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ABSTRACT 

Silicon Germanium (Si1-xGex) is an alloy semiconductor that has caught considerable 

attention of the semiconductor industry in the past decade. Effects of strain in thin films 

are the reason for this. Strain leads to considerable deformation of bands providing 

enhanced mobility for both electrons and holes. Another important aspect of SiGe is the 

reduction of band gap. This makes band gap engineering feasible in all silicon 

technology. Yet another attractive point is the adaptability and compatibility of SiGe to 

silicon process technology. 

In CMOS circuits the p-channel MOSFET needs more than double the area of the      

n-channel MOSFET due to the lower mobility of holes in silicon. Hence a p-channel 

hetero MOSFET (HMOSFET) is chosen as the object of this dissertation. 

A simple general device structure that can provide considerable enhancement in 

performance, compared to a conventional MOSFET, is selected. A one dimensional 

Poisson equation is solved for this hetero junction device. Using these results an Excel 

spreadsheet is used as a tool to design a complete analytical program that can provide 

internal as well as terminal parameters of this device. The analytical program is tested by 

comparing the results with ISE-TCAD numerical device simulator results. The results 

were found to match very well. This analytical program yields results in a fraction of the 

time compared to numerical programs. For the device of choice variable parameters are 

identified. It is found that these parameters are interconnected in many ways and trade 

offs between them need to be applied. 
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 From the front end of the spreadsheet input parameters can be varied and parameters 

like potentials, hole density and terminal characteristics can be plotted very easily while 

simultaneously computing other parameters like threshold voltage and saturation current.  

The main contribution of this dissertation research is (1) Development of a very 

efficient and accurate analytical program to interactively design and optimize a p-channel 

HMOSFET (2) A detailed understanding and explanation of various design parameters, 

their implications, interdependency and trade offs (3) Study and explanation of certain 

special characteristics of p-HMOSFET like dual threshold voltage, low off-currents, 

structural limitations etc. 
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CHAPTER 1 

INTRODUCTION 

Silicon Germanium (Si1-xGex) is an alloy semiconductor that shows great promise to 

integrate with silicon technology or even form a parallel fabrication line to silicon 

technology. There are several attractive features with Silicon Germanium that support the 

above statement. They are listed below: 

1. First, band gap engineering is feasible in Si1-xGex. It was an exclusive realm of 

III-V compounds until recently. This is important because quantum well 

(QW) confinement of carriers and transport in these un-doped layers remote 

from the SiO2 interface is now possible. This can provide much faster devices 

than silicon complementary metal oxide semiconductor (CMOS). 

2. Second, the mobility enhancements of both holes and electrons in 

compressively strained Si1-xGex or tensile strained silicon (Si) respectively can 

provide fast devices of both p-channel and n-channel type. This is very crucial 

for CMOS circuitry.  

3. Third the processing of Silicon Germanium is very similar to that of silicon. It 

is to be noted here that the GaAs processing is not compatible with silicon and 

is more expensive to fabricate. 

4. These Si/Si1-xGex based hetero junction transistors may be capable of 

operation at speeds close to the GaAs based modulation doped field effect 

transistor (MODFET). The GaAs based MODFET can provide high speed 
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devices of only n-channel type. The hole mobility in GaAs is inferior to that in 

silicon. On the contrary Si1-xGex based devices can provide fast devices of 

both n-channel and p-channel types. This is important in system on a chip 

(SOC) used in cell phones and global positioning system receivers (GPS) to 

name a few. 

Design of Si/Si1-xGex based p-channel MOSFET devices with high operating speed, 

low operating power and low leakage currents is the objective of this research work. 

However, prior to embarking on this it is instructive to look back at the evolution, current 

status and future trends of silicon technology that has held a lion’s share of the global 

semiconductor market since the inception of integrated circuits. In addition the 

exponential rise of battery operated systems like the cell phone, remote data logging 

systems and GPS, to name a few, have placed tremendous demand for low voltage and 

low power devices. These topics are briefly reviewed in sections 1.1 to 1.4 for 

background reasons. Limitations of Si CMOS are discussed in section 1.5. The objective 

of this research work, procedural details and general organization of the dissertation are 

given in section 1.6. 

1.1 Short History of Silicon CMOS Devices 

Since the invention of the bipolar transistor in 1947 a new era of electronics began. 

The bipolar junction transistor (BJT) found its way into integrated circuits (IC) in 1960. 

The theory of inverting a silicon surface by application of an electric field to form a metal 

oxide semiconductor field effect transistor (MOSFET) was reported as early as 1925 [1]. 

But the device was not realized until 1960 due to fabrication problems related to the large 
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densities of Si/SiO2 interface states. The ease of fabrication of the MOSFET, its planar 

technology and its tiny size were highly attractive in the fabrication of high-density 

integrated circuits (ICs) leading eventually to large-scale integration (LSI). However akin 

to bipolar transistors the integration density of single polarity MOSFETs (p-channel or n-

channel alone) were limited due to their large standby power dissipation. The 

introduction of complementary MOSFET (CMOS) in 1963, with the formation of   p-

channel and n-channel MOSFETs on the same chip made it possible to have high 

integration density [3]. The CMOS technology made it possible to fabricate device pairs 

(n and p channel) with very low off currents on the same chip. In addition the MOSFET 

has very small feature size compared to the BJT, These two factors led to the evolution of 

VLSI (very large scale integration) around 1980 and ULSI (ultra large scale integration) 

by the year 2000. In addition the full rail-to-rail logic swing of CMOS ICs offer high 

noise margins [4] [ 5]. Starting with the introduction of CMOS ICs the silicon 

semiconductor industry was driven by the insatiable quest for higher speed of operation, 

lower operating voltages, lower standby power and smaller device sizes. The device 

speed kept on increasing and the feature size kept on decreasing making faster and faster 

high density ICs more economical to fabricate. Following Moore’s law the density of 

devices on a chip doubled approximately every 18 months [ 7]. This evolution of high-

speed high density ICs led to the rapid growth of information technology.  

1.1.1 Technology node  

The progress in down scaling of CMOS devices was so aggressive that the predictions 

of the International Technology Roadmap for semiconductors (ITRS) for the year 2010 
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are almost here in 2008  [ 27]. The technology node in 2008 is at 45 nm. Today   45 nm 

devices are in full production and 33 nm devices are expected by the year 2009     [ 6]. 

The 33 nm technology node was a prediction for the year 2013 by the 2002 ITRS and the 

2007 ITRS [ 27], [ 28]. The prediction by the  ITRS only means that such devices will be 

in demand and are expected to be in production by the year 2013. It should be mentioned 

here that clever designs and introduction of new materials have taken the semiconductor 

technology beyond predictions of industry roadmaps.  

Here a discussion of the technology node is appropriate. Technology nodes used to be 

historically linked to the introduction of new Dynamic Random Access Memory 

(DRAM) generations. Each generation has four times (4X) increase in bits/chip. The 

node number gives the lithography half-pitch of a DRAM. For as long as the above cycle 

followed Moore’s law (1½ year cycle for 2X or 3 year cycle for 4X) the technology node 

and DRAM generations were synonymous. However, in the recent past faster 

introduction/optimization of product-specific technology and the increase in business and 

technology complexity tend to de-couple many of the technology parameters used to 

characterize ‘advance to the next technology node’. For example the microprocessor unit 

(MPU) has driven the reduction of gate length or minimum feature size at a faster pace 

than the lithography half pitch. However, the lithography half pitch is the same for 

DRAM and MPU. For the 45 nm technology node mentioned before the physical gate 

length or minimum feature size is only 18 nm. In recent years the scaling trend does not 

seem to follow Moore’s law. The technology generation seems to reduce by four times in 
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two years instead of three years. This shows that the device scaling is no longer directed 

by the ITRS predictions. Instead the scaling in the past few years is led by the industry.  

1.1.2 Operating Speed 

In spite of the above advantages of CMOS devices bipolar devices still have higher 

driving capacity and hence operating speed. Due to this reason a high level of CMOS 

with a relatively low level of bipolar devices are integrated to form bipolar CMOS 

(BiCMOS) systems. The BiCMOS process allows the exploitation of the high level of 

integration of digital CMOS and the high speed of operation of analog bipolar transistors. 

CMOS and BiCMOS are two of the dominant semiconductor technologies today [8]. 

However, the much smaller feature size and extremely high packing density of CMOS, 

compared to bipolar transistors, makes them ideal for very large scale mixed signal 

systems incorporating RF, analog and digital designs to form ‘system on a chip’ (SOC) 

where high ON state drive currents are not necessary. Nowadays, at the 45 nm node, 

digital CMOS devices are used for analog designs like analog-to-digital converters 

(ADC), digital-to-analog converters (DAC), comparators and even for voltage references. 

Hence the operating speed and scalability of the CMOS is of vital interest. However, all 

Si devices can operate only up to a maximum frequency of around 5 GHz which is not 

fast enough for receiver front ends and amplifiers used in SOC. 

1.1.3 Power Dissipation 

Low standby power dissipation is important for VLSI and ULSI circuits where the 

high packing density can lead to thermal degradation if the dissipated power is not 

systematically removed from the die. Hence any reduction in standby power dissipation 
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is highly desirable. At the same time higher drive currents are important for high speed of 

operation. In fact the speed performance and power intake are directly related. In the case 

of the MOSFET the optimization of speed performance comes with a penalty. If the on 

current, Ion, is increased to attain a higher speed of operation the off current, Ioff, is 

simultaneously increased which in turn increases the standby power dissipation. These 

aspects will be discussed in chapter 8 with regard to the work presented here, vis-à-vis 

Si/Si1-xGex hetero junction MOSFET (HMOSFET). It will be seen in chapter 8 that the 

off current, Ioff, in the Si/Si1-xGex based HMOSFETs are a few orders of magnitude less 

compared to those in  MOSFETs. Low Ioff along with higher drive currents and hence 

higher speed of operation makes the HMOSFETs highly desirable in the domain of ULSI 

as well as SOC designs. It may be surprising to note that present day digitally intensive 

microprocessor systems have heat dissipations as high as 100 W/cm2 [ 39]. 

1.1.4 Low Voltage Systems 

About three decades ago low voltage systems were in demand only in a limited 

number of applications like watches, pace makers, integrated sensors and so on. But that 

scenario changed completely with the advent of battery operated systems such as portable 

computers, cell phones and remote data logging units. Low voltage, as low as single 

battery voltage, is in demand for portable communication devices, cell phones, remote 

control units and so on. Very low power dissipation is also crucial in these systems to 

reduce the drain on the battery. The power dissipation in a CMOS inverter is given  

by [9], 

 2
dsLdsofftotal fVKCVIP +=  (1.1) 
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where Vds is the power supply voltage, Ioff  is the off-state current, K is the switching or 

duty factor, CL  is the load capacitance and f is the clock frequency. The first and second 

terms in equation (1.1) give the standby power and active power consumption 

respectively. As can be seen active power dissipation increases linearly with the clock 

frequency. In today’s lap top computers with submicron CMOS devices operating at 

frequencies over a few hundred MHz the power dissipation can be very high making it 

difficult to cool the ICs hence leading to degradation of the IC in addition to the high 

battery drain.  

