",s 

Q. 

VDsatl,s + v",. - VVBsatl,s + ~~., 
"12vsatL2 

(2 - "11)(1 - "1~)p,.,.L + 1f-(1 - "1l)"1~P,.,.T.Vsat' 

-Q. + VQ~ + 2R.Q.(Vas - VTH,s) 

Rs 
3 + (1 + p. (V~s - VTH,s?' P,~,.)-O.5, 

p. (Vas - VTH,s) . P,;,. 

(6.14) 

When considering the length of the post-saturation region in the sidewall channel 
region (b.L.), the previous 2D Gauss' Law approach is not applicable due to the 
3D effect as shown in Fig. 6.4- near the sidewall area, the 3D effect in the electron 
distribution can be identified. Therefore, 3D Gauss' Law should be considered. As 
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L = O.15Ilm, W = O.31lm 
Vo = 1.0V, Vo = 2.0V 

device active thin-film region 

3D Gauss' box near sidewall 

Figure 6.4: 3D Gauss' box near sidewall in the fully-depleted SOl NMOS device 
under study. 

shown in Fig. 6.4, by considering the Gauss box in the space from z to z + dz in the 
silicon thin-film, one obtains: 

- El . dz . to - E2 . dz . tsi 

-E(z) ·to . tsi 

E3 . dz ·to - Ee . dAe + E(z + dz) · to . tsi 

_ q(Nsi + n) . t . to . dz 
Sl , 

fsi 
(6.15) 

COXl(V~S - V(z))..!.., 
fsi 

E2 = Csw(V~s - V(z))..!.., 
fsi 

C~X2(VBS - V(z))..!.., 
fsi 

EedAe = Ce(V~s - V(z))..!..dz, 
fsi 

where EI, E2, and E3 represent the electric fields in the front oxide, sidewall oxide, 
and buried oxide, respectively. EedAe stands for the irregular electric field at the 
sidewall corner. to is the sidewall characteristic length as shown in Eq.(6.2). n is the 
mobile carrier density. Using a similar approach in Ref. [23]' Eq.(6.15) becomes: 

1 
>.2 (V(z) - VDsat,s) - as) 

s 

( COXl C~X2 Csw Ce )-0.5 --+--+-+-- , 
fsitsi fsitsi fSilO fsitsilO 
2(1 -1]l)VDsat,s 

L2 

(6.16) 
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Figure 6.5: The magnitude of the electric field in the lateral channel of a fully­
depleted mesa-isolated NMOS device with a gate oxide of 70A, a sidewall oxide of 
105A, an p-type 500A silicon thin-film doped with 3 x 1017 em -3, a channel length of 
0.15j.tm and a channel width of 0.3j.tm, biased at Vas = 1 V, and VDS = 2V, based 
on the analytical model and 3D simulation results. 

Considering appropriate boundary conditions, one obtains: 

V(z) TT \2 As(E1,s - asAs) (z - (L - b.Ls)) 
VDsat,s + asAs + 2 . exp - A 

s 
(6.17) 

As(E1,s + asAs) (z - (L - b.Ls)) 
2 ·exp A ' 

s 

E(z) = dV(z) E __ (2 - 'TJ1)VDsat,s 
-~' 1,s- L . 

Based on the analytical model and the 3D simulation results as shown in Fig. 6.5, 
the slope of the electric field profile in the sidewall channel region is larger than 
that in the center channel region. From Eq.(6.17) and considering V(L) = Vbs, one 
obtains the length of the post-saturation region in the sidewall channel region: 

-(vbs - VDsat,s - asA;) - V(vbs - VDsat,s - asA;)2 + A;(E{,s - a;A~ 
s·As·ln[------------------~~~--~~----------~----­

As . (E1,s + asAs) 
(6.: 
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Therefore, the drift current in the sidewall channel region of the device biased in 
the saturation region is: 

Idrijt,s = JLejj,s(VDsat,s)· 2· (Ce + Csw · tsi) L _l,6.Ls . [(V~S - VTH,s)VDsat,s - ~VEsat,s]. 
(6.19) 

The total drain current is composed of the drift and the diffusion currents in both 
the center and the sidewall channel regions of the device: 

ID = Idrijt,e + Idijj,e + Idrijt,s + Idijj,s. (6.20) 

6.6 Capacitance Model 

The capacitance model for an SOl CMOS device used in the ST-SPICE can be di­
vided into three portions: the intrinsic capacitances in the device biased in (1) the 
triode region, (2) the saturation region, and (3) the fringing capacitance. 

6.6.1 triode region 

When a submicron SOl CMOS device biased in the triode region, in the center 
channel region, assuming that the electron temperature (Tn) is linearly proportional 
to the electric field (d~iz)), from Ref. [23], one obtains 

Tn(L) -TL . (dV(z) _ dV
I 

) 

dV I dV I dz dz Z=Q , 
<Ii Z=L - <Ii Z=Q 

(6.21) 

dV{z) + E 
-..!L[-1+(1+ .2 V' 2)!]. dz O,e 
20!k P JLs,c DS -aeL' 

Eo,e 
7]1 Vbs ---

L 

From the electron-temperature related mobility model, one obtains: 

Idrijt,e = 1 + O!~(~~'tz) _ TL) . Cox1W· [V~S - VTH,e - ao,eV(y)]. (6.22) 

Multiplying Eq.(6.22) by 1 + O!~(Tn(z) - TL), from Eq.(6.21), one obtains: 

dV(Z) 
dz 

Ae () Be ()2 z=-CV z +-CV z , 
e 2 e 

(6.23) 
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J.Ls c ( , ) 1 [ ( 2' 2)'] Ac -[-'-.WCOX1 · VGs-VTH,e +-2 L -1+ l+p·J.Ls,c,VDs 2', 
drilt,c ac 

B J.Ls,c WC e --[-- • ox1 . ao,c, 
drilt,e 

Eo e [ ( 2, 2) '] Cc 1 - 2ae'L -1 + 1 + P . J.Ls,e . VDS 2'. 

From Ref [33J and Eq.(6.23), when the device is biased in the triode region, the 
intrinsic gate charge, the source charge, and the drain charge in the center channel 
region are 

QG,triode,c(Vbs) W foL CodV~s - VTH,c - ao,cV(z)]dz, (6.24) 

[vbs [' ](dV -1 
W 10 Cox1 VGS - VTH,e - ao,c V dz) dV, 

[Ac[ , )' (aoeAe Cox 1 W· Cc VGS - VTH,e VDS + ---c;- + 

Be (V,' _ v: )) Vbs 2 _ ao,cBc Vbs 3] 
Ce GS TH,c 2 Cc 3 ' 

[L Z 
QS,triode,e(Vbs) = W 10 (1 - IY -COX1)[V~S - VTH,c - ao,cV(z)]dz, 

[vbs( Ac Be 2)( ) 
W 10 1 - LCc V - 2LCc V -Cox1 X 

[ , ](dV)_l VGS - VTH,e - ao,e V dz dV, 

[Ae( , )' (ao,cAe (Be -Cox1 W· Cc VGS - VTH,e VDS + -----0;- + Ce -

A~ )(V,' _ v: ))Vbs2 (ao,cA~ _ ao,cBe _ 3AcBe X 
LC2 GS T H,c 2 + LC2 C 2LC2 

c c C c 

, ) Vbs 3 (3ao,cAcBe B~ ( , )) 
(VGS - VTH,e) -3- + 2LC2 - 2LC2 VGS - VTH,c X 

c c 

V,4 B2V,5 
DS ao,e c DS] 

-4- + 2LC2 -5- , 
c 

QD,triode,e(Vbs) W foL i(-COX1)[V~S - VTH,e - ao,eV(z)]dz, 

[vbs( Ae Bc 2)( ) 
= W 10 LCc V + 2LCc V -Cox1 X 
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[V~s - VTH,c - ao,cV](~~ )-ldV, 

A2 V,2 A2 
C [c ( I ) DS (ao,C c - oxlW · LC2 Vas - VTH,c -2- + - LC2 + 

c c 

3AcBc (V,' _ v: )) VDS 3 (_ 3ao,cAcBc 
2LC2 as TH,c 3 + 2LC2 + 

c c 

B2 V' 4 B2 l TI 5 
c ( I )) DS ao,c c v DS ] 

2LC2 Vas - VTH,c -4- - 2LC2 -5- , 
c c 

respectively. Similarly, in the sidewall channel region, the gate charge, the source 
charge, and the drain charge of the SOl MOS device, biased in the triode region are 

Qa,triode,.(V!JS) 

Q S,triode,. (V!Js) 

A. 

B. 

= 2· (Ce + C.w • t.i) . [~: [V~s - VTH,.)V!JS + (- ~: + ~: x 

V' 2 B V' 3 
(V;' - v: ))~ - --.!..~] (6.25) as TH,. 2 C. 3 ' 

= -2· (Ce + C.w . t.i) . [~: (V~S - VTH,.)V!JS + (- ~: + 

(B. A~) (' )) VDS2 (A~ B. C - LC2 X Vas - VTH,. . -2- + LC2 - C -
s s s s 

3A.B. ( I )) VDS 3 (3A.B. 
2LC2 Vas - VTH,. -3- + 2LC2-

• • 
B2 V' 4 B2 V' 5 

• (V,' IT )) DS s DS] 2LC2 as - YTH,s . -4- + 2LC2 -5- , 
• • 

A2 V' 2 A2 
- 2 . (Ce + C.w • t si ) . [LC]2 (V~S - VTH,.) ~S + (-U!:2 + 

• • 
3A.B. ( I )) VDS 3 (3A.B. B~ 
2LC2 Vas - VTH,. . -3- + - 2LC2 + 2LC2 X 

• • s 

V' 4 B2 V' 5 
(V,' IT )) DS • DS] as - YTH,. -4- - 2LC2 -5- , 

s 

I /-L·,· . 2(Ce + C.w . tsi) . (V~s - VTH,s) + 
drift,. 

1 [ ( 2 I 2) 1] 2a L -1 + 1 + P . /-L., • . VDS 2, 

• 
-I/-L·,· . 2(Ce + Csw . tsi), 

drift,. 
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C = 1 Eo,s [1 ( 2 V' 2)1 J s - 2asL - + 1 + P . /.Ls,s· vs 2, 

6.6.2 saturation region 

When an SOl MOS device biased in the saturation region, the charge in the pre­
saturation and the post-saturation regions should be considered [34J. Therefore, the 
gate charge, the source charge, and the drain charge in the center channel region are 

QG,sat,c = IoL-t:.Lc 

W Coxr[V~s - VTHc - aocV(z)Jdz + o ' , (6.26) 

W (L COXl[V~S - VTHc - aocVvsatcJdz, 
lL-fl.Lc '" 

Qa,triode,c(VVsat,c) + Coxl W(V~s - VTH,c - ao,c VVsat,c)~Lc, 

QS,sat,c 
{L-t:.Lc Z 

W Jo (1 - I)( -COXl)[V~S - VTH,c - ao,cV(z)Jdz + 

W {L (1 - -Lz )( -COXl)[V~S - VTH c - ao c VVsat cJdz, 
~-fl.Lc ' , , 

QV,sat,c 

= QS,troide,c(VVsat,c) - Coxl W(V~s - VTH,c - ao,c VVsat,c) ~~~ , 
{L-t:.Lc Z 

W Jo r;( -Coxl)[V~S - VTH,c - ao,c V(z)Jdz + 

W {L -Lz (-Coxl)[v'a's - VTHc - aocVVsatcldZ, lL-aLc ' , , 

QV,troide,c(VVsat,c) - CoXlW(V~S - VTH,c - ao,cVVsat,c)(l- ~~C)~Lc, 

respectively. Similarly, in the sidewall channel region, the gate charge, the source 
charge, and the drain charge are: 

Qa,sat,s Qa,triode,s(VVsat,s) + 2(Ce + Csw . tsi)(V~S - VTH,s - VVsat,s)~Ls, (6.27) 

QS,sat,s QS,troide,s(VVsat,s) - 2(Ce + Csw · tsi)(V~S - VTH,s - VVsat,.) ~~~, 
QD,sat,s QV,troide,s(VVsat,s) - 2(Ce + Csw . tsi)(V~S - VTH,s - VVsat,s)(l - ~~. ).6.L., 

respectively. 
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6.6.3 fringing capacitance 

In an SOl MOS device, the fringing capacitances between source/drain and front 
gate in the center channel region and in the sidewall channel region are also im­
portant. From Ref. [35], the fringing capacitances in the center and the sidewall 
channel regions are 

respectively. 

2Esi W l [ 1.5tsi . ( 7rEOX)] -- n 1 + -- . S2n -- , 
7r toxl 2Esi 

4Esitsi l [ W . (7rEOX)] -- n 1 + -- . S2n -- , 
7r 2tsw 2Esi 

(6.28) 

Considering the gate charge, the source charge, and the drain charge of both the 
center and sidewall channel regions of an SOl CMOS device biased in the triode and 
the saturation regions, one obtains the capacitance model: 

(_1)m dQi,c+Cj,c[1_2. (_l)m~]+ 
dVj CoxlWL 

(6.29) 

dQ- (_l)m dQi" 
( l)m ',S C [1 dV;] 
- dVj + j,s - (Ce + Csw ' tsi)L ' 

where i,j can be G, S, or D. When i f:. j, m = 1. When i = j, m = O. 

6.7 Non-Local Impact Ionization & Parasitic BJT 
Effects Model 

For a submicron SOl CMOS device biased at a large VDS , impact ionization in 
the post-saturation region is important, Therefore, the drain current may increase 
abruptly. Considering the non-local effect [36][37], the multiplication factors in the 
both center and the sidewall channel regions are 

IA~ I Bo(>.,c + Ao) ] 
Mc 1 + B (A + A ) (VDS - VDsat,c)' exP[-V' - V ' 

a caDS Dsat,c 
(6.30) 

IA; (' ) [Bo(As + AO) ] 
Ms = 1 + B (\ + \ ) VDS - VDsat,s ' exp - V' _ V ' 

a /\s /\0 DS Dsat,s 

respectively, I, Bo, and Ao are the parameters related to non-local impact ionization, 
Ac and AS) which are the parameters related to the slope of the internal electric field 
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profile, can be obtained from Eqs.(6.13)&(6.16). When impact ionization occurs, 
the parasitic BJT in the silicon thin-film is activated. As a result, the conducting 
current is magnified [24][25]. By considering the non-local impact ionization and 
parasitic BJT effect, the drain current as shown in Eq.(6.20) is modified as: 

ID GJdrijt,e + Idijj,e + HJCBO,e + G.Idrijt,s + Idijj,s + HslcBO,S) (6.31) 
(Me - 1)[1 - (1 - K)ao] 

1 + 1 - [1 + KK'(Me - l)]ao' 

1 + K'(Me - 1) I _ WtsJso 
1 - [1 + K K'(Me - l)]ao' CBO e - 1 + Or(Vos - VTH,e) ' 

(Ms - 1)[1 - (1 - K)ao] 
1 + 1- [1 + KK'(Ms -l)]ao' 

1 + K'(Ms - 1) lotsJso 
1 - [1 + K K'(Ms - l)]ao' ICBO,s = 1 + OJ(Vos - VTH,s) ' 

where ao is the common-base current gain of the parasitic BJT. K and K' are the 
fitting parameters referred to the conducting current distribution in the silicon thin­
film. ICBO,e and ICBO,S) which are leakage currents caused by the parasitic BJT 
near the center and sidewall channel regions, respectively, are important only when 
V!Js is large enough. Iso and OJ are the parameters related to the leakage current. 

