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Abstract 

The paper presented the result of process and device simulation using Silvaco TCAD tools to develop SOI PMOSFET. It also 
demonstrated the evolution of SOI technology from the early eighties recent fabrication in thin-film material. The aim of the 
simulation work was to study the characteristics of the SOI PMOSFET device. Threshold voltage changing with the silicon film 
thickness, channel doping concentration, gate oxide thickness and gate electrode work function were also studied. The device 
was virtually fabricated and simulation was done with help of ATLAS simulator and all graphs were plotted using Tonyplot in 
Silvaco. SOI devices offered a higher current drive per unit silicon area than conventional MOSFETs was also studied. 
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1. INTRODUCTION 

The demand for faster and cheaper microelectronic devices has led to an incredible shrinking of devices and a 
corresponding increase in component density. This modern technology brings with it some difficult problems of heat 
transfer. Thermal power is produced at many device junctions, and the heat needs to diffuse away from the components, 
or the devices would suffer from self heating effects, including degradation of reliability and electronic performance.  
 
J.E Lilienfield [1] patented the first ever field effect transistor concept, namely “Method and Apparatus for Controlling 
Electric Currents” nearly 80 years ago, which evolved into the modern metal oxide semiconductor field effect 
transistor, MOSFET. He proposed a three terminal device where the source to drain current is controlled by a field 
effect from the gate and is dielectrically insulated from the rest of the device. The active part of the device was built on 
a thin semiconductor film which is deposited on an insulator. Be it or not a coincidence, the first proposed FET was 
indeed, a SOI device.  
 
Gordon Moore in 1965 proposed a well known Moore’s Law. This proposed Law described the evolution of the 
transistor density in integrated circuits. The prediction was that, the number of transistors per chip would quadruple 
every three years. Technology development of the industry had remarkably followed the Moore’s Law or the past 40 
years.  
 
Silicon technologies have progressed faster year to year. The main issue must be concentrate about silicon technologies 
is how much the silicon devices can be scaled down and what is the effect of reducing the dimension of devices 
.Increasing circuit complexity has consistently been achieved by aggressive scaling of semiconductor device 
dimensions. There are many serious problems for standby power consumption of ultra large scale integration (ULSI) 
circuits when having a silicon metal-oxide semiconductor field-effect transistor (MOSFET) that have gate dimension 
goes down into the deep submicron region. One of the foremost problems to overcome is the source/drain junction 
formation technique, which avoid short-channel effects for nano scale devices. To overcome the problem, a new circuit 
design techniques has been introduce for a newer technologies such as SOI. 

 

2. SOI FABRICATION MATERIALS 

In a Silicon On Insulator (SOI) Fabrication technology Transistors are built on a silicon layer resting on an Insulating 
Layer of Silicon dioxide (SiO2). The insulating layer is created by flowing oxygen onto a plain silicon wafer and then 
heating the wafer to oxidize the silicon, thereby creating a uniform buried layer of silicon dioxide. Transistors are 
encapsulated in SiO2 on all sides. The silicon-on-insulator technology is believed to be able to be a good substitute for 
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the conventional MOSFET in the deep submicron regime. However, the endurance of both the partially and fully 
depleted SOI MOSFET to be scaled to deep submicron size is still a question 

 
Figure 1. MOSFET structure of: (a) SOI (b) conventional bulk 

 
SOI technologies can be in general divided into two groups. In the first, a thin insulating layer is used to separate the 
active semiconductor layer from the semiconductor substrate. These include Separation by Implantation Of Oxygen 
(SIMOX), Zone Melting Recrystallization (ZMR), Full Isolation by Porous Oxidized Silicon (FIPOS), and Wafer 
Bonding (WB). In the second group, the semiconductor film is deposited directly onto an insulating substrate. This is 
the case for Silicon On Sapphire (SOS) and Silicon On Zirconia (SOZ). 

2.1  Separation by Implantation of Oxygen (SIMOX) 

Oxygen ions are implanted beneath the surface of a bulk silicon wafer. Then, a thermal annealing allows creating a 
SiO2 layer buried inside of the silicon wafer. This layer is the buried oxide of the SOI wafer. Unlike usual implant used 
in microelectronics, which consists of the implant of a small number of impurities in the silicon, the implant used for 
SIMOX [2] requires an enormous dose of oxygen ions. Indeed, to form the buried oxide the number of oxygen ions 
must be twice the number of silicon atoms. As a consequence, specific implanters have been developed specifically for 
mass production of the SIMOX process. If the SIMOX process is not optimized correctly, few silicon isles can be kept 
inside the buried oxide, inducing defects. 