Hence from the point of view of low voltage operation as well as to prevent 

degradation of the IC chip it is important to reduce the IC operating voltage, as can be 

seen in equation (1.1). In addition to packing more devices on a chip, scaling also 

demands lower voltages to avoid high fields that reduce device life time. This 

necessitates the use of devices capable of operating at very low supply voltages, as low as 

0.8 to 1.5 Volts. The devices dealt with in this project are long channel devices and hence 

require higher operating voltage than the nanoscale devices. Considering this fact the     

p-HMOSFET designs and simulations carried out in this project are set at –1.5 Volt.  

1.2 Current Status of Silicon CMOS 

CMOS is the leading technology for VLSI. There are several reasons for this. 

Compared to all other device technologies CMOS has the lowest power-delay product, 

smallest size and highest packing density, CMOS circuits are easier to design and they 

are easier to fabricate than other technologies. Also device physics is easier to understand 



   

 

 

33 

compared to other devices [ 41]. However, it should be noted that in fast switching 

systems power dissipation in CMOS systems can be high and may even exceed bipolar 

devices [8]. This can be seen from equation (1.1).  

Silicon CMOS and BiCMOS together has taken over 94 - 98% of the global 

semiconductor market share in the past couple of decades [23]. In order to improve the 

speed of operation and to increase the packing density silicon CMOS devices have been 

aggressively and continuously scaled down for past thirty years [ 7], [10] - [14]. The 

exponential increase in packing density as predicted by Moore’s law and the associated 

exponential reduction in cost per function sustained the silicon industry unscathed so far [ 

24].  The gate length reduced from 10µm in the year 1970 to 0.25µm and below by the 

year 2000. MOSFETs with channel lengths as low as 45 nm are in full production in the 

year 2007 [ 6]. The exponential reduction of feature size also led to an exponential 

increase in the cost of foundries [23]. The reduction of gate length demands scaling down 

of supply voltage to avoid subsurface punch through. Lower voltage operation in turn 

demands reduction of gate oxide thickness as well. This puts tremendous demands on the 

quality of the gate oxide. Lowering the trapped charges at the gate oxide interface as well 

as in the bulk oxide are important for MOSFET devices. But the scaling to the nanometer 

regime also increased the fields in the oxide as well as in the channel region [ 41]. 

Because of this it is more important to have better oxide quality in the nanometer devices. 

The scaling of CMOS by various methods such as constant voltage scaling, constant field 

scaling and generalized scaling were successful down to gate lengths of about 0.5 µm. 

Further downscaling posed challenges due to short channel effects (SCE). To counter 
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these effects many design and process modifications were introduced from time to time, 

most of them being complex and expensive to implement [10], [17],  [18].  

1.3 Future of Silicon CMOS 

In spite of the complexity and cost involved the short channel devices were expected 

to reach their limits around 45 nm channel length and about 3 nm gate oxide thickness by 

the year 2012 [10], [17], [22] Even though improvements in lithography has caught up 

with deep sub-micrometer feature sizes certain fundamental physics and process 

capabilities set limits to gate oxide thickness, effective channel length, junction depth and 

channel doping. Based on simulated as well as experimental studies the minimum values 

for gate oxide thickness tOX were predicted to be around 2-3nm, the source and drain 

junction depth to be around 10 - 30nm, effective channel length Lg of about 60nm and the 

magnitude of threshold voltage of 0.2 – 0.3 Volt [10], [17]. The junction depth of the 

source and drain extension is limited by the increase in resistance. The gate oxide 

thickness is limited by the tunneling current. But contrary to expectations the CMOS 

devices underwent unimagined scaling to gate oxide thickness as low as      1.2 nm.  

Channel lengths as low as 32 nm are expected by 2008 – 2009 [ 29], [ 31]. The channel 

length and oxide thickness are related as shown in equation ( 1.2). For any oxide 

thickness there is a minimum channel length below which SCEs begin [10].  

 OXg tL 45=  ( 1.2) 

 

Unique designs like double gated devices, FinFET, FlexFET and vertical MOSFET 

are being pursued with interest. New designs like FinFETs and FlexFETs fabricated in 



   

 

 

35 

CMOS process lines have potential to scale down to 10 nm [ 29] -  [ 38] These devices 

are dual gate devices and are optimum structures to suppress short channel effects [ 44].  

The 2003 Technology Roadmap for Semiconductors anticipates that double gate 

MOSFET and ultra thin SOI will reduce short channel effects [ 53]. SOI has the 

drawback of poor heat conduction and because of that the packing density is limited. 

Vertical structures such as FinFETs allows much higher packing density. Higher packing 

density will increase power density that will create more heat to be dissipated. At 

extremely scaled down devices the majority of the channel may get velocity saturated. 

Here the advantage of higher mobility becomes questionable since the velocity does not 

increase further. Saturation velocity for holes in silicon is 1x107 cm/s. Based on 

simulations the saturation velocity for Si1-xGex is reported to vary approximately from 

1.6x107 to 2.1x107 cm/s for a molecular Ge fraction of 0 – 0.5 [88]. Velocity overshoot in 

very short channel devices is also speculated. At extremely scaled down devices there are 

only few lattice atoms in the space from source to drain. Hence carriers may ballistically 

arrive at the drain end without having collisions or phonon interaction. For these 

nanoscale devices there is not an off state per se and an acceptable Ioff. The ION/IOFF ratios 

are as low as 100. So the leakage current poses a problem in terms of power and heat 

dissipation. 

1.4 Introduction to Silicon Germanium (Si1-xGex ) 

Considering the scenario of silicon technology given in earlier sections and the 

increasing demand for low power and high frequency modern communication systems it 

would be desirable if high frequency silicon compatible devices could be integrated into 
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the silicon process. There seems to be a need for performance enhancement in the silicon 

ICs by some other alternate ways other than the scaling down approach. The scaling 

down path is becoming very difficult, expensive and complex to fabricate and to design 

with.  The extremely long technological experience with silicon, its oxide of unsurpassed 

quality, abundant availability, extremely low cost of materials and production, the ultra 

large scale integration (ULSI) status of silicon CMOS and its unchallenged dominance in 

the semiconductor industry makes it very much undesirable, commercially and 

practically, to make a transition to a totally alternate technology.  

Fortunately an improvement to silicon that stirred interest in the recent past has come 

to the rescue of the silicon industry. It may be noted that the earliest semiconductor 

material of choice was germanium (Ge) before silicon became the dominant material. In 

1960s it was found that addition of germanium (Ge) to silicon makes a compound alloy 

semiconductor silicon-germanium (Si1-xGex). Initial published works date back to 1955 

[76], [77]. But only in the 1990s thin films and associated strain effects of this compound 

were studied. Superior properties of this compound semiconductor with associated strain 

revived the research interests in Si1-xGex. In applications like cell phones the high 

frequency front end used to be designed using III-V devices with the low frequency 

circuits designed using silicon devices. It is to be noted that III-V fabrication technology 

is not compatible with silicon fabrication technology and efforts to grow III-V devices on 

silicon substrates were not successful [75]. This has changed with the advent of silicon 

germanium. Now the front end is designed with SixGe1-x bipolar transistors and the back 

end is designed with Si CMOS using a BiCMOS technology.[ 100]. 
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As mentioned in the beginning of the chapter silicon germanium (Si1-xGex) is an alloy 

semiconductor formed by adding germanium to silicon. The diamond lattice and silicon 

type band gap are preserved for Ge fractions up to 0.85. The addition of germanium 

enhances the transport properties of this compound semiconductor. These enhanced 

properties can be utilized in the design of high-speed transistors. As mentioned earlier 

research on the compound semiconductor silicon-germanium (Si1-xGex) is reported as 

early as 1955 [77] when the bulk properties were studied. The bulk Si1-xGex did not find 

much practical use as a compound semiconductor by itself. This led to disillusion of 

technical interest in Si1-xGex [80]. Revived interest in silicon germanium was reported in 

1975 with the growth of super lattice structures of Si/SiGe [79]. Epitaxial growth of these 

hetero-junction films using ultra high vacuum chemical vapor deposition (UHVCVD) 

was undertaken by IBM in the year 1980 [ 46], [ 93].  

Epitaxy is the preferred method to grow thin Si1-xGex layers on a (100) silicon 

substrate or another relaxed Si1-yGey bulk substrate of a different Ge fraction. This 

facilitates lattice matched or pseudomorphic growth. The molecular beam epitaxy (MBE) 

used in the fabrication of GaAs devices is too slow for silicon CMOS process lines in 

addition to being expensive. Silicon expitaxy traditionally used in CMOS and bipolar 

fabrication is chemical vapor deposition (CVD) at high temperatures, greater than 

1000oC. If this high temperature CVD is used in the deposition of Si1-xGex the high 

temperature can lead to strain relaxation in the grown layer of Si1-xGex. This can lead to 

interfacial defects and degradation of carrier mobility. As will be seen in section 4.3 

strain is of utmost importance to obtain high mobility in thin Si1-xGex layers. Low 
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temperature growth below about 350oC can lead to three dimensional growth and 

resulting in-plane defects. UHVCVD systems with a wide range of pressures as low as 10 

Torr to atmospheric pressure and temperatures in the range of 500oC to 600oC are used in 

the growth of thin films of Si1-xGex [23], [ 111]. 

1.4.1 Advantages of Si1-xGex   

As mentioned before the enhancement in mobility and band gap engineering are two 

of the main attributes of Si1-xGex technology that makes this alloy semiconductor very 

much attractive in high speed transistor design. Band gap engineering gives the designer 

the ability to design a material of a desired band gap. This is achieved by exploiting the 

fact that increasing the Ge fraction reduces the band gap of silicon germanium. In an all 

silicon system the band gap is fixed at 1.12 eV. If the band gap can be changed junctions 

can be formed with different band gaps on either side or QW can be formed. These strain 

and Ge fraction dependent properties are discussed in detail in chapter 4. 

 MODFET in III-V system were the fastest transistor with cut off frequency fT above 

150 GHz with a transmission delay around few ps [ 78]. These devices exploit the band 

gap engineering and QW confinement to achieve this. MODFET inherits its high speed of 

operation by confining the carriers in an undoped QW channel away from the substrate 

surface. Si1-xGex provides these features in silicon technology. This opens up the 

possibility of the design of MODFETs capable of operating at very high frequencies, 

using Si and Si1-xGex systems.   

Ultra high density Si ICs can be produced at a significantly low cost compared to other 

technologies. These are suited for high transistor count, high volume microprocessors and 
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memory applications. But the RF and microwave performance of Si is very poor. The 

maximum operating frequency of silicon devices is limited to about      5 GHz. At high 

electric fields the drift velocity reaches the saturation velocity (vsat) for holes which is 

equal to 8.45x106 cm/sec. In the present day nanoscale devices a good portion of the 

channel is velocity saturated and the speed of the device is limited mostly by vsat [ 31].  

As will be seen in chapter 7 the off currents Ioff for these SixGe1-x devices are two to 

three orders of magnitude lower compared to the MOSFET. In the silicon ULSI chips 

where the heat dissipation is already a serious problem further scaling down is going to 

make the heat removal a challenge [ 39 ]. In that scenario the strained Si1-xGex hetero 

junction devices has a scope for replacement of silicon MOSFET as well as further down 

scaling.  