6.8 Thermal Effect Model 

Between the silicon thin-film and the substrate in the SOl CMOS devices, there 
is a buried oxide layer. A thick buried oxide may prevent the SOl device from 
dissipating the heat generated in the active region of the silicon thin-film. As a 
result, the lattice temperature may increase. Under this situation, thermal effect is 
important in determining the performance of the device [23] [26] [27]. As indicated in 
Eq.(6.9), the low-field mobility is inversely proportional to the lattice temperature­
JLo(Td ex: TZ2 . Therefore, the lattice temperature (TL ) may affect the mobility, 
hence the drain current of the device. Lattice temperature can be computed by 
considering the equivalent circuit, which is composed of a current source, RTH and 
GTH as shown in Fig. 6.6[27]. The current source is made by the power of the 
device-ID VDS . RTH , which is the thermal resistance between the device and the 
ambient, is closely correlated to the thickness of the buried oxide. A thicker buried 
oxide leads to a larger thermal resistance. GTH is the thermal capacitance between 
the device and the ambient. From Fig. 6.6, the lattice temperature can be obtained 



6.9. USAGE OF ST-SPIGE 327 

T L - To 

Power = 10 VOS 

Figure 6.6: The equivalent circuit model of the SOl CMOS device considering ther­
mal effect. 

from the following equations: 

1 d 
-power + -(TL - To) + Gth · -(TL - To) = 0, 

Rth dt 
(6.32) 

power = ID(Td . VDS. 

6.9 Usage of ST-SPICE 

The device models of deep-submicron fully-depleted SOl CMOS devices described 
in the previous section have been incorporated in the ST-SPICE program. In the 
ST-SPICE, only inversion-mode fully-depleted SOl CMOS devices are considered. 
For inversion-mode SOl NMOS devices, the N+ poly gate is used with the p-type 
silicon thin-film. For inversion-mode SOl PMOS devices, the P+ poly gate is used 
with the n-type silicon thin-film. 

Table 6.1 lists the device parameters and their corresponding names in the ST­
SPICE. In addition, the default values for all parameters have been included in the 
table. Shown in Fig. 6.7 are a set of model cards for SOl CMOS devices used in the 
ST-SPICE. Except channel length and width (L, W), thermal resistance (RTH ) , 

and thermal capacitance (GTH ), all other parameters need to be defined in the model 
cards. L, W, RTH , and GTH are needed to be defined for all transistors in their 
individual transistor cards. In addition, only when the thermal resistance is not zero 
(RTH =1= 0), thermal effect will be included. Similarly, only when the thickness of the 
sidewall oxide (t sw ) is defined, ST-SPICE will consider the sidewall-channel-related 
current and capacitances. Furthermore, ST-SPICE provides capabilities to inspect 
internal physical parameters such as lattice temperature, capacitances, and effective 
mobility etc. In the following paragraphs, steady state and transient results from 
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Symbol ST-SPICE parameter Default value Unit 

L 5 x 10-6 m 
W w 5 X 10-6 m 
Rth rth 0 K/W 
Cth cth 0 J/K 
tsi tsi 1000 x 10-10 m 

taxI toxl 100 x 10-10 m 
tox2 tox2 4000 x 10-10 m 
taw tsw taxI· 1.5 m 
Nsi nsi 5 x 1016 cm,-3 

Nsub nsubo 1 X 1015 cm,-3 

J-to(To) muO 440 cm2/Vsec 
() theta 1.05 I/V 
s s 0.75 

"11 etal 0.27 

1J2 eta2 1.0 
T. taue 0.48 x 10-12 sec 

V,at vsato 1.5 x 105 m/sec 
Ce ce 0.5 x 10-10 F/m 
'Y gamma 4.4 x 1014 m-2 

Bo bo 9 X 107 Vim 
>'0 lambdaO 900 x 10-10 m 
ao alphao 0.997 
Iso isO 0 A/m2 

()/ thetai 1.0 I/V 
K k 0.95 
K' kprime 0.95 
II il 0.12 x 10-6 A 
12 i2 1 x 10-11 A·m 
VJ vj 0.006 V 

VFB vfb -(Eg/2 - rPsi) V 

Table 6.1: Model parameters used in ST-SPICE. 
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****ST-SPICE Model Cards 
*model=SOI Technology CMOS 
.MODEL NI NMOS 
+Level=8 
+Tsi=500e-IO Toxl=70e-1O Tox2=800e-IO 
+ Tsw=105e-IO Nsi=3el7 Nsubo=lel5 Ce=0.5e-1O 
+muO=440 theta=1.05 s=0.75 etal=0.27 eta2=1.0 
+taue=0.48e-12 vsato=1.5e5 

.MODEL PI PMOS 
+Level=8 
+Tsi=500e-IO Toxl=70e-1O Tox2=800e-1O 
+ Tsw=105e-1O Nsi=3el7 Nsubo=lel5 Ce=0.5e-IO 
+Rsh=350 Vfb=0.89 muO=lOO theta=0.5 s=0.7 
+etal=O.01 eta2=1.0 taue=0.48e-12 vsato=1.5e5 

Figure 6.7: A set of ST-SPICE device model cards. 
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the ST-SPICE models are compared with the 3D simulation results [38] and exper­
imental data. 

6.9.1 Steady State Analysis 

Figs. 6.8 show the drain current versus VDS of the SOl CMOS devices with a gate 
oxide of toxl = 70A, a sidewall oxide of 105A, a 500A silicon thin-film doped with 
a density of (p-type for NMOS, n-type for PMOS) 3 x lOl7cm-3, a buried oxide of 
tox2 = 8ooA, a channel length of 0.15J.tm, and a channel width of (a) 3J.tm PMOS, (b) 
3J.tm NMOS, (c) 0.3J.tm PMOS, (d)0.3J.tm NMOS, based on the ST-SPICE models 
and 3D simulation results. From the figures, the IV curves of the PMOS and NMOS 
devices are symmetric to each other. When the channel width of the CMOS devices 
is scaled down from 3J.tm to 0.3J.tm, the drain current is not scaled down accordingly 
due to the relatively more importance of the sidewall channel region at a smaller 
channel width. 

Figs. 6.9 show Cas-(a) PMOS (b) NMOS and CaD-(c) PMOS (d) NMOS ver­
sus Vas of the SOl CMOS devices with a gate oxide of toxl = 70A, a sidewall oxide 
of 105A, a 500A silicon thin-film doped with a density of (p-type for NMOS, n-type 
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Figure 6.8: Drain current versus VDS of the SOl CMOS devices with a gate oxide 
of taxI = 70A, a sidewall oxide of 105A, a 500A silicon thin-film doped with a 
density of (p-type for NMOS, n-type for PMOS) 3 x 1017cm-3, a buried oxide of 
tax2 = 800A, a channel length ofO.15{1m, and a channel width of (a) 3{1m PMOS, (b) 
3{1m NMOS, (c) 0.3{1m PMOS, (d)0.3{1m NMOS, based on the ST-SPICE models 
and 3D simulation results. 
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VGS of the SOl CMOS devices with a gate oxide of tox! = 7oA, a sidewall oxide of 
l05A, a 500A silicon thin-film doped with a density of (p-type for NMOS, n-type 
for PMOS) 3 x 1017 cm-3 , a buried oxide of tox2 = 8ooA, a channel length of O.15p,m, 
and channel widths of O.3p,m and 3p,m, biased at VDS from O.5V to 1.5V, based on 
the ST-SPICE models and 3D simulation results. 
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Figure 6.10: Subthreshold characteristics: drain current versus VGS of the SOl (a) 
NMOS (b) PMOS devices with a gate oxide of tox1 = 100A, a sidewall oxide of 150A, 
a silicon thin-film of 500A and 1000A doped with a density of (p-type for NMOS, 
n-type for PMOS) 5 x 1016cm-3 , a buried oxide of tox2 = 4000A, and a channel 
length of 1j.tm, and channel widths of 0.3j.tm and 2.4j.tm, biased at VDS of lOmV, 
based on the ST-SPICE models and 3D simulation results. 

for PMOS) 3 x 1017 cm-3 , a buried oxide of tox2 = sooA, a channel length of 0.15j.tm, 
and channel widths of 0.3/Lm and 3/Lm, biased at VDS from 0.5V to 1.5V, based on 
the ST-SPICE models and 3D simulation results. As shown in the figures, due to 
the sidewall channel, at a channel width of 0.3/Lm, the normalized capacitances are 
larger than those at a channel width of 3j.tm. In addition, due to the fringing effect, 
the capacitances are not zero when the device is turned off. 

Figs. 6.10 show the subthreshold characteristics: drain current versus VGS of the 
SOl (a) NMOS (b) PMOS devices with a gate oxide oftox1 = 100A, a sidewall oxide 
of 150A, a silicon thin-film of 500A and 1000A doped with a density of (p-type 
for NMOS, n-type for PMOS) 5 x 1016cm-3 , a buried oxide of tox2 = 4000A, and 
a channel length of l/Lm, and channel widths of 0.3/Lm and 2.4j.tm, biased at VDS 

of lOmV, based on the ST-SPICE models and 3D simulation results. As shown 
in the figures, in the subthreshold region, the drain current is not affected by the 
channel width due to the sidewall channel. Since the magnitude of the threshold 
voltage of the sidewall channel region is smaller than that of the center channel 
region, subthreshold current is dominated by the sidewall channel, which is valid 
for both PMOS and NMOS devices regardless of channel width and silicon thin-film 

(b) 
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thickness. 

Figs. 6.11 show the non-local impact ionization & parasitic BJT effect and the 
thermal effect-(a) drain current (b) lattice temperature (c) effective electron tem­
perature and effective mobility versus VDS of the SOl NMOS device with a gate 
oxide of toxi = 70A, a p-type doped silicon thin-film of 800A, a buried oxide of 
tox2 = 4000A, a channel length of 0.25J.Lm, and a channel width of 9.5J.Lm, biased at 
Vas from 0.5V to 2V, based on the ST-SPICE models and experimental data [39]. 
Note that the effective electron temperature is defined as the average temperature 
in the presaturation region of the device. As shown in Fig. 6.11(a), at Vas = 2V 
and VDS = 2.5V, due to the large power consumption, the elevation of the lattice 
temperature is noticeable. As a result, a higher VDS leads to a smaller ID - a neg­
ative differential output resistance. If VDS is further increased, the drain current 
increases abruptly due to the non-local impact ionization and parasitic BJT effect. 
In addition, the non-local impact ionization and parasitic BJT effect is more notice­
able at a smaller Vas. As shown in Fig. 6.11(b), when VDS or Vas gets higher, the 
power consumption of the device gets larger, hence the lattice temperature becomes 
higher. As shown in Figs. 6.11(b)&(c), although the lattice temperature increases 
by only several tens of degrees, the effective electron temperature has been raised 
by over several hundred degrees, which is strongly correlated to the results in Ref. 
[23] As shown in Fig. 6.11(c), the effective mobility reflects the trends on lattice and 
effective electron temperatures. 

6.9.2 Transient Analysis 

After verifying steady state performance of the SOl CMOS devices, transient per­
formance is verified. Figs. 6.12 show (a) pull-down (b) pull-up transients of a CMOS 
inverter using SOl CMOS devices with a gate oxide of toxi = 70A, a sidewall oxide 
of 105A, a 500A silicon thin-film doped with a density of (p-type for NMOS, n-type 
for PMOS) 3 x lQI7cm-3, a buried oxide of tox2 = 800A, a channel length of 0.15J.Lm, 
and channel widths of 0.3J.Lm and 3J.Lm, based on the ST-SPICE results and 3D sim­
ulation results. The output load capacitance is 10fF. As shown in Figs. 6.12(a)&(b), 
due to inclusion of the sidewall channel region model in ST-SPICE, regardless of 
the channel width, the model results can predict well the transient performance 
as verified by the 3D simulation results. Using ST-SPICE, the transient analysis 
took about 0.6 seconds CPU time on a 200MIPs workstation. In contrast, using 
3D device-level simulation, it took about 160 hours CPU time. The advantages of 
ST-SPICE can be seen. 
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Figure 6.11: The non-local impact ionization & parasitic BJT effect and the thermal 
effect-(a) drain current (b) lattice temperature (c) effective electron temperature 
and effective mobility versus VDS of the SOl NMOS device with a gate oxide of 
toxl = 7oA, a p-type doped silicon thin-film of 8ooA, a buried oxide of tox2 = 4oooA, 
a channel length of O.25I1m, and a channel width of 9.5I1m, biased at Vas from O.5V 
to 2V, based on the ST-SPICE models and experimental data. 
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Figure 6.12: (a) Pull-down (b) pull-up transients of a CMOS inverter using SOl 
CMOS devices with a gate oxide of taxI = 70A, a sidewall oxide of 105A, a 500A 
silicon thin-film doped with a density of (p-type for NMOS, n-type for PMOS) 
3 x 1017 cm-3, a buried oxide of tox2 = 800A, a channel length of 0.15JLm, and channel 
widths ofO.3JLm and 3JLm, based on the ST-SPICE results and 3D simulation results. 
The output load capacitance is lOfF. 

Figs. 6.13&6.14 show a user program for simulating the transient performance of 
an SOl CMOS inverter using ST-SPICE, and (a) drain current versus VDS of the SOl 
NMOS and PMOS devices with a gate oxide of taxI = 80A, a 450A silicon thin-film, 
a buried oxide of tox2 = nooA, a channel length of 0.35JLm, and a channel width 
of lOJLm based on the ST-SPICE models and experimental data [40], (b) transient 
waveforms of the inverter and the NAND circuits using the SOl CMOS devices at a 
supply voltage of 2V and an output load capacitance of 25fF, (c) propagation delay 
versus supply voltage of the CMOS inverter using the SOl CMOS devices and an 
output capacitive load of 25fF, based on the ST-SPICE results and experimental 
data [39]. As shown in Figs. 6.14(a), due to larger power consumption, the NMOS 
device shows a negative differential output resistance at Vas = 3V and VDS = 3V. 
For the NMOS device, at a smaller Vas, an abrupt change in the drain current due 
to the non-local impact ionization & parasitic BJT effect can be identified. On 
the other hand, for the PMOS device, the negative differential output resistance 
and the non-local impact ionization & parasitic BJT effects can not be seen. From 
Fig. 6.14( c), at a lower supply voltage, the propagation delay of the inverter and the 
NAND circuits is longer. The propagation delay of the NAND circuit is longer than 
that of the inverter circuit. As verified by the experimental data [40], ST-SPICE 
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""" CMOS inverter for SOl-Technology (ST) SPICE general purpose check """ 

m1 1 in out 0 p1 L=0.35u W=10u rth=0.8e4 cth=5e-10 display=1I 
m2 out in 0 0 n1 L=0.35u W=10u rth=0.8e4 cth=5e-10 display=1t 

"vdd 1 02.0 
"Yin in 0 1.0 
".dc yin 02.0 0.1 
".print dc m 1 #11 

c1 out 0 25fF 
vdd 102.0 
Yin in 0 dc O.OV pulse 0.0 2.0 0.2ns 0.1ns 0.1ns 0.3ns 10ns 
.tran 1 ps 1.0ns 

""" Model Card """ 
"model = SOl Technology 
"ST-SPICE compatibility 

.model N1 NMOS 
+Level=8 
+ Tsi=450e-10 Tox1=80e-10 Tox2=1100e-10 Rsh=70 Vfb=-0.6 
+muO=450 theta=0.28 s=0.6 eta1=0.01 eta2=1.0 taue=0.48e-12 
+vsato=1.5e5 alphao=0.9958 k=0.95 kprime=0.95 
+gamma=4.0e14 bo=8.8e7 lambdaO=900e-10 

.model P1 PMOS 
+Level=8 
+ Tsi=450e-10 Tox1=80e-10 Tox2=1100e-10 Rsh=300 Vfb=0.6 
+muO=100 theta=0.08 s=0.6 eta1=0.01 ela2=0.8 taue=0.48e-12 
+vsato=1.5e5 gamma=O 

Figure 6.13: A user program for simulating the transient performance of an SOl 
CMOS inverter using ST-SPICE. 
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Figure 6.14: (a) Drain current versus VDS of the SOl NMOS and PMOS devices with 
a gate oxide of toxi = 80A, a 450A silicon thin-film, a buried oxide of tox2 = 1100A, 
a channel length of 0.35J..tm, and a channel width of 10J..tm based on the ST-SPICE 
models and experimental data [40]. (b) Transient waveforms of the inverter and the 
NAND circuits using the SOl CMOS devices. (c) Propagation delay versus supply 
voltage of the CMOS inverter using the SOl CMOS devices and an output load 
capacitance of 25fF, based on the ST-SPICE results and experimental data [40]. 
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can predict the performance of the inverter and the NAND circuits. 