 
Figure 2 Fabrication of SIMOX Wafers 

2.2   Zone Melting Recrystallization (ZMR) 
 
ZMR [3] technology produces SOI structures by recrystallization of polysilicon films, deposited on oxidized silicon 
wafers. In the ZMR process, a thermal oxide (1-2 mm thick) is first grown on a bulk silicon substrate, followed by 
deposition of LPCVD amorphous or polycrystalline silicon film (0.5-1.0 mm thick) on the thermal oxide. The whole 
structure is capped with a 2 mm thick layer of deposited thermal oxide covered by a thin Si3N4 layer. A melting zone is 
scanned across the entire silicon wafer. As a result, full liquid phase recrystallization of silicon wafer can be carried out 
in a single pass. 
 
The predominant defects that hamper the wide application of ZMR SOI materials are grain sub-boundaries. These are 
usually parallel to the scanning direction. The mis-orientation of the sub-boundaries is near 1o and the resulting stress 
causes the formation of dislocation arrays. 
 
2.3  Full Isolation By Porous Oxidized Silicon (FIPOS) 

The FIPOS method  makes use of the very large surface-to-volume ratio (103 cm2 per cm3) of porous silicon, which is 
thereafter subject to selective oxidation. The critical step is the conversion of predefined regions of the Si wafer into 
porous silicon via appropriate doping and anodic reaction. This offers the potential for essentially defect-free active 
silicon layers. The process is relatively clean. Oxidation of the porous silicon layer leads to the standard thermal oxide 
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and does not disturb the high quality of the original silicon film. FIPOS may enlighten Si technology because there are 
prospects, at least in a theoretical viewpoint, for combining electroluminescent porous Si devices with fast SOI-CMOS 
circuits.  

2.4  Wafer Bonding (WB) 

WB [4] materials are obtained by gluing two wafers together. This can be obtained by using some specific material 
layers or by creating hydrogen bonds between the two wafers. This method has been used intensively for the production 
of SOI wafers under the name of Uni-bond material, which is a trademark of the society SOITEC. The production steps 
of the SOI wafer are presented in Figure 3. First, a bulk silicon wafer is oxidized (wafer A). Then a high-energy 
implant of hydrogen ions is performed in order to create defects at a fixed depth in the silicon wafer. That wafer is then 
bonded to a silicon bulk wafer (wafer B), by using hydrophilic bonding. After a thermal annealing, the wafer A is 
divided into two parts; a small mono crystalline silicon which remains bonded to the wafer B, and the remainder of the 
wafer A. The remainder wafer A can still be used for the same process. 

 
      Figure 3  Unibond fabrication process 

2.5  Silicon On Sapphire (SOS) & Silicon On Zirconia (SOZ) 

The sapphire (alpha-Al2O3) crystals are produced using either the flame-fusion growth technique, Czochralski growth, 
or edge-defined film-fed growth. The first two of these techniques provide sapphire boules which have to be sliced 
before polishing, while the third technique provides thin rectangular sapphire ribbons, which have to be cut into 
circular wafers later on. After mechanical and chemical polishing, the sapphire wafers receive a final hydrogen etching 
at 1150 oC in an epitaxial reactor, and a silicon film is deposited using pyrolysis of silane at a temperature between 900 
and 1000 oC. Due to lattice and thermal mismatch, defect density in these films is quite high, especially in very thin 
films. The main defects present in the as grown SOS films are: aluminum auto doping from the Al2O3 substrate and 
stacking faults. These account for the low values of resistivity, mobility, and lifetime near the interface. Yttria-
stabilized Zirconia (YSZ) has been proposed as a substitute for sapphire because of its reduced lattice mismatch and 
lesser difference in thermal expansion coefficients. The hetero - epitaxy of silicon proceeds very similarly in silicon on 
zirconia and SOS. 