Another aspect of these devices is the higher radiation tolerance compared to  silicon 

This will be desirable in space borne electronics as well as in radiation environments [ 

111],.[ 112] Third these devices may be faster either because of higher mobility, more 

velocity saturated portion of the channel compared to a Si MOSFET and due to vsat 

increase with increased Ge fraction. This extra speed can be traded for lower power 

operation thus reducing the dissipation further [ 46]. Or the speed can be used to 

advantage by substituting smaller devices which can give the same on currents as the Si 

MOSFET thus increasing the packing density further. 

1.4.2  Silicon Germanium in all Silicon Technology  

If silicon MOSFET scaling did not come to a grinding halt at the 45 nm node and if 

scaling is proceeding down to expected 10 nm node why is an alternate technology 
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needed? To answer this question limitations of silicon CMOS need to be considered. First 

of all, the silicon band gap is fixed whereas band gap engineering is possible in Si/Si1-

xGex system. Secondly, the high mobility of strained Si1-xGex provides much faster                  

p-HMOSFETs than comparable all silicon p-MOSFET. It can be argued that in 

aggressively scaled devices the velocity saturation is going to occur anyway and hence 

the Si1-xGex  may not give any advantage in speed. It has been speculated that the vsat in 

Si1-xGex increases with the Ge fraction [88]. In addition due to the high mobility the     

Si1-xGex channels will be velocity saturated to a larger portion of the channel than the 

silicon MOSFET. Significant velocity overshoot also has been speculated for these 

devices [ 48], [ 81]. The third attractive feature of Si1-xGex HMOSFET is the fact that the 

off currents, Ioff, are orders of magnitude less than those in MOSFETs. This is discussed 

in chapter 7. The low off current of Si1-xGex devices is hardly mentioned in many 

publications [ 45],[ 46], [ 50]. Conventional MOSFETs when scaled down from 250 nm 

to 65 nm, Ioff increases from a few nA/µ to hundreds of nA/µ. The 2001 Technology 

Roadmap for Semiconductors points this out as a concern for scaled CMOS devices [ 26]. 

The high speed requirements demand higher Ion which simultaneously increases Ioff in an 

all silicon CMOS. Thus, the passive power density is a significant problem in 

conventional CMOS [ 31]. 

Another advantage with the Si1-xGex system is the capability to integrate opto-

electronic devices into CMOS systems [23]. Since Si1-xGex can be fabricated in Si CMOS 

process lines with minimal modifications high density Si CMOS as well as high speed 

Si1-xGex devices can co-exist on the same die.  
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Very high frequency devices can be derived from native silicon based devices with the 

introduction of Si1-xGex. If the Si1-xGex is introduced into the central region of a double 

gated device and if the gates are biased properly carriers will get confined to the central 

undoped Si1-xGex region [ 175]. The perpendicular electrical field is a minimum in this 

region. The mobility becomes high and carriers are away from the pseudomorphic   

Si/Si1-xGex interfaces. This can provide very high speed and HMOSFET devices with cut 

off frequencies as high as 100 GHz are reported. Fabricated devices with an all Ge 

channel having measured hole mobilities as high as 9000 cm2/Vs at 77o K are  

reported [170]. 

1.4.3 Current Status of Si1-xGex Technology  

The 2003 Technology Roadmap for Semiconductors notes the importance of 

compound semiconductors [ 52]. It also notes that the challenge for compound 

semiconductors is to increase the number of devices per unit area and to integrate with 

CMOS technology [ 52]. Si1-xGex with its associated process compatibility can easily 

integrate with the high density Si CMOS process. In addition strained Si1-xGex hetero 

bipolar transistors (HBT) can currently provide speeds close to III-V devices. Si1-xGex 

was introduced into the graded base hetero bipolar transistors (HBT) around 1987. 

Around the year 2000 these Si1-xGex HBTs have been introduced into the VLSI silicon 

technology, as a replacement to the high frequency GaAs bipolar transistors, in the 

BiCMOS circuits. Even though GaAs still has higher cut off frequency fT the 

compatibility of Silicon Germanium HBTs with the silicon VLSI process is a definite 

advantage [98] - [104]. This also allows integration of both logic and high frequency 
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bipolar transistors on the same chip. These hetero bipolar transistors (HBTs) operate at 

very high frequencies and literally provide an equivalent substitute for GaAs devices on 

silicon wafer. The cut off frequencies for these devices range from 80 GHz to 350 GHz at 

room temperature  [ 38], [ 95],[ 96], [ 93]. These are equally as fast as GaAs devices.   

Si1-xGex  HBTs can be processed along with silicon CMOS without any difficulty in a 

BiCMOS process. Currently many foundries have BiCMOS fabrication lines using      

Si1-xGex . This is contrary to the prediction of 2001 Technology Roadmap for  

Semiconductors which stated that Si1-xGex  presents severe challenges to cost effective 

CMOS integration [ 27]. It should be mentioned here that the introduction of Si1-xGex has 

changed the predictions of semiconductor technology road map of 2001 [ 100]. 

Silicon-Si1-xGex BiCMOS is extensively used in wireless circuits operating in the 

range of 900 MHz to 2.4 GHz. Si1-xGex  HBTs can operate above 65 GHz. Such high 

bandwidth is not needed in the above devices. But bandwidth can be traded for speed and 

power [ 46]. This reduces drain on the batteries. Si1-xGex  HBTs can operate at very low 

power, have low noise, are more linear than Si BJTs and have more dynamic range [ 46]. 

So these devices are ideally suited for low noise high frequency applications such as low 

noise amplifiers (LNA) in the front end of cell phone receivers and similar front end units 

[ 100], [ 100].  

Since the Si1-xGex based MOSFET has layers of Si1-xGex and Si it involves hetero 

junctions and is named HMOSFET to distinguish it from MOSFET. However,  

HMOSFETs are still in the developmental stage. There is particular interest in the            

p-channel HMOSFET (p-HMOSFET) since the hole mobility in CMOS circuits is 
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slightly less than half the value for electrons. Hence the design and analysis of a             

p-HMOSFET is chosen as the topic of this dissertation.  

Si1-xGex hetero CMOS (HCMOS) are also under study. One of the main advantages of 

these devices is the off current that is in the pA/µ range. However there is very little 

mention of Si1-xGex CMOS for very low power applications in published works. The off 

currents in Si1-xGex  HCMOS could be around 5 pA/µ. Hence they are useful for very low 

power applications such as biomedical and wireless. Si1-xGex HCMOS compares 

favorably with aggressively scaled Si CMOS. It also has a better power-delay product 

than any leading analog technology [ 41]. Very low drain induced barrier lowering 

(DIBL) and very low 1/f noise are also reported  [ 160]. The ability to integrate many 

SiGe devices with CMOS is a great advantage. The low thermal budget of short channel 

CMOS is advantageous to    Si1-xGex strained layers. Since the properties of Si1-xGex 

depends on the strain this factor is very important. Si1-xGex p-HMOSFETs have shown 

room temperature hole mobilities as high as 1300 cm2/sec  [ 161].  

1.5 Limitations of Si CMOS  

The exponential growth of silicon CMOS technology and its impressive dominance 

over other material systems in the global semiconductor market are due to three factors. 

(1) The SiO2 gate insulator is of unsurpassed quality and easily formed compared to other 

semiconductor systems. (2) The aggressive scaling of silicon CMOS devices brought 

around faster and smaller devices. (3) Silicon is an abundant raw material on earth’s crust 

and is very economical for the semiconductor industry. Most of the cost comes from the 

device quality purification and processing. 
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Figure 1-1 shows a sketch of a p-channel MOSFET. Figure 1-2 shows its band diagram, 

at high gate voltage, along the mid section of the device starting at the poly gate  

interface. The proximity of the channel to gate provides good gate to channel coupling 

which translates into low threshold voltage and good transconductance gm. But there are 

several drawbacks in this device structure limiting the overall performance. (1) Carriers 

are transported from source to drain in a region very close to the inferior Si/SiO2 

interface. The interface is inferior due to trapped charges in the SiO2, the interfacial 

defect states and surface roughness. (2) Carriers are confined to a region of very high 

perpendicular fields (perpendicular to the transport direction) ξ⊥ as indicated by the high 

slope of the band edge near the SiO2 interface. (3) The carrier transport is in a silicon 

region that is moderately doped in long channel devices and highly doped in case of short  

 

 

Figure 1-1. Sketch of a p-MOSFET. 
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channel devices. A high field is not desirable because dopant  ions fields interact with the 

carriers through Coulomb forces and cause scattering. This reduces the effective mobility 

further by slowing down carriers. Intrinsic silicon has electron and hole mobilities of 

approximately 1450 and 450 cm2/Vs respectively. But in fabricated CMOS devices the 

above values drop down to as low as 250 and 100 cm2/Vs respectively [4]. These aspects 

will be discussed in detail in the following subsections, and ways to overcome these 

drawbacks will be considered 

 

Figure 1-2. Band diagram of the p-MOSFET at high Vgs. 
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1.5.1 Si/SiO2 Interface 

Silicon has a crystalline lattice and SiO2 is amorphous. The Si/SiO2 interface is not 

lattice matched and has a large number of defect states. Even though these defects are 

considerably reduced through technological advancement defect densities of the order of 

1010/cm2 are still present [4]. Electrons and holes can tunnel through the gate oxide and 

get trapped in the oxide. This is particularly true in scaled down nano-scale devices due 

to the high perpendicular fields. This trapping will modify the fields within oxide. A 

tunneling electron can gain high energy from the oxide field and cause impact ionization 

leading to the generation of holes that can get trapped in the oxide. Carriers (holes) 

arriving at the drain may posses very high kinetic energy and can cause impact ionization 

at the drain region leading to hot carrier generation. These hot carriers can get injected 

into the oxide as well. Apart from all the above ionizing radiation can produce carriers in 

the oxide and they may get trapped in it. Irrespective of the process how the charge is 

trapped in the oxide these charges modify the field near the silicon surface and can cause 

a rise in VT. These degradations shorten device lifetime by causing threshold drift, oxide 

failure, drain erosion and gate leakage. 

1.5.2. Perpendicular Fields 

The silicon region near the oxide interface has very high perpendicular fields, Eperp. As 

shown in equation (1.3) Eperp is a weighted average value of perpendicular fields due to 

ions in the depletion region and holes in the inversion layer. In the case of p-channel 

MOSFET this field is given by [4], 
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Figure 1-3. Hole mobility vs effective perpendicular field, Eperp. The upper and 
lower curves corresponds to doping densities of 3.9x1015 and 3x1017 respectively  

 

where QD and QI  are the depletion and inversion charges respectively. This field 

increases with the inversion charge. This field confines carriers close to the SiO2 

interface. Since the SiO2 interface has traps and roughness, transport properties get 

degraded. Published curves showing the degradation in mobility with increasing Eeff are 

available [ 189].  