6.10 Implications from ST -SPICE 

Different from conventional SPICE programs, the ST-SPICE program has incorpo­
rated the SOl CMOS device models considering electron and lattice temperatures, 
which are important in determining the steady state and transient characteristics of 
deep-submicron SOl CMOS devices. 

In order to show the importance of the thermal effect on the transient behavior, 
Figs. 6.15 show the transient performance in terms of drain current, lattice temper­
ature, electron temperature, and effective mobility of an SOl NMOS device with 
parameters as indicated in Fig. 6.11, considering the thermal effect: a thermal ca­
pacitance of GTH = 7 X 10-10 J / K and a thermal resistance of RTH = 1.9 X 104 K /W 
and 8.5 x 103K/W based on the ST-SPICE results. A pulse from OV to 2V with 
a rise/fall time of O.lns is imposed on the input of the SOl NMOS device, which 
is biased at VDS = 2V. As shown in Fig. 6.15, when the gate voltage rises from 
OV to 2V, the drain current rises to the maximum value. However, due to the heat 
generated by the power consumption, the lattice temperature increases gradually. 
During turn-on of the device, the electron temperature almost keeps at a constant 
value. When the lattice temperature increases, the electron temperature also in­
creases slightly. Therefore, the effective mobility, which is related to the electron 
and the lattice temperatures, reacts accordingly. Consequently, the drain current 
decays gradually. When Va switches from 2V to OV, the device turns off. The lat­
tice temperature decreases slowly. When the lattice temperature is not back to the 
room temperature, if Va turns high again, the peak drain current will be lower than 
the previous peak value. With a larger thermal resistance, the decrease in the drain 
current due to thermal effect is more noticeable. In addition, due to a longer thermal 
time constant (RTHCTH ) at a larger RTH , the time for the lattice temperature to 
reach thermal equilibrium is longer. 

6.11 Summary 

In this chapter, the SOl-Technology ST-SPICE CAD program has been described. 
Starting from the fundamentals of the SPICE CAD program, the analytical device 
models of deep-submicron fully-depleted SOl CMOS devices used in ST-SPICE for 
CAD of VLSI circuits have been reported. The analytical models include the drain 
current and the capacitance models in the subthreshold, the triode and the satura-
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Figure 6.15: Transient performance in terms of drain current, lattice temperature, 
electron temperature, and effective mobility of an SOl NMOS device with parame­
ters as indicated in Fig. 6.11, considering the thermal effect: a thermal capacitance 
of GTH = 7 x lO- lO J/K and a thermal resistance of RTH = 1.9 x 104K/W and 
8.5 x 103 K/W based on the ST-SPICE results. 
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tion regions. In addition, the analytical models contain the small-geometry effect, 
the electron-temperature dependent mobility effect, the sidewall conduction effect, 
the non-local impact ionization effect & parasitic BJT effect, and the thermal effect. 
Usage of the SOl-Technology ST-SPICE CAD program has been described in terms 
of the circuit simulation examples for steady state and transient behaviors of SOl 
CMOS circuits. 
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Problems 

1. Consider a mesa-isolated SOl NMOS device using an N+ poly-gate, a front gate 
oxide of 7oA, a sidewall oxide of I05A, a silicon thin-film of 500A doped with a 
p-type density of 3 x 1017 cm-3 , a channel length of O.15j.tm, and a channel width 
of O.3j.tm. Other parameters are as shown in Table 6.1. 

(a) What are the threshold voltages in the center channel and in the sidewall 
channel? 

(b) At Vas = IV, VDS = O.5V, what are COD and the drain current? What are 
the proportions of COD and the drain current in the center channel and the 
sidewall channel? 
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(c) At Vas = IV, VDS = 2V, repeat (a) and (b). In which region (triode or 
saturation), the relative importance of the sidewall portion is higher? Why? 

(d) As for (c), what are the lateral electric field in the channel direction in the 
sidewall channel and the center channel? In the post-saturation region, which 
channel (center or sidewall) has a more noticeable non-local effect? Why? 

2. Based on the parameters and the circuits in Fig.6.13, analyze the following prob­
lems. 

(a) At Rth = 0,0.8 x 104, 1.6 x 104K/W, what happens to the DC transfer curve 
of the circuit? 

(b) Consider a ring oscillator made of a ll-stage inverter. At Rth = 0,0.8 X 

104 ,1.6 x 104K/W and Cth = 0,7 x lO-lOJ/K, what is the oscillation fre­
quency at the beginning? When the thermal equilibrium is reached, what 
is the oscillation frequency? How much time does it take to reach thermal 
equilibrium? 

(c) If the inverter is changed to a 2-input NAND or NOR gate, repeat (a) and 
(b). Which logic gate (NAND or NOR) is more sensitive to the self-heating 
effect? 

(d) If the load capacitance is 2pF, repeat (a)-(c). Discuss the self-heating effect 
on the performance of the circuit operating at high and low speeds. 



Chapter 7 

Special-Purpose SOl 

In this chapter, special-purpose SOl devices are described. Fully-Depleted Lean­
Channel Transistors (DELTA), which are similar to double-gate SOl CMOS de­
vices, are vertical SOl transistors. In the beginning of this chapter, DELTAs are 
presented. In order to improve the surface-scattering mobility of SOl PMOS devices, 
SiGe-channel SOl PMOS devices were reported. The SiGe-channel is assuming the 
concept from the heterojunction bipolar transistors (HBT) based on engineering 
bandgap narrowing. However, due to the SiGe quantum well introduced, the body 
effect is much more complicated than conventional SOl CMOS devices. In the fol­
lowing portion of this chapter, SiGe-channel SOl PMOS devices are described. SOl 
technology has also been used to integrate power devices. Owing to the buried oxide 
structure, SOl power devices are suitable for high-temperature operations. In this 
chapter, SOl DMOS devices are described. Recently, SOl technology has also been 
used to integrate BiCMOS devices. SOl MESFET and JFETs have also been cre­
ated. In addition, single-electron transistors (SET) built on SOl SIMOX substrates 
have been realized. Amorphous and polysilicon thin-film transistors built on insu­
lators have been used for LCD. In this chapter, these special-purpose SOl devices 
are described sequentially. 

7.1 Fully-Depleted Lean-Channel Transistors (DELTA) 

Fig. 7.1 shows the cross section of the Fully-Depleted Lean-Channel Transistor 
(DELTA)[lJ, which is similar to the double-gate SOl MOS structure shown in the 
previous chapter except that the device has been rotated by 90 degrees. In the 
DELTA structure, one sidewall oxide is at the top and the other is replaced by the 
buried oxide at the bottom. The channel in DELTA is formed on a vertical surface, 
therefore the channel width depends on the height of the silicon island. DELTA 
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source 

buried oxide 

Figure 7.1: Device structure ofthe fully-depleted lean-channel transistors (DELTA). 

provides superior device characteristics in reduced short channel effects, minimized 
subthreshold swing and high transconductance[2]. Fig.7.2 shows (a) the subthresh­
old and (b) the strong inversion characteristics of DELTA[2]. In (a) subthreshold 
characteristics, the DELTA has a gate width of O.211,ill and a channel length of O.2J.lm. 
In (b) strong inversion IV, the DELTA has a channel length of O.57J.lm and a gate 
width of O.15J.lm. As shown in the figure, healthy subthreshold and strong inversion 
IV curves can be seen. Fig. 7.3 shows the threshold voltage versus channel length of 
DELTA and bulk NMOS devices[l]. As shown in the figure, DELTA demonstrates 
a smaller short channel effect as compared to the bulk NMOS devices. 

In addition to the short channel effect, when the size of a DELTA is scaled 
down, it also demonstrates narrow channel effect[3]. In the following portion, the 
narrow channel effect of the DELTA is described. As shown in Fig. 7.4(a), by 
exchanging the x axis with the y axis, the equations for double-gate case can still be 
applicable[3]. Considering the vertical direction at x = (1 - 'Y)tsi, most equations 
for the double-gate devices in the previous chapter are still valid upon replacing 
\!Ibtsi' y) by \!I((l - 'Y)tsi , y): 

82\!1[(1 - 'Y)tsi , y] 
8y2 

(7.1) 
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Figure 7.3: Threshold voltage versus channel length of DELTA and bulk NMOS 
devices. 
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Figure 7.4: (a) Cross section and (b) 2D electrostatic potential contours near the 
edge of the gate oxide. (c) Threshold voltage versus channel width of the fully­
depleted lean-channel transistor (DELTA), with a gate oxide of 150A, a sidewall 
oxide of looA, and an acceptor density of 1 x 1017cm-3 in silicon thin-films of 
lOooA, 1500A and 2000A. 
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h i - t JI ( 2 + !2.i.) d - 'l!:!..& \lIa were 2 - si -2 "( - "( c ,an C2 - . - p. 
ox €SJ 2 

The boundary conditions of the above differential equation are below. 
(i) One boundary condition for the above differential equation is that the surface 
electrostatic potential at the top sidewall oxide interface is derived by applying 
Gauss' Law at the oxide interface: 

\lI[(1 - )t· OJ = \lI + 8\l1[(1 - "()tsi' yJ I . fsi t 
"( sz, G !l -0 SW, uy Y- fox 

(7.2) 

where aqt[(I~Z)tsi,YJ is the derivative of the electrostatic potential at the oxide inter­
face in the silicon thin-film. 

(ii) The other boundary condition is that above the buried oxide in the silicon 
thin-film: 

(7.3) 

where bo \lI can be determined by considering the 2D electrostatic potential contours 
in the bottom silicon thin-film region surrounded by the gate electrode and the 
buried oxide [3], as shown in the enlarged portion in Fig. 7.4(b). Applying Poisson's 
equation in cylindrical coordinates with the origin at the corner of the silicon thin­
film surrounded by the buried oxide and the gate electrode, one obtains ~ a~ (R~~)+ 
~2 ~~~ = 0. In the region in the buried oxide near the origin of the cylindrical 
coordinate, ~~~ ~ 0, the Poisson's equation is simplified as 

(7.4) 

The boundary conditions for the above differential equation are that the electric 
field and the electrostatic potential are continuous from the thin oxide region: 

(7.5) 

where {3 is a parameter which can be used to monitor the electrostatic relationship 
between the buried oxide and the gate oxide. From Eqs. (7.4) and (7.5), bow, which 
is the voltage drop between \lIG and the electrostatic potential at R = "(tsi + tax, is 

bo \lI = - qNsitsi . {3 . [1 + in( tax + "(tsi )J. 
2 Cox {3tox 

(7.6) 
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From Eqs. (7.1)-(7.3)& (7.6), the electrostatic potential at x = (1 - 'Y)tsi is 

(7.7) 

~(eWI12 -1+..£.L!.i )-~\lI(I-..£.L!.i) ~(1+..£.L !.i-e-wI12)+~\lI(1+..£.L!" 
where Al = ',j Gsw 12. Gsw 12 and A = ',j ~ Gsw 12 Gsw I 

(1+.E.u. !.n)eW 112 -(I-..s....- !.n)e-W 112 2 (1+..s....- !.i)eW 112 -(I-.£:..L !.i)e-W 112 
C sw '2 C sw 12 C sw 12 C sw '2 

The threshold voltage formula considering the narrow-channel effect for DELTA 
can be derived by considering that at a location (y = W;ff) with the minimum 
electrostatic potential in the vertical direction in the silicon thin-film at x = tsi 
where strong inversion has just been reached: 

w[x = tsi, y = W;ff] = -1>si. (7.8) 

At a location (x = (1- 'Y)tsi , y = W;ff) in the silicon thin-film, a\ll((I~~)tsi'Y) Iy= W~ff = 

O. From Eq. (7.7), Well is Well = l2In(%-), where l2 is as shown in Eq. (7.1) and 
Al and A2 are as shown in Eq. (7.7). Using Welh Eq. (7.7) can be further simplified 
to 

where CY3 = (1-.Q.u..!..i.)e WeffI212~(1+.Q.u..!.i)eWeffI212· Considering Eqs. (7.8) & (7.9), 
C sw '2 C sw l2 

the threshold voltage can be obtained: 

(7.10) 

Fig. 7.4(c) shows threshold voltage versus channel width of DELTA, with a gate ox­
ide of 150A, a sidewall oxide of 100A, and an acceptor density of 1 x 1017 cm -3 in the 
silicon thin-films of 1000A, 1500A and 2000A, based on the 2D simulation data and 
the analytical formula considering the 2D effect in the buried oxide near the corner 
of the silicon thin-film with 'Y = 0.15 and (J = 0.3 (solid lines)[3]. (Note: (J = 0.3 
is used to show that at a distance of 0.3tox from the corner in the buried oxide, 
the electric field and the electrostatic potential become scattered in the cylindrical 
shape.) Also shown in the figure are the curves for the analytical formula without 
considering the 2D effect in the buried oxide (dashed lines). As indicated by solid 
lines, considering the 2D effect in the buried oxide, the narrow-channel behavior in 
terms of threshold voltage can be predicted. 
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Figure 7.5: Cross section of a SiGe-channel SOl PMOS device. 

7.2 SiGe SOl PMOS Devices 

Based on the bandgap narrowing concept borrowing from the heterojunction bipolar 
transistors (HBT), SiGe-channel PMOS devices have been receiving lots of attention 
owing to their potentials in achieving high performance [5J-[6J. As shown in Fig. 7.5, 
using a SiGe heterostructure, a quantum well has been built in the PMOS device 
for improving its transconductance [4J since the conducting channel, which is in the 
quantum well, can be kept away from the Si - Si02 interface. As a result, surface 
scattering effect on reducing the effective mobility can be reduced. Furthermore, 
the hole mobility in a strained SiGe layer is higher than that in a bulk silicon. High 
performance SiGe-channel PMOS devices built on SOl structure using SIMOX tech­
nology were created [7J. Fig. 7.6 shows the IV characteristics of a SiGe-channel SOl 
PMOS and a conventional SOl PMOS device with an aspect ratio of 25/1m/10Jlm, 
a front gate oxide of 65A, a buried oxide of 410oA, a silicon thin-film of 180oA, and 
a SiO.7GeO.3 layer of lOoA, and a silicon cap of lOoA below the front gate oxide[4J. 
From this figure, the current driving capability of the SiGe-channel SOl PMOS de­
vice is much larger than the conventional SOl PMOS device. 

SiGe-channel SOl PMOS devices have limitations. In addition to the compli-
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Figure 7.6: IV characteristics of a SiGe-channel SOl PMOS device and a conven­
tional SOl PMOS device with an aspect ratio of 25J.1,m/1O{tm, a front gate oxide of 
65A, a buried oxide of 4100A, a silicon thin-film of 1800A, and a SiO.7GeO.3 layer of 
100A, and a silicon cap of 100A below the front gate oxide. 

cated processing steps required, SiGe-channel SOl PMOS devices have complicated 
back-gate bias effect. In the remaining portion of this section, comparison of an SOl 
PMOS device with and without SiGe-channel in terms of internal hole distribution 
and back gate bias effects is described. 