3.    DETERMINATION OF DEPLETION ZONE THICKNESS ( xdmax ) 
Silicon active layer thickness called TSOI is one of the key parameters in the classification and operation of SOI 
MOSFETs. According to this thickness localized between gate oxide and buried oxide, transistor operation and various 
physical phenomena in the components vary. Indeed, the gate, the oxide gate and the body form a metal–insulator-
semiconductor structure called MIS [5]. The substrate, the buried oxide and the body also form MIS structure. 
Therefore two depletion zones are present in the active zone. The first one is controlled by the top gate the second is 
controlled by the substrate considered as a back gate. Each gate requires a surface potential for its Si/SiO2 interface and 
an operating regime: accumulation, desertion, inversion. When the MIS structure operates under strong inversion, the 
depletion zone thickness is maximum and the surface potential is nearly equal to 2ΦF where ΦF represents Fermi 
potential. Under these conditions the maximum depletion width, for partially depleted device of each depletion zone is 
given by : 

           max
4 Si F

d
D

x qN
 

        
(1) 
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Where 
xdmax = depletion width 
ΦF = surface potential 
ND = channel doping concentration 
ni = intrinsic carrier concentration 
εSi = permittivity of silicon 
q = electronic charge magnitude 
 
According to biasing and doping conditions, the two depletion zones cover partially or totally the silicon film of the 
active zone.  
 
4.  VIRTUAL FABRICATION PROCESS OF SOI PMOSFET USING ATLAS  SIMULATOR 
 
The device had an overall length of 3µm. The top oxide layer to insulate the gate from the channel was 0.017µm. The 
silicon thickness was 0.1µm, the bottom oxide layer was 0.3µm thick, and the gate and channel width was 1µm. The 
electrodes on the source and drain covered 0.5µm on each end of the device. The entire silicon region had a n-type 
doping of 1e20cm-3, and the areas on either side of the channel had an p-type doping of 2e17cm-3. The interface charge 
on the top of the silicon was given as 3e10cm-3 and the interface charge on the bottom of the silicon region was given 
as 1e11cm-3. The work function of the gate (p-type polysilicon) had a work function of 4.17V. 
 
For the computer simulations of the Silicon-on-insulator device, three of the main Silvaco TCAD programs are used. 
The first was Deckbuild, which was the software that ran the code, and provided the interface for changing and altering 
the code. Another was TONYPLOT, which was used for graphing the data extracted from the simulation. The main 
program used in the simulation was ATLAS, which was used to actually simulate the SOI device and to extract the 
data. 
 
To define the structure of the SOI device, the first thing done in ATLAS was to set the grid. The grid specifies the 
points where the program will analyze, so it was set up with many points in areas of high interest or change, and less in 
areas that were not expected to change much during testing. The next step was to define the regions, and give a 
number, location, and the material each region was made out of. It had three regions, the BOX, the silicon region, and 
a top oxide layer for insulating the gate contact from the device. Next the electrodes are defined, which tells the 
program the location of the metal contacts for the gate, source, and drain. As it could be seen from these steps, this is 
nothing like the fabrication process, since the top oxide layer and the electrodes are defined before the silicon is doped. 
The structure in ATLAS need to be defined in this order so the information for the extracts and other calculations are 
easy for it to find. Also it is simpler to define the characteristics of the device in those areas where everything is set 
before. 
 
In the next step the characteristics of the device were done. At first the doping levels were set. Again, this is much 
simpler in ATLAS than it would be when the device is fabricated. The type of doping level, n or p, the concentration of 
the doping, the silicon region, and the location within the region needed to be defined. Also, a model of the doping 
profile was to be chosen for each doping, and, when necessary, the area within the region was defined. The work 
function of the gate was set to a value by making the contact material a p-type polysilicon. The next area of the 
program was where the design would be evaluated. ATLAS gives many theoretical models for analyzing devices in a 
variety of ways, however, suggested ones were used for SOI devices. Once the simulation models were chosen, the solve 
and extract commands were used to solve for data at given values. The data was saved to files, and TonyPlot was used 
to show the desired data graphically. 
 

 
Figure 4 Final SOI PMOSFET structure obtained by process simulation in ATLAS Simulator 
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5. THRESHOLD VOLTAGE CONTROL OF SOI PMOSFET 
 
The threshold voltage [6] of an p-channel MOSFET is classically given by: 
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where φMS is the work function difference between the gate and the channel and equal to φM – (φSi – φF). Qss is the 
surface state charge of the channel, Cox is the gate capacitance and equals to 

ox
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 , ND is the channel doping concentration, xdmax is the maximum depletion width, 

for partially depleted device equal to 4 Si F

DqN
  , QSSB is the surface charge between the silicon film and the buried 

oxide, tSi the silicon film thickness. 
 
From the threshold voltage equation 2, it is observed that there are several factors to control the threshold voltage. The 
first one is the channel doping. The channel doping effects the Fermi potential ΦF directly, with the channel doping 
increasing, the Fermi potential increases. Also with the channel doping concentration increasing, the depletion charge 
in the channel also increases. With the channel doping increasing, more effort is needed to invert the channel. 
Therefore, with adjusting the channel doping, different threshold voltages can be achieved. In normal technology, the 
ion implantation can increase or decrease the channel doping. 
 