Figure 1-3 shows such curves for holes corresponding to two doping concentrations of 

3.9x1015/cm3 and 3x1017/cm3. At low Eeff the corresponding mobilities are around  

170 cm2/Vs and 80 cm2/Vs. For an Eeff of 1.0 MV/cm the mobility for both doping has 

reduced to about 48 cm2/Vs [ 189]. If carriers are moved into a quantum well (QW) the 
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deleterious effect of the oxide interface can be avoided. This is what is done in the case of 

the Si1-xGex HMOSFET dealt with here. 

1.5.3. Substrate Doping 

As mentioned above the carrier transport in a MOSFET device is through a doped 

layer of silicon. Undoped or intrinsic silicon has electron and hole mobilities of 

approximately 1450 and 450 cm2/Vs respectively. As the doping levels are increased the 

mobility reduces due to the Coulomb scattering due to the ions present. Beyond a doping 

level of 1016/cm2 this drop is substantial. This drop can be represented by an empirical 

relationship as follows [105],  

 

2)/(1min
ref

o

NN+
+=

µ
µµ  

(1.4) 

where µmin = 54, µ0 = 407 and Nref = 2.35e17/cm^3 for holes. Figure 1-4 gives the above 

doping dependence on mobility. It is to be mentioned here that the doping density in the 

channel region normally ranges from 1017 – 5x1018/cm3 for typical CMOS devices. As 

seen in the figure there is substantial reduction of mobility in this range due to increased 

interaction with charged ions. 
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Figure 1-4. Hole mobility vs substrate doping density Na 
 

1.5.4. Improving Silicon CMOS Performance 

In the previous subsections three prominent causes of degradation in silicon CMOS 

performance were discussed. In order to overcome or avoid them altogether the following 

need to be done.  

1. Carriers should be moved away from the SiO2 interface. This could be done if a 

QW is formed below the SiO2 interface deep in the silicon substrate. Then carriers 

can be confined in the QW. Introduction of Si1-xGex  can provide this QW. If the 

carriers are moved away from the silicon surface do we need a gate oxide ? A 

metal-semiconductor Schottky gate can be used but the gate leakage currents will 

be higher than the oxide gate devices. This is due to the lower barrier at the metal-

semiconductor contact. 

2. It is also to be noted that the QW interface can be grown pseudomorphically. In 

constrast to the SiO2 interface this pseudomorphically grown interface is far 
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superior and is free of trapped charges. Interfacial defects in such 

pseudomorphically grown Si1-xGex interfaces are reported to be below 109/cm2     

[ 111 ].  

3. The QW region need not be doped. Carriers can accumulate in the QW due to its 

proximity to the Quasi Fermi level compared to the rest of the valence band along 

the mid section of the device. So carrier transport can happen in the undoped QW 

region. This overcomes the mobility degradation due to stationary dopant ions and 

associated Coulomb scattering. 

If all of the above three limitations of silicon could be overcome, with solutions 

considered here, much higher carrier mobilities could be achieved and higher operating 

speed devices can be realized. Unlike the conventional MOSFET case the carriers are 

away from the gate by the gate oxide and the cap layer (silicon thickness above the QW). 

In the conventional case the gate to channel capacitance is, 
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whereas in this device the gate to channel capacitance is the series combination of gate 

oxide and the cap layer, 
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where COX and CGC are the gate-to-channel capacitance, εOX and εSi are dielectric 

constants of SiO2 and Si respectively, tOX  and tCAP are thicknesses of gate oxide and cap 

layer respectively.  Equation (1.6) will give a lower capacitance value than equation 

(1.5). For example, using 11.7 and 3.9 as εr for Si and SiO2 respectively, equation (1.5) 

gives a value 33% more than equation (1.6). That means the gate control in the case of 
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this device is less than that in case of MOSFET. This smaller gate control tends to reduce 

the transconductance gm. However the higher mobility in this device can yield higher 

currents that translates into higher gm. 

1.6 Objective and Organization of the Project   

In CMOS integrated circuits both n-channel and p-channel devices should operate at 

equal speed to enable optimization of logic circuits in terms of performance and 

integration density. As mentioned earlier room temperature electron and hole mobilities 

for minimally doped bulk silicon are around 1400 and 450 cm2/V-sec respectively. In 

processed devices these further drop down to less than 250 and 100 cm2/V-sec[106],  

[107]. Since the hole mobility is less than one half of the electron mobility p-channel 

devices have to be made more than double the size of the n-channel devices to have the 

same drive currents. This reduces the layout density on the die. In addition to consuming 

die area it also increases parasitic capacitances. Hence an improvement in p-channel 

devices can considerably improve the CMOS logic circuit layout density and 

performance. Hence the development of an analytical program to aid in the design of p-

channel silicon/silicon-germanium based p-HMOSFET is the main goal of this research 

work. This analytical program gives results much faster than the time consuming 

numerical simulators. So this program can act as an interface between the designer and 

the numerical simulator. 

1.6.1 Objective 

The objective of the work presented here is to develop an analytical program suitable 

for easy design of a p-HMOSFET by varying structural parameters in a generalized yet 
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simple device structure incorporating basic necessary layered structures. Such a 

generalized program is not found in literature. The published works mostly center around 

certain simulated or fabricated fixed structural designs [148 ], [172 ], [173 ]. These are 

not useful for designing optimized structural combinations. Some other published works 

are studies of variation of one of the parameters. For example cap layer optimization or 

channel optimization [ 158 ],[182 ]. Yet some others have studied certain particular 

characteristics like threshold voltage and hole densities [153 ], [168 ]. The generalized 

structure selected here is adapted from structures that seem to be the most common 

choices in published research works of the recent past. By choosing appropriate 

parameters many of these published structures can be duplicated in this program. 

However, it was found that many of the published works have structures too complex to 

allow testing with the program developed here. This is because these published devices 

have too many layers or complex growth patterns. Examples are fabricated structures 

with graded Si1-xGex substrate and graded channels [149], [151 ],[152 ]. Within its 

structural limitations the program developed here can assist in quickly adjusting the 

structural parameters to achieve the particular device performance sought. These 

parameters may be Ion and Ioff. This has been successfully carried out in this work as 

discussed in chapter 7. This analytical program has been compared to numerical 

simulations and found to yield comparable results. Compared to the time consuming 

numerical computations with trial and error structural inputs this analytical program can 

provide results much faster even though the parameter stepping is still based on prudent 
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choice following the trends of the performance changes and guided by the design 

windows. So the objective of this project can be listed as follows, 

1. A through literature survey has been carried out to select a suitable strained 

Si/Si1-xGex  p- channel hetero junction MOSFETs (p-HMOSFET). Based on this 

a generalized structure is chosen encompassing the majority of published works 

of the past half a decade. This structure has the basic necessary layers and 

parameters to achieve a good deal of improvements over the conventional  p-

MOSFET. A consensus of a particular structure, like the MOSFET, has not yet 

been found in the literature for the p-HMOSFET. 

2. The generalized p-channel hetero junction MOSFET, named p-HMOSFET, is 

analyzed using one dimensional Poisson equation. This gives the potential 

distribution along the central region of the device. This is a long channel device. 

The generalized device chosen here is very similar to few of the published works 

[168] and the analysis closely resembles one of the published works [184]. But 

the work  presented here differs from the published works in three aspects.  (1) 

The program developed here has an additional p-layer (2) the  published works 

only presents studies of the dependence of some of the parameters on certain 

structural parameters, e.g. the threshold voltage dependence on cap layer 

thickness. (3) the program developed here can also study the parameter 

dependence. But more than that the program assists in the quick design of a p-

HMOSFET. Thus the program developed here acts as an interface between the 

designer and the numerical simulator. The program gives a fairly close design that 
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need to be checked in the numerical simulator only a few times thus saving very 

much of the design time. Such a design program is not found in literature. 

3. The result of the analysis is transformed into an analytical program that can take 

user inputs for device structure and other parameters and very quickly produce the 

terminal characteristics of the device without the need for the time consuming and 

tedious numerical algorithms. This is achieved through the use of Excel spread 

sheet. 

4. Other than terminal characteristics the analytical program can also give the 

potential variation along the center of the device and hole density distribution 

among other parameters. These are compared to results of the numerical programs 

and the accuracy is found to be good.  

5. Using this program the useful range of device parameters as well as design 

windows for p-HMOSFET devices have been produced. 

6. After establishing the accuracy of the analytical program for long channel devices 

short channel comparisons are carried out and results compared to similar 

MOSFET devices.  

1.6.2 Procedure 

The p-HMOSFET device layer sequence found in most of the literature can be divided 

into three categories. Starting from the substrate upwads,  

1. SiGe channel/gate oxide (Figure 1-5) 

2. Compressively strained Si1-xGex recessed channel/ silicon cap layer/gate 

oxide (Figure 1-6) 
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3. p-Si/ Si buffer/ compressively strained SiGe channel/ Si cap layer/gate oxide 

(Figure 1-7) 

 

Figure 1-5. A simple SiGe MOSFET. It has a SiGe surface channel. 
 

In this work a device as in item 3 in the list above has been adopted. The reason for 

this is that it is the simplest, with just the necessary layers to make most of the 

improvements compared to p-MOS. Further modifications of diverse individual nature 

are seen in literature. An exact direction for future mature devices or a consensus in the 

device structure, similar to MOSFET, has not been reached yet. But most of the recent  

 

Figure 1-6. A recessed SiGe channel MOSFET. It has an undoped Si cap layer. 
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Figure 1-7. A recessed SiGe channel MOSFET with additional p+Si layer and an 
undoped Si buffer layer 

 

published works seem to fall into the ones given in the above list. Taking the above 

structure the following are done to arrive at the objective. 

1. A one dimensional Poisson equation is solved for the device structure 

2. From the solution of the Poisson equation internal potentials and hole densities 

are derived 

3. Making use of  the solution of the Poisson equation an analytical program is 

written using the Excel spreadsheet with structural parameters left as variables 

of the design 

4. Devices with varying structural values are simulated using the two-

dimensional device simulator ISE-TCAD 

5. The numerically simulated device structures are input into the analytical 

program and functions like potentials, hole density in QW and surface, hole 

sheet density and centroid of the hole charge are computed 
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6. The numerical results and analytical results are compared and modifications 

are introduced to the analytical program until the results agree. This results in 

an analytical program whose results closely agree with the numerical 

simulations.  

7. Now the design can be done easily using the analytical program and the results 

need to be checked with numerical simulation only a few times with a few 

variations around the analytically obtained structural parameters. 

8. Using the analytical program one parameter at a time was varied keeping the 

rest of the parameters fixed at chosen values. This is done for different sets of 

fixed parameters. These are also duplicated with the numerical simulator to 

make sure that the results agree 

9. Using parametric variation of input data appropriate design windows are 

generated showing the suggested range of variation of each structural 

parameter 

10. Using parametric variation of input data appropriate design windows are 

generated showing the suggested range of variation of each structural 

parameter 

11. From the design window space optimal devices are formed from near the 

center of the window region and the terminal characteristics are computed 

using the analytical program. Once again the results are numerically simulated 

and the results are compared. 
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To study short channel device limitations the following is carried out. A p-MOSFET 

and a p-HMOSFET, both long channels, are designed for equal on currents Ion. The 

substrate doping densities are also chosen the same to simulate similar short channel 

behavior. Then their channel lengths are reduced systematically and the performance 

characteristics are compared. 