As shown in Fig. 7.5, the SiGe-channel SOl PMOS device structure is based on 
a SIMOX process [9J. The ultra-thin SOl PMOS device using an N+ polysilicon 
gate, has a front gate oxide of 120A (toxl). Below the gate oxide, a silicon thin-film 
of 1000A (teap + tge + ts) is sitting on a field oxide of 3500A (tox2 ). In the silicon 
thin-film an undoped silicon cap of 60A (teap ) below the gate oxide is placed atop the 
undoped SiGe-channel of 200A (tge), where the germanium density is 0.25. Below 
the SiGe-channel, an n-type silicon thin-film of 740A (t s ) doped with 1 x 10l6cm-3 is 
used. Below the field oxide, a p-type substrate region with a doping concentration 
of 1 x 10l5cm-3 has been used in the study. In order to show the uniqueness of 
the SiGe-channel SOl PMOS device in terms of the back gate bias effect on the 
subthreshold behavior, a standard SOl PMOS device without a SiGe-channel has 
been also studied - a silicon thin-film doped with 1 x 10l6cm-3 n-type dopants has 
been used. 
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Figure 7.7: The internal carrier density distribution in the center of the SOl device 
biased at various back gate biases and a drain current of 10-7 AI J.lm with SiGe­
channel. 

Fig. 7.7 shows the internal carrier density distribution in the center of the SiGe­
channel PMOS SOl device for various back gate biases and biased at a drain current 
of ID = O.lJ.lAI J.lm and VDS = -0.1 V[10]. Depending on the back gate bias, classi­
fied by the carrier distributions, there are four cases - Case I: a conduction channel 
at the top of the SiGe-channel and no inversion in the substrate, Case II: a conduc­
tion channel at the bottom of the SiGe-channel and no inversion in the substrate, 
Case III: a conduction channel at the bottom of the SiGe-channel and an inversion 
in the substrate, Case IV: a conduction channel at the top of the field oxide and 
an inversion in the substrate. Thanks to the existence of SiGe quantum well, the 
conduction channel is always present first in the SiGe region and the charge in the 
silicon cap can be neglected. 

As shown in Fig. 7.5, consider the device in the substrate direction[8][10]. In 
Case I: without substrate inversion, with a conduction channel at the top of the 
SiGe channel, the threshold voltage of the device is defined as the gate voltage when 
the electrostatic potential at the top of the SiGe channel reaches 'l1(t1) = ¢fn(Ge): 

¢fn(Ge) = k~lnn~~) + 7' where 6.Ev is the SiGe induced bandgap narrowing [11]-
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[13]: f1Ev = O.0087y eV where y is the germanium content in percentage. The 
threshold voltage for Case I is: 

fsi + Cox1t eap ( q ) ( ) VTH = <Pln(Ge) + <Ppoly + C -D + E + 2-N sub<Pln(Ge) , 7.11 
ox1 fsi 

where D = q(Nsub(cf-+ 6 +cf--)+~), and E = D2-2~(qNnts(2C + ? )+'1' )-
ge " 0:z:2 8 f ss " 0 0 :.:2 sub 

(~? In Case II: without substrate inversion and with a bottom SiGe channel, 
with a buried channel at the bottom of the SiGe channel, the threshold voltage 
of the device is defined as the gate voltage when the electrostatic potential at the 
bottom of the SiGe channel reaches w(t2) = <Pln(Ge)' The threshold voltage is: 

111 
VTH = <Pln(Ge)+<PPOly+fsi(-C +-C +-C )(-D+ 

ox1 ge cap 

q 
E + 2-Nsub<Pln(Ge»), 

fsi 

(7.12) 

where Ceap = fSi/teap. In Case III: with substrate inversion and with a bottom SiGe 
channel, the threshold voltage is defined as: 

The threshold voltage is 

VTH <Pln(Ge) + <Ppoly 

( 1 l' 1 ) (Cox2 (<Pln(Ge) - 2<Pf(sub) - Wsub - ~t~) - qNnts) + --+--+- c . 
COX 1 Ceap Cge 1 + 7t! 

(7.13) 

In Case IV: with surface inversion in the substrate and with a back channel at the 
top of the field oxide, the threshold voltage is defined as: 

VTH == VG(w(t3 ) = <PIn, W(t4) = Wsub + 2<PI(sub»)' The threshold voltage is: 

1 1 1 1 
<PPOlY+<Pln-qNnts(2C +-C +-C +-C ) 

s ox1 ge eap 
VTH = 

1 1 1 1 
+Cox2 ( -C + -C + -C + -C )(<Pln - Wsub - 2<PI(sub»)' 

ox1 s ge eap 
(7.14) 

Fig. 7.8 shows the threshold voltage versus back-gate bias voltage curves for the 
SOl PMOS device using the analytical model and 2D simulation results[10]. As 
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Figure 7.8: Threshold voltage versus back-gate bias of the SiGe-channel SOl PMOS 
device. 

shown in the figure, four cases - Case I, II,III,IV can be identified. In each case, the 
slope of the threshold voltage curve with respect to the back gate bias is different. 
Fig. 7.8 also shows the difference between the SiGe-channel and the conventional 
SOl PMOS devices. When the back gate bias shifts toward the positive direction, 
the difference between the two devices gets larger. This can be understood by the 
equivalent capacitance models as shown in Fig. 7.9[10j. 

For the SiGe-channel PMOS device biased in Case I & II, the equivalent capaci­
tance model as shown in Fig. 7.9(a), is composed of Coxl , Ccap , Cye, Cs and Cox2 , and 
Csub ' Csub accounts for the depletion capacitance in the substrate. Ccap , Cye, and 
Cs account for the capacitances of the silicon cap, the SiGe channel, and the silicon 
thin-film below the SiGe channel, respectively. Therefore, the threshold voltage slope 
can be expressed as the product of two terms: {){)~TH = (::Gh Iw h=4>F)(Z!G Iw h=4>F)' 

sub Bub C ch C 

As VB > -lo5V (Case I), the channel is located at the top of the SiGe channel, 
( 1 + 1 ) 

therefore, g~:~ = - (.L+TIJ5-!-r For -lo5V > VB > -lo9V (Case II), 
Cge C s C ox 2 Csub 

the channel is located at the bottom of the SiGe channel, therefore, one obtains: 

~ = - (-c~+~+~). For the device operating in Case III & IV, as shown in 
{)w sub (0,+ c ox 2 + C,ub) 

Fig. 7.9(b), the equivalent capacitance model is without Csub ' Its threshold voltage 
slope is: {)a~TH = (::Gh Iw F4>F)(aa,~G Iw h=4>F)' For -4.4V < VB < -lo9V (Case 

sub .5 ub C ":l'ch C 
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Figure 7.9: The equivalent capacitance model of the SiGe-channel sal PMOS device. 

III), the channel is located at the bottom of the SiGe channel and inversion exists at 
(_l_+_l_+--.L ) 

the substrate surface, therefore, ~~:! = co(~:c.:.L~ge. For VB < -4.4V (Case 
Os C ox 2 

IV), the channel is located at the top of the field oxide and inversion exists at the 
(_l_+_l_+--.L+..L ) 

substrate surface, therefore, ~~TH = C ox1 (l ~ge as • From the above analysis, 
sub C o :r:2 

the difference in the threshold voltage slope can be understood. 

7.3 SOl Power Devices 

High-voltage integrated circuits (HVIC's) have been gaining a lot of attention ow­
ing to their applications in telecommunication, display drivers, and electrostatic 
printers[14][15J. SOl technology for high-voltage MaS devices has been reported 
for its advantages in speed performance owing to smaller parasitic capacitances[14J. 
Owing to the buried oxide isolation structure, sal structures are suitable for high­
temperature operation. Therefore, sal technology has been used to implement 
power devices. For an sal LDMOS device as shown in Fig. 7.10, a silicon thin-film 
of 1.5j.Lm has been used[16J. It has a 50j.Lm long drift region with a silicon thin-film 
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Figure 7.10: Cross section and leakage current of an SOl high-voltage LDMOS 
device. 

thickness of 0.2J-lm, which is implemented using selective oxidation technique. Below 
the active region, there is a buried oxide of 3J-lm - 4J-lm. The breakdown voltage of 
this device with a channel width of 8mm is 600-700V and its on-resistance is 19[2 
at room temperature. Also shown in the figure is the leakage current versus drain 
voltage of the device. From this figure, the breakdown voltage of the SOl LDMOS 
device is much better than the bulk one. In addition, the leakage current sensitiv­
ity to the temperature of the SOl LDMOS device is much smaller than that of the 
bulk one owing to a less than 1.5J-lm silicon thin-film and the buried oxide isolation. 
Therefore, SOl LDMOS devices are more suitable for high-temperature operation. 

Fig. 7.11 shows the drain current characteristics of an SOl LDMOS device with 
a drift region of 50J-lm, a silicon thin-film thickness of 0.2J-lm, a buried oxide of 
1.2J-lm, and a device area of O.3mm2[17], measured at DC and after applying the 
bias for 2J-ls and 100J-ls. As for SOl MOS devices, self-heating is also noticeable in 
SOl LDMOS. The negative differential output resistance can also be seen at the 
high drain voltage regime. At a high drain voltage, carriers are travelling at the 
saturated velocity in the drift region. When the drain voltage is raised, power dis­
sipation increases. " Hence, the lattice temperature rises- the travelling velocity is 
degraded. As a result, the drain current drops. As shown in the figure, when the 
measurement is carried out in a shorter period of operation, the self-heating be­
havior is less. Fig. 7.12 shows the temperature rise versus time of SOl and bulk 
LDMOS devices following an application of a 90Wjmm2 , 100J-ls power pulse[17]. As 
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Figure 7.11: Drain current characteristics of an SOl LDMOS device with a drift 
region length of 50j.tm, a silicon thin-film thickness of O.2j.tm, a buried oxide of 
1.2j.tm, and a device area of O.3mm2, measured at DC, and after applying the bias 
for 2j.ts and lOOj.ts. 
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Figure 7.12: Temperature rise versus time of SOl and bulk LDMOS devices following 
an application of a 90W/mm2 , lOOj.ts power pulse. 
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Figure 7.13: Cross section of a merged SOl technology, which combines VDMOS, 
CMOS, and bipolar devices. 

shown in the figure, due to the buried oxide, the temperature rise in the SOl device 
is much higher than that in the bulk device. In addition, when the pulse is over, the 
temperature in the SOl device drops to the final stable value much faster due to a 
much smaller thermal capacitance of the silicon thin-film. 

Owing to the excellent isolation capability of the buried oxide structure, simul­
taneous integration of the power devices with CMOS control logic circuits becomes 
feasible. Fig.7.13 shows the cross section of an SOl technology, which combines 
VDMOS, CMOS and bipolar devices[18]. As shown in the figure, it has a buried 
oxide of 1J.Lm, a silicon thin-film of 15J.Lm, a front gate oxide of 4ooA, and a CMOS 
gate length of 2J.Lm. An isolating V-Groove surrounded by an n+ sidewall has been 
adopted to provide a current path. 

The previous merged SOl technology is based on a thick silicon film (tsi = 15J.Lm). 
Here a merged SOl technology using a silicon thin-film is described. Fig. 7.14 shows 
the cross section of an intelligent power LSI SOl technology with double buried­
oxide layers. All components are individually and completely isolated by the oxide 
layers[19]. Due to the O.4J.Lm silicon thin-film, a structure with double buried oxide 
layers separated by another silicon thin-film has been used to enhance the shielding 
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Figure 7.14: Cross section of an intelligent power LSI SOl technology with double 
buried-oxide layers. All components are individually and completely isolated by the 
oxide layers. 

capability. The double buried-oxide layer structure is formed by an oxygen implant 
with an epitaxial growth, followed by another oxygen implant. The power DMOS 
device in this technology can sustain up to 60V. In addition, 5V and 12V CMOS 
devices are also available. The 5V CMOS devices are designed for controlling the 
12V CMOS devices. The 12V CMOS devices are used to control the 60V DMOS 
power devices. 

For a power DMOS device built by SOl technology, the back gate bias effect on 
the power DMOS device cannot be overlooked. Fig.7.15 shows the cross section and 
IV characteristics of an N-channel LDMOS device with a front gate oxide of 400A, a 
buried oxide of 1.2JLm, a silicon thin-film of 1JLm, an aspect ratio of 200JLm/0.4JLm, 
and a drift region of 15JLm[20J. As shown in the figure, at a more positive back 
gate bias, the drain current becomes larger since the resistance of the n-drift region 
becomes smaller. 

For a bulk DMOS device, quasi-saturation behavior is important [15J. As de­
scribed before, for an ultra-thin SOl MOS device, the back gate bias effect on its 
device performance is complicated. In the final portion of this section, the back gate 
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Figure 7.15: Cross section and IV characteristics of an N-channel LDMOS device 
with a front gate oxide of 4ooA, a buried oxide of 1.2{lm, a silicon thin-film of l{lm, 
an aspect ratio of 200{lm/0.4{lm, and a drift region of 15{lm. 

bias effect on the quasi-saturation behavior in a high-voltage SOl MOSFET[21] is 
described. Fig. 7.16 shows the cross section and IV characteristics of the high-voltage 
SOl DMOS device used in this study [21]. The high-voltage SOl DMOS device has 
an n+ polysilicon gate and a front gate oxide of 500A and a l{lm silicon thin-film 
above an oxide insulator of 1.2{lm. Below the oxide insulator, the p-type substrate 
is doped with 1016cm-3. There is an n~ region of 40{lm with a doping density of 
1016cm-3 . As shown in the figure, when Vas is greater than a certain value, the 
drain current stays almost unchanged regardless of Vas. For a back gate bias of OV, 
as VDS increases, the drain current at quasi-saturation increases. On the other hand, 
for a negative back gate bias of -40V, the drain current at quasi-saturation stays 
almost unchanged regardless of VDS . Different from the bulk vertical DMOS device, 
the quasi-saturation behavior of the high-voltage SOl MOS device is also influenced 
by the back gate bias. Figs. 7.17 show the 2D electron concentration contours in the 
silicon thin-film region of the high-voltage SOl MOSFET biased at quasi-saturation 
(VDS = 40V, Vas = 20V) with VBS = OV and -40V from 1014cm-3 to 1016cm-3 at 
an interval of 1Q°.4cm-3[21]. As in the bulk vertical DMOS device, the drain current 
of a high-voltage SOl MOSFET biased at quasi-saturation is determined by the cur­
rent conduction in the n- region. For a back gate bias of OV, most of the n- region 
is for current conduction. For a back gate bias of -40V, the depletion edge moves 
upward. A more negative back gate bias leads to a smaller channel depth in the n­
region. For VBS = OV, the shape of the depletion edge is linear. For VBS = -40V, 
the shape of it is two-region piece-wise linear due to the hole inversion above the 
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Figure 7.16: Cross section and IV characteristics of the high-voltage SOl DMOS 
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Figure 7.17: 2D electron concentration contours in the high-voltage SOl MOSFET 
biased at quasi-saturation (VDS = 40V, Vas = 20V) (a) VBS = OV and (b) -40V. 



7.4. SOl BJT & BIeMOS 

E 
~ ...... 

!I) 
c 
!I) 
c 

IO.---~--~--~--~----~--~--~---, 

- Model 
• 20 Simulation 

~4~O---.~35~~.3~O---.~25--~.20~--.1~5---.~I0~~.5~~ 

Ves (V) 

363 

Figure 7.18: The drain current versus VBS curves for the high-voltage SOl MOSFET 
biased at quasi-saturation (VDs = 10V - 40V) based on the analytical model and 
the 2D simulation results. 

field oxide at VBS = -40V. 

Fig. 7.18 shows the drain current versus VBS curves for the high-voltage SOl 
MOSFET biased at quasi-saturation (VDS = lOV - 40V)[21]. A more negative 
back gate bias makes the drain current at quasi-saturation smaller. In addition, a 
higher drain voltage leads to a higher drain current at quasi-saturation. However, 
the increase in the drain current is not linearly proportional to that in the drain 
voltage. 