The second factor is the gate oxide thickness. The gate oxide thickness is a reverse proportion to the gate capacitance. 
With the gate oxide thickness increasing, the gate oxide capacitance goes down, which means that the gate has less 
control to the channel and threshold voltage will increase. 
 
The third factor is the gate work function. The gate work function has direct control to the threshold voltage. This is a 
very attractive alternative approach to the threshold voltage control. Several metals have been considered as candidates 
for gate electrode (such as Ta and W). Another metal/polysilicon stacked gate structure was proposed. The gate 
electrode is comprised a thin (a few nm) layer of polysilicon and metal. By changing the thickness of the polysilicon 
layer, one can vary the effective work function of the gate from that of the metal to that of the polysilicon [8]. 
 
6.  RESULTS AND DISCUSSION OF DEVICE 
 
6.1 ID-VG Characteristics of SOI PMOSFET 
 

 
Figure 5: Transfer Curve of SOI PMOSFET 

 
The curve shows that at the lower values of VGS (< 0.2V) large ID will flow and follow the linear but pattern but it will 
decrease and will become nearly zero even when the VGS is  increased beyond 0.2V. The PMOSFET follows the above 
curve because the mobility of the carrier is not constant. The figure 6 shows that the obtained curve is better than the 
transfer characteristics of conventional bulk. 
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6.2 ID-VD Characteristics of SOI PMOSFET 
 

 
Figure 6: Drain Characteristics of SOI PMOSFET 

 
ID varied due to variation VDS in different VGS conditions as shown in Figure 6. It could be divided as the ohmic (active) 
region, non linear region and the saturation  region. 
Ohmic Region: Constant resistance region, if drain - to - source is zero, the drain current also becomes zero regardless 
of gate - to – source voltage. In this region ID follows linearity pattern: Firstly, when VG is 0V (shown by red line) with 
drain voltage increased to -1V. Secondly, when the VG is -1.0V (shown by sky blue line) with drain voltage upto -0.5V. 
Thirdly, when the VG is increased to -2.0V (shown by dark blue line) with decrease in drain voltage value to -0.42V. 
Fourthly, when the VG is increased to -3.0V (shown by green line) ID becomes highly proportional to drain voltage till -
0.34V.  
Non Linear Region: ID follows non linearity pattern: Firstly, with VG  0V (shown by red line) and drain voltage from -
1V to -3V.  Secondly, with VG at -1.0V (shown by sky blue line) and drain voltage from -0.5V to -02.42V. Thirdly, 
with the VG is increased to -2.0V (shown by dark blue line) the drain voltage vary from -0.42V to -1.84V.  
Saturation Region: Constant current region. In this region, the drain current differs by the gate - to – source voltage, 
not by the drain - to – source voltage. Here, the drain current is called saturated. ID  becomes nearly constant firstly, 
when the drain voltage is increased from -3V (with VG  0V as shown by red line). Secondly, when the drain voltage is 
increased from -2.42V (with VG  -1V as shown by sky blue line).Thirdly, when the drain voltage is increased from -
1.84V (with VG  -2V as shown by  
dark blue line). Fourthly, when the VG is increased to -3.0V (shown by green line) ID becomes more constant when the 
drain voltage is increased from -0.34V. 
Cut – Off Region : It is called cut off region, when the gate - to – source voltage is lower than VGS(th) (threshold 
voltage). With VG at -4V the drain current becomes nearly zero independent to the variation of drain voltage. 
 
7.  CONCLUSION 
 
Silicon-on-insulator MOS transistors had evolved from the classical, planar, single-gate device into three dimensional 
devices with multiple gates. SOI technology had now reached a maturity level such that circuits of reasonable size can 
be produced with good yield. SOI technology had been a good candidate for deep-submicron applications, despite the 
presence of parasitic bipolar action. In this paper it was demostrated that the structural design of SOI PMOSFET had 
simulated using Silvaco TCAD tools and its electrical parameters had also been studied. On the basis of the study, 
characterization of the device using the ATLAS simulator had done. It was seen that the ID-VG curve of proposed SOI 
PMOSFET is better than the ID-VG curve of the conventional PMOSFET. It was also revealed that SOI PMOSFET 
operated in three modes PMOSFET i.e. the ohmic region which was the constant resistance region, saturation region 
which was constant current region and the cut off region in which the drain current became zero and was independent 
to the variation of drain voltage. 
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