1.6.3 Organization of chapters 

The overall organization of the dissertation along with a short summary of different 

chapters is given below. 

Chapter 2:  Gives a short overview of modern conventional CMOS devices. This 

serves as a basis for the derivation of performance parameters of the HMOSFET and also 

serves as a means to compare performance of the p-HMOSFET with p-MOSFET.  

Chapter 3. Discusses the structure and simulation of an ideal simplistic QW device in 

silicon. This is a preliminary study to get an overall feeling of the performance and the 

feasibility of such a device. Instead of solving the full Poisson equation certain internal 

parameters are assumed. This makes the Poisson solution easier. Effects of variation of 

all structural parameters is given in graphical form. 

Chapter 4:  The effects of strain in Si1-xGex are discussed in this chapter. The concept 

and structure of a strained Si1-xGex p-HMOSFET device in general is discussed. Here 

advantages of Si1-xGex p-HMOSFETs are discussed along with a discussion of diverse 

structures found in published literature. A particular structure is chosen and the choice is 

justified.  Along with the structural choice the potential and band gap arrangements are 

discussed to give a better understanding of the p-HMOSFET device operation.  
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Chapter 5:  Discusses the design of a p-HMOSFET and the appropriate choice of 

parameters and their implications. The implications in the choice of different design 

parameters are discussed. The necessary design parameters are identified. 

Chapter 6:  The solution of the one dimensional Poison equation and the development 

of the analytical HMOSFET design program are described in this chapter. The internal 

workings of the program are presented.  

Chapter 7: This chapter discusses the numerical simulations of chosen device 

structures. These are long channel devices with a channel length of 0.5 microns. The 

numerical simulations are carried out using a two-dimensional numerical device 

simulator ISE-TCAD. The internal and external parameters from the analytical 

HMOSFET design program and numerical simulations are compared to determine the 

accuracy of the analytical program in Excel spreadsheet. A parametric study is carried out 

using the analytical HMOSFET design program and the results are compared to 

numerical simulation results. Based on these results design windows are created. A 

comparison of the proposed device and its performance parameters to the relevant 

published research from other sources is also given. 

Chapter 8: This chapter discusses short channel devices and their simulations. The 

analytical program is modified for short channel p-HMOSFET and again chosen 

structures are simulated using the analytical program and are compared with the results of 

the numerical simulator. Mainly the focus is in scalability of p-HMOSFET and SCE. 
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Chapter 9: Here an attempt is made to optimize the p-HMOSFET structure. An Excel 

program is used to find the feasibility of the optimized structure. Then the numerical 

simulator is used to check the optimization and evaluate the performance.  

Chapter 10: The summary and conclusions of this research work are given in this 

chapter. Advantages of the design program developed here and how it can be a useful 

interface between the designer and the time consuming numerical simulators is discussed 

here. Limitations of this work and suggestions for more advanced simulations are also 

given in this chapter.
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CHAPTER 2 

MODERN SHORT CHANNEL PMOS  

CMOS has occupied an unscathed dominant share of the semiconductor industry for 

the past thirty years. One reason for this is CMOS has the least power dissipation of all 

competing technologies. Another reason is its planar process that is much easier to 

integrate into large systems. Yet another reason is that CMOS is economical to fabricate. 

Electronic evolution of CMOS was successful because it followed the three tenets:  

(1) the voltage or current gain available through these devices.  

(2) the fact that these devices amplify signals above the noise floor thus yielding high 

signal to noise ratio.  

(3) the scalability of these devices to smaller sizes enabling the integration of large 

number of devices [ 54 ].  

Long channel MOSFET has a very simple structure as shown in Figure 2-1. This 

figure is reproduced here from Appendix A. The theory of operation of this device along 

with the necessary semiconductor physics are given in Appendix A. It is possible to find 

a closed form solution for its drain current and other parameters like transconductance. 

The Spice Level –1 simulation models used to simulate these devices were very simple 

with only less than a dozen model parameters. Hand calculations could be compared to 

simulation results to get an instant feed back. But the modern nanometer scale devices are 

very complex. The gradual channel approximation used to find the drain current in long 

channel devices are not valid with these modern devices. The electric field under the gate 
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is no longer one dimensional. On top of these most of the channel velocity is saturated. 

Spice simulation models like BSIM – 4 that is used to simulate these devices has nearly 

two hundred parameters [ 55 ], [ 56 ] Hand calculations are difficult or impossible. If 

hand calculations or Level –1 model simulation is applied to these devices the error could 

be over 100%  [ 55 ] 

 

 

Figure 2-1. Cross sectional view of a basic long channel p-MOSFET  
 

2.1 Scaling 

The dominance of CMOS technology over the past three decades permitted the 

industry to focus its efforts on scaling. This led to remarkable performance, functionality 

and cost per function. Reduction in the channel length of a MOSFET can be described by 

scaling theory. A scaling parameter S is used to scale dimensions and operating voltages. 

The value of S is around 0.7 for one technology node to the next. Thus a 3.3 V device 

gets scaled down to 2.3 V, which is near the actual value used, which is 2.5 V. The main 



   

 

 

63 

benefits of scaling are (1) smaller device sizes and thus reduced chip area which is a 

premium and increased yield due to more dies per wafer, (2) lower gate delays which 

enables high speed of operation, (3) reduction in power dissipation [ 55 ].  

The scaling down of MOSFET followed Moore’s law that states that the transistor 

count will double in every 11/2 years. This rate has followed up to the nanometer 

technology node. Then the exponential rate seems to become more linear. Economical 

considerations are believed to be the reason for this [ 7 ], [ 57 ]. If a resistor is shunted by 

a capacitor the RMS thermal fluctuations (Johnson-Nyquist noise) is given by,  
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For allowable bit error in a digital system it was found that there is a limit to scaling due 
to this. This is given to be [ 57 ], 
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Since scaling reduces the capacitances and since the thermal voltage Vth does not change 

there is a limit to scaling. This limit is reported to be around 40 nm. So it is speculated 

that scaling may not follow Moore’s law beyond this limit. The technology node is 

currently at 45 nm. 33 nm node is already announced by Intel and IBM corporations and 

will be in production in the year 2008 - 2009. Research works have produced  

p-MOSFETs as low as  22 nm gate length [ 58 ] - [ 63 ]. The operating voltages of these 

devices are around 0.9 – 1.1 V. The threshold voltage VT is as low as 0.17 V. Even zero 

VT devices are announced [ 38 ]. The ION/IOFF ratios of these devices are as low as 5000 

which is very much inferior compared to 106 – 107 in long channel MOSFETs. Gate 
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oxide thickness of these devices is 1.2 – 2.2 nm. This is at the tunneling onset range and 

some devices have gate currents of around 0.3 nA/µ. 

2.2 Short Channel Effects 

Other than the benefits of scaling down mentioned above there are also some 

unwanted side effects called short channel effects (SCE). This increases the sub-threshold 

leakage currents.  

2.2.1 Velocity Saturation 

One of the most important SCE in MOSFET stems from velocity saturation. When Vds  

is small or the channel length Lg is large the horizontal electric field is low in the channel 

region. Then the carriers assume a linear low-field mobility relation between carrier 

velocity and field. But in modern nanometer scale transistors Vds is relatively high and Lg 

is scaled down to be much smaller. So the lateral fields are very high. Then the carrier 

velocity saturates to a value, vsat, in equilibrium with the thermodynamics of the lattice. 

Saturation velocity is a semiconductor material limitation. The hole saturation velocity, 

vsat, is the same in silicon and in Si1-xGex and is equal to 8.37x106 cm/s. Following the 

inception of vsat the current saturates to a value of IDsat and will not increase any higher 

with increasing field. This in effect is a reduction of hole mobility and will increase the 

carrier sheet resistance. So in modern CMOS devices this has to be taken into account 

while calculating the drain current and other parameters. 

2.2.2 Pinch off, Saturation and Channel Length Modulation 

The above sub-section described velocity saturation of holes as a limiting mechanism 

to the increase in drain current. This, as discussed, is a material limitation. Drain current 
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can also get saturated by another mechanism called pinch off. Pinch off by itself need not 

be a short channel phenomena. It can happen in long channel devices also. It depends on 

the gate and drain voltage magnitudes. The drain current is given by the relation [4], 
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This states that the drain current is proportional to the area under the inversion charge 

density between V = 0 and V = Vds. Here V is the surface potential at any point along the 

channel and QI(V) is the inversion layer charge density at the point where the surface 

potential is V. At low Vds the inversion charge density near the source and drain are 

nearly the same. As Vds is increased Ids increases but the inversion charge density near the 

drain end of the channel keeps reducing. This is because the potential available for 

inversion, Vgs – Vds keeps reducing. Finally the charge density near the drain end falls to 

zero when Vds reaches VDsat. This is called pinch off. Since VDsat is the drain voltage at 

which Ids saturates the drain current becomes IDsat. Further increase in Vds moves the 

pinch off point slowly towards the source by ∆L thus shortening the channel to L - ∆L. 

This is called channel length modulation. The potential at the pinch off point stays at 

VDsat. So the device looks like a reduced channel length device operating at VDsat instead 

of Vds. Since there is an effective reduction in channel length there is a slight increase in 

Ids in the region of Vds above VDsat. 

2.2.3 Drain Induced Barrier Lowering (DIBL) 

DIBL happens in the sub-threshold region when a Vds is applied. In modern nanometer 

devices Vds is high and Lg is very short. Hence the drain voltage can reduce the source-
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channel barrier causing excess leakage currents. This can be considered as a reduction in 

threshold voltage VT. Without DIBL the sub-threshold slopes will be same for adjacent 

values of Vds and the curves will be all parallel. When DIBL is present the slope of the 

sub-threshold region reduces indicating more leakage current. This is the reason for the 

high leakage current or low ION/IOFF ratio noted earlier. 

 

Figure 2-2. Potential plot from source to drain. As the gate length is reduced the 
potential barrier at the source junction reduces and carrier injection from source 
to channel occurs. 

 

2.2.4 Velocity Overshoot and Hot Carriers 

Some carriers drifting near the drain end can attain energy much larger than the 

thermal energy of carriers under equilibrium. These carriers are called hot carriers. The 

velocity of these carriers can exceed the saturation velocity. This effect is called velocity 

overshoot. This enhances the speed of the MOSFET. But it also causes two bad effects. 

(1) these carriers can tunnel through the gate oxide causing gate current. (2) they can get 

trapped in the gate oxide and cause fluctuations in VT. Hot carriers can also cause impact 

ionization at the drain junction and erode the drain increasing the channel resistance. 
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Lightly doped shallow drain implants are used to reduce this effect. The idea is to 

introduce a lightly doped short thin extension to the drain and source regions. This acts as 

a buffer between the channel and the drain. It is shown in Figure 2-3. The resistance of 

this region being higher it drops more voltage in a short distance. This reduces the field at 

the drain. This has the disadvantage of increasing the channel resistance and reducing the 

drain current. 