7.4 sal BJT & BiCMOS 

Due to an excellent a-particle immunity and low parasitic capacitances, SOl tech­
nology has also been used to implement BJTs. Fig. 7.19 shows the cross section of 
an SOl bipolar technology[22]. Except the buried oxide, LOCOS, and the trench 
isolation, it's identical to a bulk BJT technology. Each well has its own active 
BJT region above the buried layer and epi-layer. As shown in the figure, due to the 
buried oxide structure, the parasitic capacitance at the collector node of the SOl 
BJTs is much smaller than that of the bulk BJTs. 
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Figure 7.19: Cross section of an SOl bipolar technology. 

In addition to BJT, SOl technology has also been used to integrate BiCMOS 
devices. Fig. 7.20 shows the cross section of a 0.6j.£m SOl BiCMOS technology[23] 
using LOCOS and trench isolation. In this SOl BiCMOS technology, the structure 
of the CMOS devices is similar to that in bulk twin-tub technology. The bipolar 
devices benefit from the SOl structure- the parasitic capacitances can be much 
smaller as compared to the bulk devices. 

Fig. 7.21 shows the cross section of a vertical SOl bipolar transistor [24] using 
mesa-isolation. The basic structure of this bipolar transistor is similar to that of the 
bulk one except the mesa-isolation and the buried oxide structures. Owing to the 
mesa-isolation structure, the processing sequence is less complicated. In addition, 
the device density can be higher. 

In addition to the bipolar device, mesa isolation can also provide advantages for 
BiCMOS devices. Fig. 7.22 shows the cross section of a BiCMOS technology us­
ing mesa isolation[25]. As shown in the figure, the requirements on the thicknesses 
of the silicon thin-films for the bipolar and CMOS devices are different. For the 
bipolar device, the thickness of the silicon thin-film is 1.0j.£m. For CMOS devices, 
it is 0.3j.£m. At the beginning of the fabrication process, the silicon thin-film of the 
CMOS device region should be etched off more. Due to the difference in the sili­
con thin-film thickness between the bipolar and CMOS device regions, planarization 
may be much more difficult as compared to other planar processing technologies. As 
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Figure 7.20: Cross section of a 0.6f1m SOl BiCMOS technology. 
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Figure 7.21: Cross section of a vertical SOl bipolar transistor. 
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Figure 7.22: Cross section of a BiCMOS technology. 

for the trench-isolated SOl BiCMOS technology, this mesa-isolated SOl BiCMOS 
also provides advantages in low parasitic capacitances. 

Along with the development with the ultra-thin-film SOl technology, lateral bipo­
lar devices have been receiving attention. Fig. 7.23 shows the cross section of the 
lateral bipolar device[26]. As shown in the figure, a silicon thin-film of O.15J1m is 
built on a buried oxide of O.225J1m. The base profile and the base contact of this 
lateral SOl bipolar device are based on a p+ polysilicon layer and oxide sidewall. 
As a result, a great deal of improvement can be found for the parasitic capacitances 
of the base and the emitter in addition to the collector. The difficulties of this 
lateral SOl bipolar device is on forming the base profile and the base contact-if 
not properly done, the leakage between the base-emitter junction and the base re­
sistance may not be acceptable. 

Fig. 7.24 shows the cross section of an SOl BiCMOS technology with lateral 
bipolar devices[27] with a front gate oxide of l05A, a buried oxide of 4oooA, a sil­
icon thin-film of lOooA, and a channel length of O.5J1m. As shown in the figure, 
lateral bipolar devices are made directly on the top of the silicon thin-film. As a 
result, the bipolar devices can be easily integrated with the CMOS devices. The 
base profile is determined by the sidewall oxide spacer, which is also used for the 
LDD structure in the CMOS devices, during the fabrication of the bipolar device. 
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Figure 7.23: Cross section of the lateral SOl bipolar device. 
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Figure 7.24: Cross section of an SOl BiCMOS technology with lateral bipolar devices 
with a front gate oxide of losA, a buried oxide of 4oooA, a silicon thin-film of lOooA, 
and a channel length of O.SJ.Lm. 



368 CHAPTER 7. SPECIAL-PURPOSE SOl 

Twins Emitter 
AE ( 11 rr?) 0.5 x 2.3 

Level III 
Wca (11m) 1.2 
Acs (11m2) 25 
1\ 55 

Level II BVcEo (V) 2.8 
BVcao (V) 9 
AE (0 ) 7 
Aax (0) 29 

Level I C Ea (IF) 2.5 
Cca (IF) 4.3 
Cas (IF) 4 
IT ( GHz) 40 
AbI (leD) 18 

Figure 7.25: Cross section of a partial-SOl BJT technology using the sequentially 
planarized interlevel isolation technology (SPIRIT) structure. 

Although the bipolar devices built by SOl technology can have smaller parasitic 
capacitances, which lead to a higher speed performance, self-heating problems can 
be serious. In order to optimize the tradeoffs between parasitic capacitances and 
self-heating, a partial-SOl structure, which is based on the sequentially planarized 
inter-level isolation technology (SPIRIT) has been used to build the double-poly 
self-aligned bipolar devices[28) as shown in Fig. 7.25, where the emitter, the base, 
and most of the collector area are surrounded by oxide. Under some portion of the 
collector, there is an opening in the oxide layer, which is used to help expedite heat 
dissipation. By using this partial-SOl structure, the advantages of the low parasitic 
capacitances can be maintained. However, the partially-SOl BJT technology needs 
several times of the selective epitaxial growth and oxide deposition during the pro­
cess. 

The vertical bipolar device built by the partial-SOl technology is also suitable 
for integration in the BiCMOS structure. Fig. 7.26 shows the cross section of the 
partial-SOl BiCMOS technology[29]. As shown in the figure, CMOS devices are at 
the top of the epi-layer, which has a thickness of less than O.2I1m. Only the bipolar 
devices, which dissipate more heat, are using the partial-SOl structure. In contrast, 
CMOS devices are still using the full-SOl structure. 
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Figure 7.27: Cross section of complementary MESFET's on SOS. 
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7.5 SOl MESFET & JFET 

Since there is no front oxide layer, MESFET's have better radiation hardness than 
MOSFET's. MESFET's have been integrated using SOl technology. Fig. 7.27 shows 
the cross section of complementary MESFET's on SOS[30]. For the n-type MES­
FET's, Pt has been used for the gate and Er has been used for the source and the 
drain. For p-type MESFET's, they are reverse. For the gate, it is Er. For the 
source/drain, it is Pt. From this figure, the device structure of SOl MESFET's is 
much simpler than that of the SOl MOSFET's. Therefore, the processing technol­
ogy is also easier. The structure of an inverter circuit using MESFET's is similar 
to that using MOSFET's. However, in order to avoid a large current when the 
gate-channel diode is turned on, the supply voltage is limited to below 0.5V. In 
addition, no full-swing can be reached for the SOl MESFET inverter. As a result, 
noise immunity can be worse as compared to the MOS one. 

In addition to applications for the digital logic circuits, SOl MESFETs have also 
been used for microwave circuits. As shown in Fig.7.28, a Si-on-quartz microwave 
MESFET has a gate length of 1.4p,m, a channel thickness of 0.15p,m[31]. In addition 
to MESFETs, JFETs can also be integrated on SOL Fig. 7.29 shows the cross section 
of the SOl complementary JFET technology[32]' which has a gate length of 4p,m. 
The channel region is formed by ion implantation. Fig. 7.30 shows the cross section 
of a p-channel JFET on SIMOX substrate[33]. As shown in the figure, double 
gates at the top and the bottom of the channel region are used to improve the 
control capability. During the fabrication process, the bottom gates are formed by 
implanting to the specified silicon thin-film region, followed by an epi-Iayer formation 
for the channel region and the top gate. 
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Figure 7.29: Cross section of the SOl complementary JFET technology. 

Figure 7.30: Cross section of the p-channel JFET on SIMOX substrate. 
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Figure 7.31: Cross section of a silicon single-electron transistor (SET) memory with 
the self-aligned floating dot gate. 

7.6 Single-Electron Transistor(SET) 

Nowadays, deep-submicron MOS devices with a channel length/width of much 
smaller than lOooA has been reported. Along with down scaling of MOS devices, 
the supply voltage needs to decrease too. As a result, the number of conducting 
electrons in a down-scaled deep-submicron NMOS device decreases quickly. When 
the size of a very deep-submicron MOS device is shrunk further, what the limit is 
has been investigated. In a very small NMOS device, under the requirement on low 
power for VLSI, single electron transistors (SET), which mean that only one electron 
in the conducting channel, may be the limit in down scaling CMOS technology. 

The so-called single-electron transistors (SET) are referred to the devices, which 
can control the transfer of a single electron. Fig. 7.31 shows the cross section of a 
single-electron transistor built on SIMOX substrate [34J. The key structure is the 
floating dot gate, which is below the control gate. The floating dot gate needs to 
be very small such that a very small capacitance of 3.3aF(a = 10-18 ) to restrict the 
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Figure 7.32: Drain current versus control gate voltage at room temperature for the 
single-electron FET with the floating dot gate. 

quantity of the accommodated electrons. Fig. 7.32 shows the drain current versus 
control gate voltage at room temperature for the single-electron FET with the float­
ing dot gate [34]. As shown in the figure, from the measured drain current curve, 
there exists a discontinuous transition point, which is due to the 0.1 V threshold 
voltage shift caused by the trapping of a single electron at the floating dot gate. 
The trapped electron stays in the floating dot gate. As a result, there is a hysteresis 
in the drain current characteristics. Fig. 7.33 shows the energy diagram and the 
drain current characteristics of the single-electron memory device[35]. As shown 
in the figure, when the control gate voltage is positive enough such that a single 
electron is induced to move from the channel to the floating dot gate by tunneling 
through the oxide, the potential of the floating dot gate will change to prevent more 
electrons from entering~-this is Coulomb blockade effect. Therefore, the trapped 
electron changes the threshold voltage of the device substantially. As a result, the 
drain current curve is shifted. From this reasoning, in the single electron FET, the 
capacitance of the storage floating dot gate needs to be very small to produce a 
sufficient change in the potential, which can blockade the transfer of other electrons. 
From considering the electrostatic energy and the thermal energy of an electron, the 
capacitance of the floating dot gate needs to be as small as q2/2kT to guarantee the 
operation of a single electron at room temperature. 

Fig. 7.34 shows the cross section of another silicon single-electron transistor on 
SOl SIMOX substrate[36]. The silicon island is surrounded by the gate electrode, 
the substrate silicon across the oxide layer, and the source/drain region. The final 



374 

read 

erase 

write 

threshold 
shift 

by a single 
electron 

Gate Voltage 

CHAPTER 7. SPECIAL-PURPOSE SOI 

before writing 

storage 

~ dot 

~ 

l 

gate 
Coulomb blockade 

Figure 7.33: Energy diagram and drain current characteristics of the single-electron 
memory device. 

1 - Dimensional 51 Wire 

SIMOX Wafer 

( 

Vg 
tunnel --L 

~~~" 
SII.land T 

Vb 
tunnel 
capacitor 

SI 181an 

Figure 7.34: Cross section of a silicon single-electron transistor on SOl SlMOX 
substrate. The silicon island is surrounded by the gate electrode, the substrate 
silicon across the oxide layer, and the source/drain region. 
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Figure 7.35: Conductance oscillation as a function of the gate voltage when the 
temperature is varied. 

dimensions of the silicon island, which are defined by electron beam lithography 
and thermal oxidation, are several nm to generate a capacitance of 2aF such that 
Coulomb blockade effect can occur. Fig. 7.35 shows the conductance oscillation as 
a function of the gate voltage when the temperature is varied[36]. As shown in the 
figure, the conductance oscillation behavior is due to the Coulomb blockade effect 
from the silicon island, which is a strong evidence of the effect from a single-electron 
device. Also shown in the figure, when the temperature is lowered, the quantum 
effect is more noticeable. 

7.7 Amorphous TFT 

Hydrogenated amorphous thin-film transistors (a-Si:H TFT) built on an insulator, 
which can be regarded as an SOl structure, have been used for active matrix LCDs, 
complex arrays of electronic devices and large-area microelectronics using amorphous 
material [37]. Using a-Si:H TFTs, digital control switches can be integrated on-chip 
with complex arrays of a-Si:H LCD's [38]-[43] to reduce off-chip interconnects re­
quired. Fig. 7.36 shows the process sequence of an amorphous TFT technology[44]. 
As shown in the figure, in the amorphous TFT process, on the glass substrate, a 
layer of Cr (chromium) is deposited by sputtering. Then the gate electrode of the 
amorphous TFT is done by patterning the Cr layer using photolithography and etch­
ing. A layer of 3000A SiNx, followed by a layer of 2000A i-a-Si:H and a layer of 500A 



376 CHAPTER 7. SPECIAL-PURPOSE SOl 

ITO 
Cr 

(a) 
"E Glass :f 

Cr 
I-a-SI:H n+-a-SI:H SIN 

x 

(b) (e) 

(c) (f) 

Figure 7.36: Process sequence of an amorphous TFT technology. 

n+ a-Si:H is deposited by CVD. Then the deposited i-a-Si:H and n+ a-Si:H layers 
outside the TFT region are removed by photography and etching. An indium tin ox­
ide (ITO) layer is deposited and patterned to form the transparent electrode for the 
TFT. After covering the whole wafer with Cr, the Cr above the TFT channel region 
and most of the ITO region is etched off. After etching off the n+ a-Si layer above 
the TFT channel region, the process sequence is accomplished. Fig. 7.37 shows the 
cross section of an a-Si TFT/LCD pixel with the driving transient waveforms[45]. 
As shown in the figure, the a-Si TFT is located between two transparent display 
electrodes made of ITO. The switching of the amorphous TFT controls the charge 
and the discharge of the common electrodes and the pixel electrode. When the TFT 
turns on, the electric field between the two electrodes changes the polarization of 
light in the LCD pixel. As a result, the transmission of light through the pixel can 
be controlled. 

Fig. 7.38 shows the cross section and IV characteristics of a thin-channel a-Si:H 
TFT[46]. As shown in the figure, an amorphous silicon thin-film is on an insulator. 
Below the insulator, there is a gate electrode. Source and drain contacts are at the 
top of the amorphous silicon thin-film. Under the source/drain electrodes, an N+ 
implant to the amorphous silicon thin-film region has been used for the source/drain 
region. The thickness of the amorphous thin-film strongly affects the performance. 
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Figure 7.38: Cross section and IV characteristics of a thin-channel a-Si:H TFT. 

When the channel of an a-Si:H TFT is thinner, the throughput of mass production 
of it will be better. In addition, the drain current in the linear region can be larger. 
When the thickness of the a-Si:H is thin enough (100A), the 2D effect between the 
source/drain contact and the channel region can be reduced. Furthermore, with a 
very thin amorphous silicon thin-film carriers can move from channel to the metal 
contact via tunneling- doping the source/drain region can be skipped. 

Analysis of a-Si:H TFTs have been reported [47]-[56]. Due to the complicated 
distribution of localized acceptor states in the energy gap of amorphous silicon, an­
alytical models are difficult to derive [47][57]-[60] . The analytical models of the free 
and trapped charges in the channel of the a-Si:H TFT are difficult to obtain. In an 
analytical saturation region model based on an 'n-i-n diode' approach, in the region 
after pinchoff, it is regarded as an intrinsic region [53][54][61]. A capacitance model 
for a-Si:H TFTs based on a field-dependent mobility has been reported[54][55] . A 
capacitance model using numerical iteration for a-Si:H TFTS has been derived[56]. 
In the next portion of this section, analysis of the behaviors of a-Si:H TFTs is 
described[62]. 
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Figure 7.39: (a) The a-Si:H TFT under study. (b) Distribution of localized acceptor 
states in the energy gap of amorphous silicon. (c) Band diagram of the a-Si:H TFT. 

Fig. 7.39(a) shows the cross section of a typical a-Si:H TFT. The majority of the 
induced charges in the channel is trapped in the localized states [62]. As a result, the 
density of free mobile carriers in the conduction band is small and the field-related 
mobility is small as compared to the single crystal MOS devices. Fig. 7.39(b) shows 
the distribution of localized acceptor states in the energy gap of amorphous silicon. 
The localized acceptor-like states, which are important for the n-channel device 
operation, can be roughly divided into two groups: deep localized acceptor states 
and tail localized acceptor states. The distribution of localized acceptor states 
(g( E)) can be expressed as: 

(7.15) 

where gd and gt are the deep states density and the tail states density at the con­
duction band edge, respectively. Td and Tt are the characteristic temperatures of 
the deep states and tail states, respectively. Ec is the conduction band level. The 
localized trapped charge density in a-Si:H can be expressed as [63]: 

l Ee 
nloc = g(E)f(E)dE, 

Ev 
(7.16) 
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where f(E) is the Fermi-Dirac occupation function, which can be approximated by 

{ ~ f (E) = 1 - e kT n , 

-(E-E!n) 

f(E) = e kT , 

Ev < E < Efn , 

Efn:::; E < Ee, 
(7.17) 

where Ev is the valence band level, k is the Boltzmann constant, and T is the 
temperature in Kelvin. Using the Boltzmann distribution, the free electron density 
in the conduction band is: 

(7.18) 

where Ne is the effective density of states in the a-Si, and Efn is the electron quasi­
Fermi level. From Eqs.(7.15)&(7.16), the density of localized trapped charge is 
expressed as: 

Using the relationship: Efn - Ee = qW - Efo , where Efo is the difference between 
Ee and the Fermi level in the bulk, as indicated in Fig. 7.39(c), Eq. (7.19) is rewritten 
as: 

Eq. (7.21) is the analytical model for computing the density of localized trapped 
charges in the a-Si:H TFT. 

Applying Poisson's equation in the a-Si:H TFT, one obtains: 

d2w dE q 
-d 2 = --d = -(nloe + nfree) , x x f 

(7.21) 

where E is the electric field in the vertical direction. Using the relationship: 2 ~: (~:~) = 
~(~:)2, from Eqs. (7.18)(7.21)(7.21), the electric field is expressed as: 

E(W) = (7.22) 
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where nA = 9dkTd - (...L!d...L) + (...L:'d...L), nB = 9tkTt - (-.!....~...L) (-Lg~...L)' and 
kT kTd kT kTd kTt kT kTt kT 

nc = 9d(...L~...L) + 9t(-.!....~...L) + Nc . Integrating the free carrier density as shown in 
kTd kT kTt kT 

Eq. (7.18) in the vertical direction of the a-Si:H TFT from the oxide/a-Si interface 
(x = 0) to the end of the channel in the a-Si thih film (x = ti ), total free carriers in 
the a-Si:H TFT are: f t , q'fl-E /0 

N free = 10 Nee kT dx, (7.23) 

Using the relationship: dx = - e'(~)' Eq. (7.23) becomes: 

(7.24) 

Define an "effective temperature" as: 

giJ! - E fo 
TeJ(iJ!) = klnEl]') , (7.25) 

where A = J~(kTdnA + kTtnB + kTnc). Note that in Eq. (7.25), no surface states 
have been considered. If surface states are considered, Eqs. (7.21)(7.22)&(7.25) 
will be with surface state terms. Using the effective temperature as expressed in 
Eq. (7.25), Eq. (7.24) becomes: 

N - Ne 1 (qw,-E/ o )( tr- kTe/('fl,)) 
Jree - ( 1 1) e . 

gA kT - kTe/(W,) 

(7.26) 

From Gauss' Law, the total charges in the a-Si:H TFT, which include the local­
ized trapped charges and the free electrons can be related to the electric field at the 
oxide/a-Si interface as: 

E 
N free + N 10e = -E(iJ!s). 

q 
(7.27) 

Using the effective temperature approach, the assumptions that nloe » nJree and 
the separate consideration of the deep states and tail states as required in other 
analytical models [48][49][51] are not needed in deriving the N free formula any more. 

The effective temperature defined in Eq. (7.25) reflects the effects of the trapped 
charges in the deep and tail states and the mobile carriers. As shown in Eq. (7.25), 
the effective temperature is a function of characteristic temperatures of deep and 
tail states (Td' Tt), deep and tail state density at conduction band (9d, 9t) and the 
operation temperature. 



382 CHAPTER 7. SPECIAL-PURPOSE SOI 

Band mobility 110 17 
2 

cm/Vs 
Gate Length L 8 11m 
Gate Width W 80 11m 
Conduction-band effective Nc 7 x 1019 -3 cm 
Deep localized state 

18 -3 -1 
gd 8.8 x 10 cm ev 

Tail localized state gl 2.1 x 1022 cm-3 ev-l 

Deep state characteristic Td 997 K 
temperature 
Tail state characteristic TI 243 K 
temperature 
Bulk Fermi level EfO 0.65 eV 
a-Si active layer thickness TI 500 A 
Insulator thickness Tox 3000 10 A 
a-Si permittivity ·f 1 x 10 F/m 
Insulator permittivity fox 6 x 1010 F/m 
Flatband voltage VFe 0.7 V 
a-Si bandgap Eg 1.72 eV 

Table 7.1: Device parameters of the a-Si:H TFT under study. 

Applying Gauss' Law at the oxide/a-Si interface and considering the voltage 
drop in the oxide region, one obtains: 

v, = V + W + q(Nfree + N1oc ) = V + W + _E_A ~~:;(!~) 
9 fb s C fb s C e , 

ox ox 
(7.28) 

where Cox is the unit area oxide capacitance, and Vfb is the flat-band voltage [49][52]: 
Vfb = 9C

2N88 ~ - C:0..cQ + ¢m + x" where Nss is the density of the oxide/a-Si interface 
ox q oX' 

charge, Qf is the fixed charge per unit area in the oxide, ¢m is the work function of 
the gate metal, and xs is the electron affinity of a-Si. From Eqs. (7.22)(7.25) (7.28), 
the electrostatic potential at the oxide/a-Si:H interface as a function of the gate 
voltage can be found. From Eqs. (7.22)(7.25)(7.26), the total mobile carriers in 
the a-Si:H TFT can be obtained. Using these equations, the drain current and 
capacitance models of a-Si:H TFT's can be derived [62]. Typical device parameters 
are shown in Table 7.1[53]. 

7.8 Polysilicon TFT 

Polysilicon thin-film transistors(TFTs) built on an insulator, which can be regarded 
as an SOl structure, have been receiving attention owing to their advantages in liquid 
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Figure 7.40: Fabrication process of a polysilicon TFT technology. 
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Figure 7.41: Active matrix liquid-crystal display (AMLCD) driving circuits using 
polysilicon TFTs. 

crystal display (LCD)-related[65][66], and memory[67][74] applications. Fig. 7.40 
shows the fabrication process of a polysilicon TFT technology[75]. As shown in the 
figure, on the glass substrate, a 100nm silicon nitride is deposited as the buffer layer. 
On the top of the nitride buffer layer, a 150nm amorphous layer is deposited by RF 
magnetron sputtering. Then polycrystallization of this amorphous silicon layer is 
carried out by an Ar-Iaser-the polysilicon layer is formed. After the polysilicon 
layer outside the TFT region is etched off, an oxide layer used as the gate ox­
ide is deposited, followed by deposition of another phosphorus-doped silicon film, 
which is patterned to form the gate electrode by photolithography and etching. The 
source/drain region is done by ion implantation. After depositing another oxide layer 
for passivation, contact hole formation and metallization finalize the whole fabrica­
tion procedure. Fig. 7.41 shows the active matrix liquid-crystal display (AMLCD) 
driver circuits using polysilicon TFTs[76]. As shown in the figure, the main circuit 
element of the AMLCD is composed of the LCD pixels, scan lines, data lines, scan 
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Figure 7.42: Cross section of a polysilicon thin-film transistor (TFT) and its IV 
characteristics. 

circuits, and the data driver circuit. The pixel is made of a polysilicon TFT and a 
liquid crystal capacitor, which is composed of the liquid crystal and two transparent 
electrodes. The scan circuit provides appropriate signals to drive the scan lines. 
Each time only a row of pixels can accept the signals from the data driver, which 
provides the charge for the liquid crystal capacitor. As a result, the transmission of 
light through liquid crystals is controlled. As shown in the figure, there is a digital 
control circuit made of polysilicon TFTs. In general, the performance of the polysil­
icon TFTs is much worse than that of the single-crystal MOS devices. Therefore, 
the control circuits realized by polysilicon TFTs are more difficult to design. 

Fig. 7.42 shows the cross section of a polysilicon thin-film transistor (TFT) and 
its IV characteristics. [68]. Polysilicon TFTs are similar to single-crystal SOl MOS 
devices except that their thin-films are derived from LPCVD amorphous silicon af­
ter recrystallization. In a polysilicon TFT, there exists several single-crystal silicon 
grains. Due to the effect from the grain boundary, the carrier mobility of polysilicon 
TFTs is between a-Si:H TFTs and single-crystal MOS devices. As shown in the 
figure, in the subthreshold region of a polysilicon TFT, there is a peculiar leakage 
behavior. Fig.7.43 shows the cross section of a p-type polysilicon TFT with its sub-
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Figure 7.43: Cross section of a p-type polysilicon TFT with its subthreshold IV 
characteristics. 

threshold IV characteristics[69]. From this figure, the leakage current of the device 
is large. In addition, the leakage current is sensitive to the operating temperature. 
When the temperature is above 150K, the leakage current decreases as the tem­
perature is lowered. This is due to the thermal field emission via grain boundary 
traps- the mechanism of tunneling of trapped electrons and holes from the grain 
boundary traps to the conduction and valence bands, respectively, due to a large 
electric field. Under 150K, the leakage current increases when the temperature is 
decreased due to the impact ionization effects. 

Fig. 7.44 shows the short channel effect of an n-channel polysilicon TFT[70]. As 
shown in the figure, as for the single-crystal SOl NMOS devices, when the channel 
length is scaled down, the threshold voltage becomes smaller. In addition, a larger 
drain voltage leads to a more noticeable short channel effect due to the 2D effect 
from the source/drain region to the channel region. Fig. 7.45 shows the narrow 
channel effect on the threshold voltage of an n-channel polysilicon TFT, which has 
a channel length of 20/Lm[71]. Similar to the case for the single-crystal SOl MOS 
devices, when the channel width is scaled down, its threshold voltage decreases. 
Compared to the single-crystal SOl MOS devices, the narrow channel effect of a 
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Figure 7.45: Narrow channel effect on the threshold voltage of an n-channel polysil­
icon TFT, which has a channel length of 20{tm. 
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Figure 7.46: Drain current characteristics of an n-channel poly TFT showing kink 
effect. 

polysilicon TFT is due to the decrease in the trap density at the grain boundary 
when the channel width decreases, which is the result of the different stress between 
the edge and the center of the channel. When the channel width is scaled down, 
the relative importance of the edge region of the channel increases. Therefore, the 
average trap density throughout the channel region falls. As a result, the threshold 
voltage is lowered. 

As for the single-crystal SOl MOS devices, poly TFTs also have kink effect. 
Fig. 7.46 shows the drain current characteristics of an n-channel poly TFT[72]. 
When the drain voltage is large, impact ionization occurs in the region near the 
drain. The generated electrons are collected by the drain terminal. The generated 