2.2.5 Substrate Current Induced Body Effect 

Hot carriers cause impact ionization and generate hole-electron pairs. In a           p-

MOSFET the hole goes to the gate oxide and the electron flows through the substrate 

resistance causing a substrate bias. This decreases the VT. This increases the drain current 

but reduces the MOSFET output resistance causing a gain reduction.  

2.2.6 Gate Tunnel Current 

As gate oxide thickness is scaled down to 1.2 – 1.5 nm tunneling currents through the 

oxide can lead to gate leakage. The modern nano devices, as noted above, are in this 

range. High dielectric constant (high-K) materials are substituted for the gate oxide to 

reduce this problem. Hafnium nitride (HfSiON) is one of the materials for this. High K 

materials prevent the dielectric becoming too thin. The effective oxide thickness with this 

high K dielectric is given by, 
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2.2.7 Gate Oxide Breakdown 

For reliable operation the gate oxide electric field should be limited to 10 MV/cm or 

1V/nm. From the data noted above the modern nano devices are operating close to this 

value. 

2.2.8 Sub-surface Punch Through 

When the channel length Lg is very short and the Vds is high the depletion regions of 

the source junction and the one from the drain junction can come into close proximity. 

This can reduce the barrier and cause a current flow from source to drain. If they overlap 

sufficient current can flow to cause a sub-surface break down. 

2.2.9 Random Dopant Effects 

In devices smaller than 100 nm the doping cannot be taken as uniform. The discrete 

random locations of them cause variations in threshold voltage and drain current. 

Statistical simulations of this random doping effect show 0.1 V variation in VT at a 

channel length of 30 nm. Compared to the uniform doping case random doping 

simulations show lower threshold voltage [ 68 ] 

2.2.10 Ballistic Transport 

When gate length is made very small and gate oxide is made very thin ballistic 

transport from source to drain is possible. The velocity is limited by the oxide interface 

scattering only. Carriers can attain high velocities above saturation velocity since most of 

them pass from source to drain without scattering events with the lattice.  For a fabricated 

40 nm gate length p-MOSFET with oxide thickness of 1.5 nm operating at 1.5 V IDS of 

0.61 mA/µ has been reported. This high current is attributed to ballistic transport [ 63 ]. 
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2.2.11 Velocity Overshoot 

When high lateral fields are present in nano scale devices the effective saturation 

velocity can exceed the bulk saturation value vsat. This is termed as velocity overshoot. In 

a fabricated p-MOSFET device the hole velocity is high as 5.5x106 cm/s and is still 

rising. This is speculated to be due to velocity overshoot [ 69 ] Saturation velocity for 

holes in silicon at 370 K is around 7x106 cm. 

2.3. Nano Scale Device Design Aspects  

Many challenges have to be overcome  while scaling down the MOSFET in the 

nanometer range. Some of them are technology node specific to enhance the 

performance. Some others are for overcoming SCE. Sketch of a modern nanometer scale 

device is shown in Figure 2-3. Scaling is done to increase the operating frequency. 

Simultaneously high ION is needed for fast operation. So different techniques are used to 

increase the drain current ION without affecting the IOFF. 

 



   

 

 

70 

 

Figure 2-3. Sketch of a modern nanometer scale p-MOSFET. Drawing is not to scale. 
Source/Drain regions are enlarged to show details. The device has source/drain 
extensions (SDE) and a deep high doped Retrograde layer. 
 

Source/Drain engineering is done to reduce the SCE and to increase ION. The deep 

source and drain junctions cause charge sharing. To reduce this effect short thin  

extensions of source and drain are used to connect the channel to the source and drain. 

These source/drain extensions (SDE) are  50 – 100 nm for 0.25 µ technology. For a 70 

nm technology they are about 20 – 30 nm. They should also overlap the gate by             

15 -  20 nm to prevent degradation of the drive current [10 ]. Even though thinner SDE is 

better for short channel suppression SDE thinner than 30 nm do not give improvement in 

drain current. This is due to the increased external resistance of the SDE itself. 

Retrograde well engineering can be used to reduce SCE and improve drain current IDS. 

When the channel length is very small a high substrate doping will be needed to reduce 

the source and drain junction depletion widths. This is needed to suppress sub-surface 

punch through by reducing depletion widths at source and drain junction regions. But a 
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high uniform doping can increase the VT thus reducing the drain current. To avoid this a 

low doping is placed near the top oxide interface and a high doping is placed deeper 

down. This is named retrograde doping. A halo implant or a SDE is also used along with 

retrograde doping. Halo (pocket) is a high doped thin region placed near source and drain 

junctions by tilted implant. This halo or pocket implant gives additional control over VT. 

This is because the pocket region has the lowest potential and it controls VT by providing 

a barrier to the channel. The doping of this pocket can be controlled to control the pocket 

potential and hence VT. 

High dielectric constant  materials are useful in nanometer devices to replace the gate 

dielectric. When the gate oxide reaches below about 1.5 nm  tunneling can occur. 

Tunnelling will increase the gate leakage current. By substituting the gate oxide with a 

high dielectric material thicker insulators can be used as given in equation ( 2.4 ). This 

allows further scaling until it reaches the onset of tunneling [ 66 ]. These materials 

however need a thin oxide layer below it in order to reduce the interface states. It also 

need a metal gate electrode. This is due to the fact that these materials react with poly 

silicon to form SiO2. 

Channel engineering is yet another technique to improve the performance. If the 

silicon channel is strained the mobility increases due to the warping and separation of the 

valence bands. Epitaxially grown SixGe1-x source and drain can impart compressive strain 

to the silicon channel. This improves the drain current [ 67 ]. Additionally using SixGe1-x 

for the source and drain regions can reduce SCE. Since the band gap of SixGe1-x is less 
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than that of Si there is a band discontinuity at the source-channel junction. This barrier 

being a fixed barrier and not a depletable one the DIBL effects are suppressed [ 64 ].  

2.4 Analysis of Short Channel MOSFET 

The DC and small signal models derived for long channel MOSFET are not applicable 

for nano scale devices. The error could be over 100%. One of the important effects is 

velocity saturation over a good portion or the entire channel. This makes the square law 

model of Ids, used in long channel devices, obsolete. In these nano scale devices Ids varies 

linearly with overdrive voltage (Vgs – VT). This is contrary to the long  channel devices 

where the Ids has a square law dependence. 

2.4.1 Drain Current 

Carrier velocity with velocity saturation can be written as, 
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where ξ is the electric field at any point along the channel, ξC is a critical field and µP is 

the low field mobility for holes. The drain current is given by, 

 )()( yvyWQI dD =  ( 2.6 ) 
where W is the channel width, Q(y) is the charge density at point y in the channel and 

vd(y) is the velocity at point y. The electric field is given by, 
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Combining the above three equations, noting that Q(y) = COX (Vgs –VT) and integrating 

from 0 to L for y and from 0 to Vds for V, 
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Let VDsat be the value of VDS that marks the boundary of the triode linear region and the 

saturated region. Taking the derivative δID/δVDS, knowing that the derivative is zero at 

this boundary, forming the differential equation and solving,  

 














−

−
+== 1

)(2
1

L

VV
LVV

C

TGS
CDSDsat ξ

ξ  
( 2.9 ) 

The ratio under the square root can be expanded in Taylor series to get, 
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Substituting this VDsat in ( 2.9 ) for Vds in ( 2.8 ), 
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Noting that vsat = µP ξc substitute ( 2.9 ) into ( 2.11 ) and taking the limit 0→Cξ  for 

complete velocity saturation, 

 satTGSOXCTGSOXPD vVVWCVVCI )()( −=−= ξµ  ( 2.12 ) 
 This gives a linear relation of overdrive voltage to IDS. 

2.4.2 Transcondctance and Transition Frequency 

As before substituting ( 2.9 ) into ( 2.11 ), finding GSD VI δδ / and taking the limit 

0→Cξ , 

 
)( TGSm VV

L

W
kg −=  

( 2.13 ) 

 Transconductance increases when overdrive (Vgs – VT) increases or channel length 

decreases. 

If CGS >> CGB + CGD transition frequency fT can be written as, 
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( 2.14 ) 

2.4.3 Scaling Limits and Reliability 

Finally there are some additional issues with nanometer devices. The gate oxide 

thickness is aggressively scaled to the limit of breakdown in modern devices. 90 nm 

devices use oxide thickness of 2.2 nm or below with a supply voltage of 1.5. Oxide 

thickness in technology nodes like 45 nm may reach 1.2 – 1.5 nm which is the minimum 

to avoid excessive tunneling current. As discussed earlier the use of high-k dielectrics 

may push the problem further down the road. But as discussed earlier this brings 

additional problems with it too.  
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CHAPTER 3 

PRELIMINARY STUDIES OF A QW MOSFET  

A simplified conceptual structure of a modified MOSFET with the addition of a 

quantum well (QW) is studied in this chapter. One-dimensional Poisson equation is 

solved only in the QW region. By the assumption of some of the inner potentials, like the 

bulk potential, the solution of the Poisson equation is made simple. A simple program is 

written in Excel spread sheet incorporating the above Poisson solution, structural 

parameters and other variables. Parametric studies are carried out on the structural 

parameters and their effects on the device performance metrics are evaluated. A trade off 

study also has been carried out on the structural parameters. These are presented in this 

chapter.  

3.1 Introduction 

Section 1.5.4 suggests some modifications that can be introduced to the Si CMOS 

structure so that the mobility of carriers (holes) can be improved. They are repeated here  

for convenience.   

1. move carriers away from the inferior Si/SiO2 interface  

2. confine carriers in a QW  

3. Grow the QW pseudomorphically so that the defect density at the QW walls is 

very low  

4. Leave the QW undoped 



   

 

 

76 

To study the feasibility of such a structure and to make a rough estimate of its 

performance a simple analysis is performed on the structure shown in Figure 3-1. A QW 

is introduced deep in the Si substrate. A thin silicon cap layer is used to move the carrier 

transport layer (QW) away from the Si/SiO2 interface. A p-delta layer is introduced 

below the QW. How a QW can be grown in Si MOSFET structure is not of concern here. 

The structure studied here is a mere conceptual one. The idea is to analyze the potential 

distribution in the structure. For this purpose a simple program is written using Excel 

spread sheet, incorporating the Poisson solution in the QW. A simple explanation of the 

operational steps of the program is given below. More elaborate details are given later in 

this chapter. 

1. u(x) is the potential at the front (top) of the QW for any width of the QW x. 

This is an input parameter. u_on is the above potential in the ON state or with 

       Vgs turned ON.. This is found by iteration. 

2. The n-bulk potential u_nB at the back of the QW is an input parameter. From 

u_nB the thickness of the depletion layer and the number of positive ions in 

the bulk are calculated.  

3. The number of negative ions in the p-delta layer, Q_d, is an input parameter 

4. The field at the back of the QW, F_B, is calculated by taking the total ionic 

charge behind the QW. This includes the positive depletion charges in the 

bulk depletion region and Q_d 

5. Field at the front (top) of the QW, F, is calculated using the formula, 
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F = Sign of (u(x) -u_B) 
2

_
2

_

1
_

BL

e
BF

Buu −−

                               

where L_B is the Debye length at the back of the QW and F_B is the field at the  

back of the QW. 

 
6. The maximum thickness of the cap layer is calculated such that in the ON 

state the hole sheet density in the cap layer is a small fraction of the hole sheet 

density in the QW. Here this ratio is taken as a tenth. This cap layer thickness 

is a function of QW height, u_W, and the field at the front of the QW, F. 

7. The gate voltage is an input parameter. Through iteration certain other 

parameters are changed to arrive at this input gate voltage. From the above the 

following performance metrics can be evaluated, 

8. ON state hole sheet density in the QW is calculated 

9. Hole sheet density ratio of ON and OFF states in the QW is calculated 

10. Difference between QW highest potential and cap layer highest potential, 

u_on – u_cap is calculated 

3.2 Solution of One Dimensional Poisson Equation 

In order to arrive at the potential plots of the structure one-dimensional Poisson 

equation has been solved, starting from the back of the QW and proceeding towards the 

front (top) of the QW. It is to be noted here that this simple solution is possible because 

the bulk depletion potential drop, u_nB is assumed. But in the actual case this will not be 

available and the Poisson equation need to be solved starting from the bulk substrate and 

proceeding all the way to the gate. This detailed solution is given in Chapter 6 and 
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appendix C. The simplified solution of the Poisson equation in the QW is described 

below. The Poisson solution is carried out only in the QW. The rest of the potentials are 

either assumed or computed from the potentials at the boundary of the QW. The 

potentials are calculated only at the boundaries and they are joined by straight lines to get 

an approximate potential plot. So the quadratic variation of potential in the bulk and the 

exponential variation in the QW are not taken into account in the simple Excel program 

developed in this chapter. The program takes structural parameters, some potentials and 

other parameters. It can give instantaneous potential plots which allows visualization of 

the device functionality. It is also set up do run automatic ‘goal seek’ to find other 

parameters while keeping the desired value fixed. This is very useful in calculating 

variable parameters for a fixed gate voltage, for example. 

 

Figure 3-1. A modified structure of a MOSFET with the introduction of a QW. A p-delta 
layer is also introduced for additional reasons mentioned in the text. 
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The structure of the proposed QW device is sketched in Figure 3-1. Starting from the 

substrate the device consists of the substrate, p-delta layer, QW channel layer, Cap layer, 

Gate oxide and Gate.  Valence band for this device is sketched in Figure 3-2 for the ON 

state. Poisson equation is solved starting from the bottom (left side) of the QW and 

moving towards the top (right side) of the QW. The work function of the gate is assumed 

to be the same as the substrate work function. First some parameters in Figure 3-2. need 

to be defined. 

n_B : Substrate doping density (/cm3) – an input quantity  

u_B : Potential at back of the QW (kT/q units) 

u_nB: potential drop in the bulk (kT/q units) 

u_W : QW height (kT/q units) – an input quantity 

F_B : Field at the back of the QW ((kT/q)/cm units) 

 

Figure 3-2. Valence band sketch of an ideal device in the ON state. The bulk potential, 
u_nB, (u_B – u_W) is assumed. u_W and Q_d are input parameters.  
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Q_d : p-delta layer doping density (/cm2) – an input quantity 

u(x) : QW potential at any distance x from the back of the QW (kT/q units) 

F : Field at the front of the QW ((kT/q)/cm units) 

F_C : Field in the cap layer ((kT/q)/cm units) 

F_OX : Field in the gate oxide 

u_F : Fermi level in the n-bulk (kT/q units) 

u_G : band gap of silicon (kT/q units) 

N_c : Conduction band density of states for silicon 

The following are defined, 

Fermi level in the n-bulk = u_G/2-Ln(N_c/n_B)               

This is defined with respect to the n-bulk intrinsic potential away from the depletion 

region.  

Debye length in the substrate L_nB =
Bqn

VtSI

_

ε
cm 

where Vt  is kT/q, εSi is dielectric constant of silicon, q is electron charge and n_B is the 

n-bulk doping density 

The depletion width in the bulk is given by,  

cmnBunBLnBW )1_(2__ −=  ( 3.1) 

 
Now the two-dimensional charge number density in the bulk is given by, 

Q_nB = n_B W_nB (/cm2) ( 3.2) 

 
Now the total number of charges in the bulk and p_delta layer together is given by, 
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                                        Q_I = Q_nB – Q_d ( 3.3) 
 

The field at the back of the QW, 

F_B = 
tSI v

IqQ

ε
_

 
( 3.4) 

 

The potential u_B and the field F_B at the back of the QW can be taken as boundary 

conditions to begin solving the Poisson equation. 

The hole density in the quantum well is given by, 

))(_()( xuFu
V eNxp −−=  ( 3.5) 

 

within the QW the hole density at the back of the well becomes, 

 )__(_ BuFu
V eNBp −−=  ( 3.6) 

 

Where u_B is the value of u(x) inside the well at x=0+. The Poisson equation becomes, 
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( 3.7) 

 

where u and p are functions of x. and C is a constant. 
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( 3.9) 

 

Integrating equation ( 3.7) using ( 3.9) we find, 
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Taking dx to RHS and the root term to the left and integrating, 
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( 3.13) 

where u_B is the value of u(x) on the well side of the n-bulk-to-well interface that is 

located at x=0+. The condition that x be real requires that the square root has a positive 

real argument. Otherwise the square root is imaginary. Also the plus sign in front of the 

square root is chosen to get a positive value for x.  

If we set a variable y = ae—u/2 equation ( 3.14) can be re-written as, 
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( 3.14) 

 

Here a is defined as 1)__( 2 −= BBLFa . The integral on the right side of the equation 

is tabulated [ 65]. Depending upon the value of a and C there are two solutions to x. 

When a>0 and c>0 and applying the potential limits u_B to u,  
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When a>0 and c<0 and applying the limits, 
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( 3.16) 

when u < u_B negative value of x is taken.  
 
With u_B known above equations give x as a function of the potential at the front of the 

QW, u(x). The above equations are programmed into an Excel spread sheet. If u(x) is 

assumed the width of the QW corresponding to the u(x) can be found. If on the other 

hand QW width, x, is given a ‘goal seek’ can be performed in Excel to find the potential 

at the front of the QW, u(x). The Poisson solution has taken into account the hole density 

in the QW since hole density function p, as defined earlier, is used for charge density. 

Next the field at the front of the QW is found from the field at the back of the QW, 

potential difference from front to back of the QW and Debye length.  

From equation ( 3.8) 
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Debye length in the QW at its back in the p-delta is defined as, 
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V
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( 3.19) 

 



   

 

 

84 

)2/_exp(___

1

)2/_exp(_

)2/_exp(
__

)2/_exp(

2

2

2

GuBBnp

n

BLq

kT

GuBn

qn

Gu
N

Bn

qN

Bn

NGuqN
C

I

Si

i

SI

CVC

SI

V

−
=

−
=

−=
−

=

ε

εε
 

( 3.20)  

where u_G is the band gap and n_B is the n-bulk doping density. NV and NC are the 

density of states of valence and conduction bands respectively.  

3.3 Field at the front of the QW 

The field at the front of the QW can be calculated if the number of holes in the 

QW is known. The hole density at the front is given by, 

 )_( uFu
V eNp −−=  ( 3.21) 

 
 
  
The hole density at the back of the well at x=0+ is given by equation ( 3.6). Dividing 

equation ( 3.21) by equation ( 3.6) and re-arranging terms and substracting the hole 

density at the back (x = 0+) the holes inside the QW is given by, 
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The field due to the holes in the well is given by, 
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( 3.23) 

in thermal units (kT/q). The Debye length, L_B, inside and at the back of the well is 

given in equation ( 3.19). Now taking the vector sum of the field at the back and the field 

due to holes in the well given by equation ( 3.23) the field at the front of the well is given 

by, 
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( 3.24) 
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where F_B is the field at the back of the QW. The potentials used in the above equations 

are at the top of the well, at back and front. So the well height does not figure out in the 

field F.  

Knowing the field at the front and the back of the QW carrier sheet density in the 

QW can be found using Coulomb’s law and from this the carrier hole sheet density can 

be found. 

 
 )_( BFFQ SI −= ε  ( 3.25) 

 
QW carrier sheet density is given by, 
 
 

q

Q
shp =_  

( 3.26) 

 

3.4 The Gate Voltage 

The field at the top (right) of the QW is the same as the field in the cap layer since 

there are no charges in the cap layer. So F = F_C in Figure 3-2. The potential in front of 

the QW, u(x), drops down by the well height, u_W, before entering the cap layer. This 

dropped down potential is continuous across the QW -  cap layer interface. So the 

potential at the top (right) of the cap layer is, 

u_C = u(x) –u_W– F  x_C,  where  x_C is the cap layer thickness. and u(x) is the 

potential at the front of the QW, which is a function of QW width, x._W 

The field in the oxide, 
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Again the potential is continuous across the cap layer - gate oxide interface.  

So gate voltage Vgs = u_C – F_OX  x_OX, where x_OX is gate oxide thickness. Using 

the QW Poisson solution and the above expressions a simple program is written in Excel 

work sheet to plot the potential (valence band) along the device from left to the right.. 

3.5 Simulation Results 

With the above set up for a quick analysis some of the parameters like hole sheet 

density in the QW, the hole sheet density ON/OFF ratio in the QW and the sub-threshold 

slope are calculated. The input parameters of interest are listed below for clarity. 

1. u_W: QW height in kT/q 

2. x_W : QW width in nano meters 

3. n_B : substrate doping density/cm3 

4. Q_d : p-delta doping density/cm2 

The above four parameters are fixed for a particular fabricated device. They are 

however varied one at a time in the simulation, keeping the other three fixed, to study the 

parametric influence on device characteristics. The four variables used to re-establish the 

other three fixed parameters are given below. This is needed to get the original values for 

the three parameters when the fourth one is varied. So the adjusting potentials are, 

1. u_on: The potential at the top (right) of the QW in the ON state 

2. u_off: The potential at the top (right) of the QW in the OFF state 

3. u_nB_on : The bulk potential in the ON state or high gate voltage. 

4. u_nB_off : The bulk potential in the off state or zero gate voltage. 
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u_nB_off is not zero at zero gate voltage because ions in the p-delta layer will cause 

some depletion in the bulk. This is shown in Figure 3-5.  

3.5.1 Goal Seek to Set QW Width and Gate Voltage  

For any step in any of the first four input parameters some of the four potential 

variables have to be adjusted to keep the other three input parameters fixed. For example 

assume that the effect of QW height u_W is to be studied. u_W is varied by a step. This 

will change the QW width x_W and the gate voltage Vgs. So a ‘goal seek’ is used in the 

Excel spread sheet to restore x_W to its original fixed value by changing the potential 

drop in the substrate for the ON state, u_nB_on. This restores the QW width x_W for the 

ON state. The ON state Vgs is restored to the given value (1.5 V) through ‘goal seek’ 

using the potential at the front of the QW for the ON state, u_on, as a parameter.  