holes are accumulated in the device island until the diode between the source and 
the island is turned on. As a result, the drain current increases abruptly-kink 
effect. Due to kink effect, the output impedance of the device becomes worse. 

In addition to the driving device for the LCD, polysilicon TFTs have also been 
used to replace the load resistor in the SRAM memory cell. Fig. 7.47 shows the 
cross section of the polysilicon PMOS TFT load used in an SRAM cell [73J. The use 
of polysilicon TFTs to replace the load resistor in the SRAM memory cell provides 
a lower stand-by current and a higher pull-up speed. In addition, a much better 
soft-error immunity can be obtained. Furthermore, owing to the 3D capability of 



7.S. POLYSILICON TFT 

BL BL 

eELL AREA: 
3.Sx7.0S . 
25.36 1J1fI' 

D 1.t Polycldo 

D 2nd Poly 

D 3rd Poly 

[ - ] Refractory 
-- Metal 

O AI 

Poly-51 PMOS 
ehllnnol Region 

(3rd 

389 

Figure 7.47: Cross section of a polysilicon PMOS TFT load used in an SRAM cell. 

the polysilicon TFT structure, the area of the SRAM memory cell does not change 
substantially when the polysilicon TFT is used as the load resistor. However, a 
triple-poly process is required. 

7.S.1 Moderate Inversion 

In this sub-section, moderate inversion drain current behaviors are described. The 
current conduction of a polysilicon TFT has been explained as related to the grain­
boundary-induced potential barrier lowering with influences from the gate voltage 
[77]-[85]. For polysilicon TFTs, prior to strong inversion, its drain current versus 
gate voltage curve has a less steep slope as compared to the subthreshold slope in 
bulk Si MOS devices[85]. Conventionally, the moderate inversion curve has been 
explained using a monoenergetic trap level model with average trap density concept 
and an effective channel depth for the effect of the grain boundary in polysilicon 
TFTs[81]. The moderate inversion curve of polysilicon TFTs has also been ex­
plained using a diffusion current model similar to the one for subthreshold region of 
bulk Si MOS devices[77J-[79J. However, the less steepness in the moderate inversion 
characteristics is difficult to explain. In polysilicon TFTs, the distribution of local­
ized states in the energy gap of grain boundary is similar to that in hydrogenated 
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Figure 7.48: (a) Cross section (b) energy band diagram in the lateral direction at 
the surface (C) distribution of localized acceptor/donor states in the energy gap at 
the grain boundary of an n-channel polysilicon TFT. 

amorphous silicon TFTs [86]-[90]. Considering the distribution of localized deep 
and tail states, analysis of current conduction in hydrogenated amorphous silicon 
TFTs has been described in the previous section. In this section, considering the 
distribution of localized states in the energy gap of grain boundary, an analytical 
current conduction model is described[87]. It will be shown that prior to strong 
inversion, the drain current is strongly influenced by the deep and tail states. As 
compared to the subthreshold region in the bulk Si MOS devices, the less steep slope 
of the moderate inversion region is due to the lowering in the potential barrier height. 

Consider the cross section of a typical n-channel polysilicon TFT with coordi­
nates as shown in Fig. 7.48(a)[87]. The polysilicon thin-film is above the buried 
oxide. In the channel region, the polysilicon thin-film is undoped. (Note that if no 
intentional dopant impurities are added into the polysilicon film, the energy band 
is relatively uniform throughout the film; therefore, other than grain-boundary ef­
fect, its behavior is similar to that of a uniform intrinsic single-crystal silicon.) In 
the source/drain region and the gate electrode, the polysilicon is doped with N+ 
and P+ dopants for n-channel and p-channel devices, respectively. Assume that the 
polycrystalline material is composed of a linear chain of identical crystallites having 
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a grain size Lg • The channel length of the device is assumed to be much larger than 
the grain size. In order to simplify the analysis, grain boundary is assumed to be 
perpendicular to the lateral channel and of negligible thickness as compared to the 
channel length (L). 

Fig. 7.48(b) shows the energy band diagram in the lateral direction at the sur­
face of an n-channel polysilicon TFT[87]. As shown in Fig. 7.48(b), free carriers are 
trapped at grain boundary. Consequently, in the region near grain boundary, no free 
carriers exist. A potential barrier height exists for the inversion electrons. There­
fore, electron transport through grain boundary is assumed to be predominantly by 
thermionic emission over the barrier height ('l/JB). The barrier height is defined as: 

(7.29) 

where 'l/Jst is the surface electrostatic potential at the grain boundary, and 'l/Jsf is the 
surface electrostatic potential at the center of the grain. 

At grain boundary, the distribution of localized acceptor/donor trap states in 
the energy gap of a polysilicon TFT is shown in Fig. 7.48(c)[86][90]. The localized 
acceptor-like trap states, which are important for the n-channel device operation, 
can be roughly divided into two groups: deep localized acceptor states and tail 
localized acceptor states. The distribution of localized acceptor states (g(E)) can 
be expressed as: 

(7.30) 

where gd and gt are the deep and tail state density at the conduction-band edge, 
respectively; Td and Tt are the characteristic temperatures of the deep and tail 
states, respectively; Ec is the conduction-band level, E is the energy level, and k is 

~ 
Boltzmann constant. As shown in Fig. 7.48(c), at an energy level (q'l/Jm), gde kTd = 
~ E gte kTt , hence, 'l/Jm = T- + (i 1 i ) In!lJJ.. The localized trapped charge density 

q q kTt - kTd gt 
at the grain boundary can be expressed as[62][49]: 

l Ee 
nloc = g(E)f(E)dE, 

E. 
(7.31) 

where Ev is the valence-band level, f(E) is the Fermi-Dirac occupation function: 
f(E) = *, Efn is the electron quasi-Fermi level, and T is the temperature in 

1+e 

Kelvin. From Eqs. (7.30)-(7.31) and using the relationship: Efn - Ec = q'l/J - ~ (Eg 
is the bandgap ~ l.08e V)), 'l/J is the electrostatic potential, the localized trapped 
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charge density at grain boundary becomes[49]: 

(7.32) 

where m = 21T-4(I..)2 + (6 - 21l")(I..) + 41T-8 and n = (_.i.(I..)2 + (I..) + .1...). At the 
3 Tt Tt 3' 15 T, T, 15 

center of each grain in the lateral channel (y = !:,;-), from Boltzmann distribution, 
the free electron density in the conduction band is: 

E[n- Ec 

nfTee = Nee kT , (7.33) 

where Ne is the effective density of states in the conduction band in the grain region 
of the polysilicon thin-film. 

From the ID Poisson's equation in the vertical direction, the electrostatic poten­
tials at the grain boundary and at the center for each grain are derived. 

(a) At grain boundary 

At grain boundary, the vertical-direction Poisson's equation is: ~82 2 = .!Ln1oe , 
x fSI 

where q is the electronic charge, fsi is the silicon permittivity, and x is the substrate 
direction. 

(i) deep-state dominated ('l/Jst :S 'l/Jm) 

If the surface electrostatic potential at grain boundary is smaller than or equal 
to 'l/Jm ('l/Jst :S 'l/Jm), deep states are more important since E fn is in deep states 
region as shown in Fig. 7.48(c). Therefore, from Eq. (7.32) and the relation­
ship 2~~ = ct.(~)2, one obtains the derivative of the electrostatic potential 

."B,-E./2 -E./2 
at the surface of grain boundary: ~(x = 0) = Ad(e kTd - e kTd ), where 
Ad = ..'LkTdgd1l"kT ~(1 ). From Gauss' Law, the surface electrostatic potential at 

fSI Sln 7rTd' 
grain boundary is related to the gate voltage as: 

(7.34) 

where Va is the gate voltage, Vfb is the fiat-band voltage, and Cox is the unit 
area oxide capacitance. From Eq. (7.34), the surface electrostatic potential at 
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grain boundary is: 'lj;st 

If the surface electrostatic potential at grain boundary is larger than 'lj;m ('lj;st > 'lj;m), 
tail states are more important since Efn is in tail state region as shown in Fig. 7.48( c). 
From Eqs. (7.32) and the relationship: 22'-g = 1,,(2'-)2, one obtains the derivative 
of the electrostatic potential at the grain boundary surface: 

o'lj; (x = 0) ox 

_ 2kTg,kT,( 2"3- 4 (:t )2+(6-2,,-)(:t)+ 4"3- 8 ) 

where At - (_J..(L)2+(L)+.l..) Similarly as for Eq. (7.34), from 
fs, 15 Tt Tt 15 

nEg /2 +B 
Eq. (7.35), the surface electrostatic potential at grain boundary is: 'lj;st = b\!I!!. " 

, kT 

c2 n(q,pm- Eg/2) q,pm-Eo/2 -Eg /2 
where B t = In«Va - Vfb )2 .2".4, + e kT - t(e kTd - e kTd )), Ct = .. 

0 2 
2(Va-Vfb);?':t 

0 2 n(q1jJm- E g/2) 8J qtPm E g /2 ffl/ 2 . 
(Va-Vfb)2-:?'7-+e k1' ~,(e kTd -e d) 

t:siAt 

(b) At grain center 

At the center of each grain in the lateral channel of an n-channel polysilicon TFT, 
the Poisson's equation is: ~ = tnfree' From Eq. (7.33) and the relationship: 

2~g = 1,,(2'-)2, the derivative of the surface electrostatic potential in the center 
8.1, q,psf-Eg /2 -Eo/2 

of each grain is: 'g(x = 0) = Af(e kT - e kT ), Af = 2~~~T. From Gauss' 
law, the surface electrostatic potential in the center of the grain in the lateral chan-

~+B c2 -Eg /2 
nel of polysilicon TFT is: 'lj;sf = CkT+-'Lf, where Bf = In«Va - Vfb )2-::?:f-:-A + e kT ), 

J kT fsi f 

2(Va-Vfb)~ 
C - ',jAf 

f - 2 E /2 . 

(Va-Vfb)2~+e~ 
t:siA f 

The drain current of a polysilicon TFT is determined by its threshold voltage 
and its mobility. The threshold voltage is dependent on the barrier height, which 
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is a function of the gate voltage. The maximum of the barrier height as shown in 
Eq. {7.29} strongly influences the threshold voltage of the device, which is defined 
as the gate voltage when its barrier height is at maximum. At the threshold voltage 
{Va = VT}, the electron quasi-Fermi level is in the deep state region. Therefore, by 
taking the derivative of barrier height as shown in Eq. {7.29} to zero {~ = O}, the 
threshold voltage is obtained: 

v:: - V _ Eg/{2q} + 
T - fb 2{1- ¥} {7.36} 

As shown in Eq. {7.36}, the threshold voltage is strongly influenced by the deep 
state density and the characteristic temperature of the deep states. 
The current conduction in the lateral channel of a polysilicon TFT is via thermionic 

emission over grain boundary. From the threshold voltage formula {Eq. (7.36)), the 
drain current is: 

{ If/-LnCox{(Va - VT)VD - !(1 + 6)vl) + I 1eak 
ID = W C (Va-VT)2 I 

L /-Ln ox 2(1+0) + leak 

for Va - VT > {I + 6}VD, 
for Va - VT ~ {I + 6)VD, 

{7.37} 
where W is the channel width, VD is the drain voltage, Ileak is the leakage current 
at Va = VT, 6 is a fitting parameter, and /-Ln is the effective electron mobility[80], 

which is affected by the barrier height as: /-Ln = /-Lbe-W!-, where /-Lb is the grain 
boundary mobility. The above equations are the analytical drain current model for 
the moderate inversion in an n-channel polysilicon TFT. 

The test poly TFT under study [90J has a channel width of 40/-Lm, a channel 
length of 10/-Lm. It has an undoped thin-film of 600A and a gate oxide of 300A. For 
the n-channel device, its flat-band voltage is Vfb = 1.2V and the density of states in 
the conduction band is Nc = 2.8 x 1019cm-3 . For the p-channel device, Vfb = 0.3V 
and the density of states in the valence band is Nv = 1.04 x 1019cm-3 . As listed 
in Tables 7.2 and 7.3, the polysilicon TFT with and without the fluorine contents: 
2 x 1013cm-2 and 2 x 1015cm-2 affect gd, gt, Td , Tt , and I leak . {Note that as indicated 
in Eq. {7.37}, 6 is a parameter to account for the difference between the threshold 
voltage defined by the maximum in 'l/JB in Eq. {7.36} and the actual threshold voltage 
data. In the moderate inversion region, the influence of 6 on the threshold voltage 
is not easy to identified.} Based on the parameters on Tables 7.2 and 7.3, Fig. 7.49 
shows the distribution of localized acceptor/donor states in the energy gap at the 
grain boundary of a polysilicon TFT [90]. {Note that the fluorine states tie up the 
grain boundary states.} As shown in Fig. 7.49, with 2 x 1015cm-2 F+, the distri­
bution of localized acceptor/donor states in the energy gap at the grain boundary 
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Parameter Unpassivated Passivated: 2 x 1013cm-2F+ Passivated: 2 x 1015cm-2F+ 

gt(cm-3ey-1) 1022 5 x 1021 2.5 X 1021 
gd(cm-3ey-1) 7 x 1020 6 X 1020 5 X 1020 

Tt(K) 300 335 380 
Td(K) 1200 1060 1007 
I1eak (A) 2.63 x 10-11 5.75 X 10-11 1.18 X 10-10 

6" 0.05 0.05 0.05 
VT(V) 1.915 1.716 1.643 

Table 7.2: n-channel TFT device parameters. 

Parameter Unpassivated Passivated: 2 x 1013cm-2F+ Passivated: 2 x 1015cm-2F+ 

gt(cm-3ey-1) 5 x 1021 3.5 X 1021 2.5 X 1021 
gd(cm-3ey-1) 2.57 x 1020 5.38 X 1020 4.12 X 1020 

Tt(K) 480 500 500 
Td(K) 1560 1080 1050 
I1eak(A) 6.3 X 10-11 1.05 X 10-10 1.76 X 10-10 

6" 0.1 0.1 0.1 
VT(V) -0.503 -0.215 -0.144 

Table 7.3: p-channel TFT device parameters. 
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Figure 7.49: Distribution of localized acceptor/donor states in the energy gap at the 
grain boundary of a polysilicon TFT based on the model results, and the experi­
mental data. 

changes. 

Figs. 7.50 show the drain current versus gate voltage of (a) the n-channel and 
(b) the p-channel polysilicon TFTs with and without the fluorine contents of 2 x 
1013cm-2 and 2 x 1015cm-2 [90]. The drain voltage is biased at 5V and -5V 
for n-channel and p-channel devices, respectively. For the n-channel device, I-£b = 
37cm2/Vsec. For the p-channel device, I-£b = 170cm2/Vsec. (Note that the grain 
boundary mobility (I-£b) may be related to grain size[80].) As shown in the figures, 
compared to the subthreshold region for bulk Si MOS devices, the slope of the mod­
erate inversion region of the n-channel and p-channel polysilicon TFTs is less steep. 
This is due to a different mechanism involved in the moderate inversion region. In 
the bulk Si MOS devices, the subthreshold current is exponentially proportional to 
its gate voltage. In the moderate inversion region of the polysilicon TFT, its slope 
is determined predominantly by its effective mobility (I-£n), which is exponentially 
related to the potential barrier height ('l/JB). From the relationship between 'l/JB and 
Va as indicated in this subsection, due to the deep and tail state densities and the 
characteristic temperatures of the deep and tail states in the grain boundary, the 
slope of the moderate inversion region in the polysilicon TFT is less steep as com­
pared to the subthreshold slope in bulk Si MOS devices. 
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Figure 7.50: Drain current versus gate voltage of (a) n-channel and (c) p-channel 
polysilicon TFTs with and without the fluorine contents of 2 x 1013cm-2 and 2 x 
1Q15cm-2 based the model result and the experimental data. 
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Figure 7.51: Cross section of the inversion-type TFT and its energy band diagram 
in the lateral channel direction. 

7.8.2 Strong Inversion 

In the above analysis, the subthreshold current conduction of the polysilicon TFT 
has been analyzed. The strong inversion current conduction and the capacitance 
behaviors of inversion-type polysilicon thin-film transistor are described next. 

For a poly-silicon TFT biased in the saturation region at a high VDS , the electric 
field near the drain region can be high such that impact ionization- avalanche mul­
tiplication creating electron-hole pairs occurs[86][91]. The impact ionization effect 
in the polysilicon TFT, which is strongly influenced by the grain boundary, makes 
the analytical model even more difficult to obtain[92]. This subsection presents ana­
lytical inversion-type poly-Si TFTs model considering kink effect suitable for circuit 
simulation [93]. 

Consider an inversion-type poly-Si TFT as shown in Fig. 7.51 [93]. (Note that 
in Fig. 7.51, the band diagram at the oxide interface is at the inverted mode.) 
Assume that the polycrystalline material is composed of a linear chain of identical 
crystallites having a grain size Lg , doped uniformly with an acceptor density of N A . 

In order to simplify the analysis, grain boundary is assumed to be perpendicular to 
the lateral channel and of negligible thickness as compared to the channel length (L) 
such that the thickness of the grain boundary can be neglected. At grain boundary, 
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it contains NT(cm-2 ) traps located at energy ET. In the poly-Si TFT, the trapped 
electrons are assumed to be uniformly distributed over the whole grain. The total 
charge density in the poly-Si TFT is the sum of the ionized acceptor density N A, the 
trapped electron density, and the mobile electron density. In the substrate direction, 
Poisson's equation is: 

(7.38) 

where x is in the substrate direction, q is the electron charge, I's is the silicon 
permittivity, \lI is the electrostatic potential, Er is the Fermi-level energy, ¢>t is k:, k is Boltzmann constant, T is the temperature in Kelvin, and no is the intrinsic 

carrier concentration in the bulk (no = NAeY,). Note that Eq. (7.38) is valid 
only when VDS is small. ~ f is Fermi potential: ¢> f = k~ ln~. Since ET - Er = 
(ET - Ei) - q\ll + q¢>r = Et - q\ll + q¢>r, where Ei is the intrinsic energy level, 
Et = ET - E i , Poisson's equation as shown in Eq. (7.38) is rewritten as: 

(7.39) 

1 E,+q¢f. .. oW 02W 0 oW 2 
where Km ="2e kT . Usmg the relatlOnshlp: 2a;z( M) = ax( a;z) , from Eq. (7.39), 

the electric field becomes: E(\lI) = ~ (NA\lI + ¢>tno(eW/1>t -1) + ~(\lI + ¢>tln1+~~~:l¢t)). 
Considering the voltage drop in the gate oxide and using Gauss' Law at the poly­
Si/oxide interface, an equation in terms of surface electrostatic potential (\lis) is: 

where V fb is the flat-band voltage, Cox is the unit area gate oxide capacitance, and 
V G is the gate voltage. 

Current conduction in the lateral channel of a poly-Si TFT is influenced by the 
poly-Si grain boundary. As shown in Fig. 7.51, free carriers are trapped at grain 
boundary. Consequently, in the region near grain boundary, no free carriers exist. A 
potential barrier height (\liB)' which is related to the occupation function in the grain 
boundary from Ref.[95] and Fig. 7.51: f = 1/(1 + (n;/2ns)e{Et/kT)ewb/1>t), where ns 

"s-2¢f 

is the surface electron concentration (ns = NAe ¢, ), exists for the inversion elec-
trons. (Note that electron capture rate in the grain boundary is proportional to 
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Figure 7.52: Cross section of the inversion-type poly-Si TFT showing I. the depleted 
region and II. the inverted region in a grain of the poly-Si TFT. 

(I-f) [95].) Therefore, electron transport through grain boundary is assumed to be 
predominantly by thermionic emission over the barrier height (WB). Depending on 
the gate voltage, due to the influence of tile grain boundary, each grain in the lateral 
channel region may be (a) fully depleted or (b) partially inverted. 

(a) with fully-depleted grain 

As the channel of the poly-Si TFT is fully depleted, all electrons in the channel 
are trapped in grain boundary. Therefore, one obtains: Lgns = NT*, where 

l+Kne t 

Kn = ..!!L2
n. e~. The potential barrier height is: W B = (hin (YizL e-Et / kT ). The poten-
ns n l 9 

tial barrier height is due to effects of the trapped electrons in grain boundary, which 
are supposed to be existent in the surface channel region. 

(b) with partially-inverted grain 

Due to trapping at grain boundary, each grain in the lateral channel of the poly­
Si TFT may be partially inverted as shown in Fig. 7.52[93]. As shown in the figure, 
each grain in the channel region is divided into region (I) the depleted region and 
region (II) the inverted region. The width of the depleted region, which is depen­
dent on the gate voltage and the trap state density, determines the potential barrier 
height. 

Applying Poisson's equation along the poly-Si/oxide interface, i.e., x = 0, in the 
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depleted region of each grain, one obtains: 

82w(x, y) + 82w(x, Y) = !l..(N + NT / Lg ) 
8x2 8y2 Es A 1 + Kme-'If(x,y)/¢. ' 

(7.41) 

At the boundary between the depleted and inverted regions (y = Wb), Poisson's 
equation is: 

82w(x, Wb) 82w(x, Wb) q (N NT / Lg ) 
---=--'::--'-'- + = - A + n + . 8x2 8y2 Es s 1 + Kme-'If(x,y)/¢. 

(7.42) 

Considering the effect of grain boundary and using gradual channel approxima­
tion: 1 a2!~~,y) - a2'Ift~Wb) 1 « 1 a2~~,y) I, from Eqs. (7.41) &(7.42), one obtains: 

a2~~(y) = tns for 0:::::: y :::::: Wb, where Wb has a maximum value equal to 
half of grain size. In the above equation, ns is independent of y since VDS has 
been assumed to be O. llw(y) is defined as the potential difference between the 
depleted/inverted boundary and a location in the depleted region of each grain 
(llw(y) = w(x, Wb) - w(x,y)). The boundary conditions for the above differen­
tial equation are: at the depleted/inverted boundary of each grain both the po­
tential difference and the gradient of the potential are zero (llw(y)ly=wb = 0, 
at>.:.y) Iy=Wb = 0). Integrating the differential equation with the boundary con­
ditions, the potential barrier height, which is equal to the potential drop in the 
depleted region, is: W B = oitns W;. In the above equation, Wb is not a function of 
y since VDS is assumed to be O. 

With partially-inverted grains in the channel, all electrons in the depleted re-
gion are trapped in the grain boundary. Thus, 2Wbns = NT ~. Therefore, 

l+Kne • 
the potential barrier height under the partially inverted situation becomes: W B = 
-~(1 + if;t - m) + ~J(l + if;t - m)2 + 4(m + if;t), where m = if;tlnJ 2.;n,!ft. When 

all traps in grain boundary are fully occupied by electrons, thus l+K~'&.BNt ~ NT, 

therefore WB = sqNj.. WB is a function of the surface electron density (ns ), which 
{.!Ins 

is the most important as compared to other locations in the x direction in the thin 
film. The potential barrier height (WB) and the surface electron density (ns) can 
be found. From Va, its corresponding W s can be calculated. From W., the related 
surface electron density ns can be found. 

When the gate voltage increases, ns increases. Due to trapping at grain boundary, 
electrons may be trapped in grain boundary. Therefore, each grain in the channel 
region may remain fully depleted, even though from the above formula, the channel 



402 CHAPTER 7. SPECIAL-PURPOSE SOI 

should be with mobile electrons. As V G increases further, in spite of the trapping 
effect at grain boundary, the inversion region starts to occur at a location far from 
grain boundary - the center of each grain. The threshold voltage of a poly-Si TFT 
is defined as the gate voltage when an inversion region is about to happen at the 
center of each grain in the channel. At V G < V T, each grain in the lateral channel 
is fully depleted. At V G > V T, each grain in the lateral channel is partially inverted. 

At threshold voltage, the depletion width is equal to half of the grain size 
(W b = ~). Therefore, from the barrier height formula, one obtains: W B = 
..!L2 nS(~2 )2. From WB = 1>t1n('H!I..L e-Et /kT ) with the fully-depleted grain and from 

fs n t 9 

ns = N A e(Ws -2rP jlNt, the surface electrostatic potential becomes: Ws = 2cP/ + 
1>t1n (q~it In (~e-Et/kT) ). A simplified threshold voltage formula is obtained 

from Eq. (7.40): 

fs 2q ( NT 1 + K e-wsNt ) VT = V/b+Ws+-C - NAws + cPtno(eWsNt - 1) + -(ws + 1>t 1n m ) . 
ox fs Lg 1 + Km 

(7.43) 
For a poly-Si TFT with a small grain size, the threshold voltage formula can be 

further simplified. For a poly-Si TFT with a small grain size, at the threshold volt­
age, all traps in grain boundary are fully loaded with electrons. As a result, Lgns = 
NT. Therefore, the surface electrostatic potential becomes: Ws = 21>/ + 1>t1nL:JtA. 
From Eq. (7.40), the. threshold voltage can be obtained. 

At V G < VT , each grain in the lateral channel of a poly-Si TFT is fully depleted. 
At threshold voltage, each grain in the lateral channel of a poly-Si TFT is about to 
have an inverted region. In addition, at the threshold voltage, the situation at grain 
boundary varies. For a poly-Si TFT with a small grain size, at the threshold voltage, 
all traps in grain boundary are filled with electrons. On the other hand, with a large 
grain size, traps in grain boundary are not totally filled. At VG > VT , no matter 
what the grain size is, each grain in the lateral channel is partially inverted - the 
depleted region in each grain is shrunk to W b (W b < ~). When V G > V T, traps in 
grain boundary in a poly-Si TFT with a small grain size are totally filled. On the 
other hand, with a large grain size, when V G > V T, traps in grain boundary may 
be or may not be totally filled with electrons. 

For VDS :::; VDSAT , the drain current ofthe poly-Si TFT is: ID = ~!fCoxl1n(2(VGS­
VT) VDS - VBs). The electron mobility in the channel of a poly-Si TFT is determined 
by the potential barrier height[84]. I1n = I1bexP(-WB!cPt), where I1b is the electron 
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grain boundary mobility. 

Following a similar approach as for the SOl MOS device as described in Chapter 
4 and from Ref.[93], for VDS > VDSAT , the length of the post-saturation region is: 

1 
t::..L= - x 

A 

Th d . t TT > TT • I [D(VDS=VDSAT) e ram curren as v DS _ v DSAT IS: DSAT = 1- LSL • 
L 

For a poly-Si TFT biased in the saturation region at a high VDS , the electric 
field near the drain region can be very high such that impact ionization - avalanche 
multiplication creating electron-hole pairs occurs[86][91][92J. As a result, the gen­
erated electrons move to the drain. On the other hand, the generated holes move 
toward the source side. The impact ionization effect in the poly-Si TFT is strongly 
influenced by the grain boundary. 

(7.44) 

The current as a result of impact ionization (avalanche) is [96J laval = lDSAT(Maval -

1), where Maval is the avalanche multiplication factor, which is related to the lateral 
electric field in the device by the electron impact ionization coefficient (aexp( i)). 

y 

By integrating the electron impact ionization factor throughout the post-saturation 
-{3 

region, the avalanche multiplication factor is obtained: Maval = Io!1.L aeTEyT dy = 
-=f... 

I~::AT aelEyl liyl dv. The drain current, which is composed of the avalanche current 

(Javal) and lDsAT, with kink effect becomes: lD = MavaIIDSAT. As VDS is small, 
kink effect is negligible. Therefore, Maval is equal to 1. 

Fig. 7.53[93J shows the IV characteristics of the polysilicon TFT with its param­
eter as shown in Table 7.4 [94J. The electron saturated velocity used in the model 
for this device is Vsat = 6 x 106cm/s. The critical electric field is Ec = 9 x 104V/cm, 
TJ = 0.9, a = 2 x 1Q6cm-l, f3 = 1.46 x 106V/cm. 

7.8.3 Capacitance Model 

From the MOS capacitance model, the gate-drain capacitance and the gate-source 
capacitance are defined as: CaD = ~, Gas = ~, where Qa is the total charges 
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Figure 7.53: The drain current versus VDS plot of the polysilicon TFT. 

Parameter Symbol Value Unit 
Grain boundary mobility /-Lb 70 cm2jVs 
Gate length L 5.3 /-Lm 
Gate width W 20 /-Lm 
Trap state density NT 5 x 1011 cm-2 

Grain size Lg 3000 A 
Acceptor doping density NA 1 x 1016 cm-3 

Thin film thickness ti 2000 A 
Insulator thickness tax 760 A 
Flat band voltage Vtb 0.3 V 
Trap level energy Et -0.05 eV 

Table 7.4: Important parameters of the poly-silicon TFT under study. 
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Figure 7.54: GOD and G os versus V DS of the inversion-type TFT. 

in the channel: 

405 

{ 

2WLG (VaD-VT)3_(Vas-VT)3 r u < u 
-3 ox8 (VaD-VT)2_(Vas-VT)2 lor liDS _ IIDSAT 

Q = -~W(L - /j.L)G 8(Vas-VT-VDSAT)3_(Vas-VT)3) - W /j.L(G (V, - lie 
o 3 ox (Vas VT VDSAT)2 (Vas VT)2 ox OS T 

-VDSAT) + TJtiq(!:!:r.L + NA )) + (Maval -l)IDsAT~ for V DS > V DSAT 
9 I'pel/VDS 

(7.45) 
where 8 is a fitting parameter, which is defined as when VDS = 0, s == i ~Z2ox· 
As V DS > VDSAT, the (Maval - l)IDsAT~ term accounts for the kink effect 

I'pel/VDS 
as impact ionization is important. Il-pej j is the hole effective mobility in the bulk. 
From Eqs. (7.45), GOD and G os are: 

2WLC (1 (Vas-VT)2) r u < u 3 ox8 - (Vas+VaD 2VT)2 lor liDS _ 11 DSAT 

( 2W8(Vas-VT-VDSAT)3_(Vas-VT)3 W(G (V, lie V; ) 
3 (Vas-VT-VDSAT)2-(Vas-VT)2 - ox os - T - DSAT 

+"t·q(!:!:r. + N )))86.L +...l2...-. 8«MG.GI-l)IDSATVD~) for V,DS > V,DSAT 
./' Lg A 8VD I'pel/ 8VD 

(7.46) 
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2WLC (1 (VaD-VT )2) c v: < v: 
3" oxS - (Vas+VaD-2VT)2 lor DS _ DSAT 

~W(L - D..L)C s(l - (Vas-VT-VDSAT)2 + ....!2..-(M - 1)(L=A:r 
3 ox (2(Vas-VT)-VDsAT)2 /Lp,!! aval --vz;-
-VDs(i:_~L)l1nCox(Vas - VT )) for V DS > V DSAT 

(7.47) 
Fig. 7.54 shows the CaD and Cas versus V DS plot of the poly-Si TFT under 

study based on the analytical model[93] and the experimental data [94]. s = 0.9. 
I1pej j = 85cm2 IV sec. For a large V DS , the CaD increases and the Cas decreases as 
a result of the kink effect. 

7.9 Summary 

Special-purposes SOl devices have been described. Starting from Fully-Depleted 
Lean-Channel Transistors (DELTA), which are similar to double-gate SOl CMOS 
devices, SiGe-channel SOl PMOS devices have been reported. Owing to the buried 
oxide structure, SOl power devices are suitable for high-temperature operations. SOl 
bipolar and BiCMOS have also been described. Single-electron transistors built on 
SOl SIMOX substrates have been analyzed. Amorphous and polysilicon thin-film 
transistors built on insulators used for LCD have been described. 
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Problems 

1. Consider the DELTA NMOS device as shown in Fig. 7.4, which has an N+ poly­
gate, a sidewall oxide and a front oxide of 120A, a channel length of 1J.Lm, and a 
p-type silicon thin-film doping density of 8 x 1016cm-3 . 

(a) How thin the silicon thin-film should be such that fully-depleted of the silicon 
thin-film during the turn-on of the device can be assumed? At Vas = 0, how 
thin the silicon thin-film should be to ensure the fully-depleted of the silicon 
thin-film? 

(b) If the channel width (Si-island height) is 0.7J.Lm and the silicon thin-film is 
lsooA, what is the threshold voltage? 

(c) If the channel width becomes 0.3SJ.Lm, from (b), what is the threshold volt­
age? 

(d) If the silicon thin-film doping density becomes 2 x 1017cm-3 , repeat (a)-(c). 

2. Consider the SiGe-channel SOl PMOS device as shown in Fig. 7.S, which has an 
N+ poly-gate, a front gate oxide of 100A, an undoped Si-cap of 80A, an undoped 
Si-Ge channel of 180A with a Ge of 2S%, a silicon thin-film of 740A doped with 
an n-type density of 3 x 1016cm-3 under the Si-Ge channel, a buried oxide of 
4000A, and a p-type substrate doped with a density of 1015cm-3 . Analyze its 
back gate bias effect. 

(a) Compute the back gate biases at the boundaries between Case I and Case 
II; between Case II and Case III; between Case III and Case IV. 

(b) Plot the threshold voltage and subthreshold slope versus back gate bias. 

(c) If the thickness of the Si-cap layer becomes soA and the thickness of the 
SiGe-channel becomes 210A, repeat (a) and (b). 

(d) If the silicon thin-film doping density becomes 8 x 1016cm-3 , repeat (a)-(c). 

3. Consider Fig.7.16. The LDMOS in Fig.7.16 has a silicon thin-film of 0.8J.Lm, a 
drift region with an n-type doping density of 2 x 1016cm-3, a buried oxide of 
1.SJ.Lm, and a p-type substrate doping density of 1015cm-3 . 



414 REFERENCES 

(a) At VDS = 40V, at what back gate bias (VBS ) the 2-segment depletion region 
as shown in Fig. 7.18(b) exists in the drift region of the device? 

(b) At VBS = -50V, at what VDs, the 2-segment depletion region as shown in 
Fig. 7.17 (b) exists in the drift region of the device? 

(c) If the doping density of the drift region becomes 1Q16cm -3 and 4 x 1Q16cm -3, 

repeat (a) and (b). 

4. Consider an amorphous TFT as shown in Fig. 7.39 with its parameters listed in 
Table 7.1. 

(a) At VDS = 0.01 V, VGS = 25V, compute the intrinsic CGD . 

(b) At VDS = 10V, VGS = 25V, compute the drain current and the intrinsic 
CGD . 

(c) If the trapping density in the silicon thin-film becomes 2x and 5x, repeat 
(a) and (b). Discuss the influence of the trap density in the intrinsic capaci­
tances. 

5. Consider a poly-TFT as shown in Fig. 7.48 with the parameters for the unpas­
sivated in Table 7.2 and 7.3. The device is biased at VDS = 5V. 

(a) At what VG , what is the minimum value of the drain current? What is the 
best value in its subthreshold slope? 

(b) If the trap density at the grain boundary becomes 2x and 0.5x, repeat (a). 
Discuss the influence of the trap density in the subthreshold slope. 

6. Consider a poly-TFT as shown in Fig. 7.51. with the parameters listed in Table 
7.4. 

(a) Compute the threshold voltage. 

(b) At VGS = 15V, VDS = IV, what are the drain current and the intrinsic Cgd? 

(c) At VGS = VGD = 5V, repeat (b). 

(d) If the grain size becomes 0.5x and 2x, repeat (a)-(c). Discuss the influence 
of the grain size in the threshold voltage and the intrinsic Cgd . 

(e) If the trap density at the grain boundary becomes 2x and 0.5x, repeat (a)-( c). 
Compared to an amorphous TFT, what is the influence of the trap density 
in the capacitance of a poly-TFT? 
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