In order to restore x_W for the OFF state a ‘goal seek’ is again applied using the 

potential at the front of the QW for the OFF state, u_off, as a parameter. To restore Vgs to 

zero for the OFF state ‘goal seek’ is used with the substrate potential drop, u_nB_off for 

the OFF state as a parameter. If Vgs is restored through ‘goal seek’ the QW width x_W 

will change. This does not make sense since it is a fixed value for a device and cannot be 

changed either in the ON or OFF case. So the goal seek has to be applied again and again 

until Vgs and x_W settle down to their fixed values. 

Even though any of the parameters can be used in ‘goal seek’ the above selection of 

potentials were found to be fast in converging without problems. The fixed parameters 

and the ‘goal seek’ variables are given below in Table 3.1. 
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3.5.2 Excel Program and Device Details 

The reference device structure details are given below. Following structural 

parameters are kept fixed since these cannot be varied in an actual device. But, in 

simulations, individually they can be used as a running parameter for parametric study 

while keeping the other three fixed. 

Table 3-1. Fixed parameters and the corresponding potential variables used to restore the 
fixed parameters in Excel using ‘goal seek’ 
 
Fixed parameter Goal seek variables 

QW width, x_W, for ON state Substrate potential, u_nB, for ON state 

Vgs (1.5 V) for ON state QW potential at front, u_on, for ON state 

QW width, x_W, for OFF state QW potential at front, u_off, for OFF state 

Vgs (0 V) for OFF state Substrate potential, u_nB_off for OFF state 

The input device parameters for the simulations are chosen to be, 

1. QW height u_W = 10 kT/q 

2. QW width x_W = 5 nm 

3. p-delta doping, Q_d = 1.2x1012/cm2 

4. Substrate doping n_B = 5x1018/cm3 

Using ‘goal seek’ approach discussed in section 3.4.1 any value of QW width, x_W, 

and any value of Vgs can be realized. If Vgs is given and want to find any of the four 

structural parameters listed in 1 to 4 under section 3.4 it can be done through ‘goal seek’. 

In this case Vgs can be taken as the target cell and any one of the four parameters (1 to 4 

in the above list) of interest can be varied to arrive at a structural value of that parameter 

for that particular Vgs. 
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Figure 3-3. ON and OFF potentials with a substrate doping of 5x1018/cm3.  
u_W = 10 kT/q, x_W = 5 nm, Q_d = 1.2x1012/cm2 

 
Figure 3-3 shows the potential plots for the ON and the OFF states for a device with 

structural parameters given in 1 to 4 at the start of this sub-section. The display panel for 

this graph is given in Figure 3-4. It should be noted that the potentials are approximate 

since the quadratic behavior in the bulk and the exponential behavior in the QW are not 

taken into account. The potentials are calculated only at the boundaries and these values 

 

 

p/cm^2 

S,on/off 
 

ON 3.11E+11 S 1.33E+02 mV/dec 

OFF 1.68E+00ON/OFF 1.85E+11   
Figure 3-4. Display panel for Figure 3-3. 
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are simply joined by straight lines. This is true for all simulation results presented. It can 

be seen that the QW width is iterated to 5 nm for the ON and the OFF state. The gate 

voltage is iterated to 1.5 V for the ON state and a near zero value for the OFF state. In 

Figure 3-3 the upward tilt of the QW shows that the positive ions in the bulk depletion 

region are stronger than the negative ions in the p-delta layer for the ON state. This 

causes a positive field in the QW. In the OFF state the downward bending of the QW 

indicates that the negative ions in the p-delta layer are stronger than the positive ions in 

the bulk depletion region. This is because the bulk depletion width is reduced which 

reduces the bulk positive ions whereas the p-delta ions stay the same since they cannot 

change. The device has a ON/OFF hole density ratio of 1.85x1011 and a S of 133. In 

comparison a long channel MOSFET has a ON/OFF ratio of around 107.  

  

 

Figure 3-5. Valence band diagram at zero gate bias. Notice that the bulk potential drop is 
not zero due to the negative ions in the p-delta layer. The QW tilts downwards indicating 
that the ions in the p-delta layer is stronger than the positive ions in the substrate. 
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Before starting with parametric simulation it is instructive to study the test structure 

given at the beginning of sub-section 3.4.2. For this structure the dependence  of hole 

sheet density, ON/OFF hole sheet density ratio and the sub-threshold parameter S upon 

x_W, u_W and Q_d are simulated. 

3.5.3 ON State Hole Sheet Density in the QW 

The QW hole sheet density dependence on QW width, x_W, is given in Figure 3-6. 

There is an increase in hole density with increase in x_W. This is possible since there is 

more region or more states of the QW 

 

Figure 3-6. Hole sheet density dependence on QW width. n_B = 5e18/cm3,  
u_W = 10 kT/q, Q_d = 1.2e12/cm2, Vgs = -1.5 V 
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Figure 3-7. Hole sheet density dependence on QW height. n_B = 5e18/cm3,   
Q_d = 1.2e12/cm2, x_W = 5 nm, Vgs = -1.5 V 
 
available for population in the ON state.  Figure 3-7 gives the hole density dependence on 

QW height. The rate of increase of hole density is higher with increase in QW width x_W 

than with QW height. This may be due to more regions of the top of the QW being closer 

to the Fermi level in the ON state in the case of a wider QW. Hence more states may be 

available for populating. 

 

 

Figure 3-8. Hole sheet density dependence on p-delta doping. n_B = 5e18/cm3,  
x_W = 5 nm, u_W = 10 kT/q, Vgs = -1.5 V 
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Dependence of hole sheet density on p-delta doping is given in Figure 3-8. There is a 

steady increase in hole sheet density with increase in p-delta doping. A higher p-delta 

doping will move more of the QW towards the Fermi level or try to make the QW more 

or less parallel to the Fermi level, thus populating with more holes. 

3.5.4 OFF State Hole Sheet Density in the QW  

It is desirable to keep the top of the QW as low as possible in the OFF state in order to 

reduce the QW carrier population in the OFF state and hence IOFF. Figure 3-9 and Figure 

3-10 gives the ON and the OFF state potential plots for a QW height of 4 kT/q and 10 

kT/q respectively. In both figures the lower curve shows the valence band in the OFF 

state. It has to be mentioned here that the potential plots shown here are approximate 

since the potentials at the boundaries only are calculated. These boundary potentials are  

 

Figure 3-9. Valence band plots for the ON and OFF states with a QW height of 4 kT/q. 
The marker just to the right of the QW is the top of the cap layer. This point is lying 
above the QW and forms a parasitic surface channel.  
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Figure 3-10. Valence band plots for ON and OFF states with a QW height of 10 kT/q. It 
can be seen that the top of cap layer (marker to the right of the QW) is lying below the 
top of the QW. Now the QW has much higher carrier population compared to the cap 
layer. This figure is the same as Figure 3-3. 
. 
 
then joined by straight lines. So the quadratic behavior of potential in the bulk and the 

exponential behavior of potential in the QW are missing. It can be seen that the top of the 

QW in the OFF state lies at a higher value in Figure 3-10 compared to Figure 3-9. This 

means that a higher QW height is not desirable since Ioff increases with increase in QW 

height. 

3.5.5 Hole Density (ON/OFF) Ratio in the QW  

The hole sheet density ratios between ON and OFF states are studied in this section. 

The hole sheet density ratio is defined as the ratio of QW hole sheet density in the ON 

state to the QW hole sheet density in the OFF state.  Figure 3-11 shows the sketch of the 

valence band in the ON state. Figure 3-12 shows the effect of QW width x_W on the 

ON/OFF ratio of the QW hole sheet density. The dependence of the ON/OFF ratio on 
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x_W seems weak. This may not be the case for other combination of parameters. If the 

bulk and p-delta ions are equal leading to a flat band QW most of the QW will stay close 

to the Fermi level in the ON state. This can cause a linear increase of hole sheet density, 

with increasing x_W, in the ON state. But in the OFF case p-delta ions are stronger and 

the QW tilts downwards very much reducing the OFF state holes in the QW. The OFF 

state holes in the QW becomes independent of x_W because only few holes get populated 

at the back end of the QW. In such a case there will be an almost linear rise in ON/OFF 

ratio. This seems to be the case in  

Figure 3-12. There is a linear rise in the ratio even though the rise with increasing x_W is 

weak. 

 

 

Figure 3-11. Valence band sketch of the device in the ON state. 
 

 Figure 3-13 shows the effect of increasing the QW height u_W upon the ON/OFF hole 

sheet density ratio. Increase in u_W will increase the carrier density in the ON state. But 

in the OFF state this will place the top of the QW closer to the Fermi level thus increasing 
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the OFF state carrier density. Because of this there is a considerable drop in the hole 

sheet density ratio. This drop is seen in the figure. The effect seems to be strong giving 

nearly three orders of magnitude drop for the range of x_W considered. 

 

Figure 3-12. Hole sheet density ON/OFF ratio dependence on QW width.  
n_B = 5e18/cm3, Q_d = 1.2e12/cm2, u_W = 10 kT/q 
 
 

 

 Figure 3-13. Hole density ON/OFF ratio vs QW height. n_B = 5e18/cm3,  
u_W = 10 kT/q, Q_d = 1.2e12/cm2 
 

Figure 3-14 gives the dependence of ON/OFF ratio on the p-delta doping density. As 

the p-delta doping is increased hole sheet density increases slightly as seen in Figure 3-8. 
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But the sub-threshold parameter, S, also increases very much as seen in Figure 3-18 This 

indicates more OFF state hole density. Hence the ON/OFF ratio decreases very much. In 

fact the curve in Figure 3-14 has nearly the same shape as the S. Another explanation 

could be that the substrate positive ion density is much higher in the OFF  

 

Figure 3-14. Hole sheet density ON/OFF ratio vs p-delta doping.  
n_B = 5e18/cm3, u_W = 10 kT/q, x_W = 5 nm 
state due to the higher p-delta doping. This will raise the back of the QW upwards 

increasing the OFF state hole population.  

3.5.6 Parasitic Channel 

In this sub-section the formation of a parasitic channel in the cap layer is studied. 

Figure 3-9 shows the valence band plots for the ON and OFF states for a small QW 

height of 4 kT/q. The marker to the right of the QW is the top of the cap layer. It can be 

seen clearly that the top of the cap layer is lying above the top of the QW. So the top of 

the cap layer will confine much more carriers (holes) than the QW. Since these carriers at 

the top of the cap layer are lying close to the Si/SiO2 interface the mobility degrades to 

the value of a conventional MOSFET. So the advantage of higher mobility in the 
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undoped QW is lost. The device behaves as a conventional MOSFET. To alleviate this 

degradation the QW height has to be kept higher. As can be guessed from Figure 3-9 a 

thicker cap layer can also worsen the situation even for higher QW heights. So the cap 

layer thickness should be kept low.  

Figure 3-10 shows the valence bands for the ON and the OFF states with a QW height 

of 10 kT/q. Here it can be noted that the top of the QW is lying above the top of the cap 

layer. Hence the QW will confine much more carriers (holes) than the cap layer. Since 

the holes are mostly in the QW they experience the higher mobility of the undoped QW 

channel. From the above discussion it can be seen that a higher QW and a thin cap layer 

are desirable for high performance devices.  

3.5.7 Sub-threshold Slope 

In this sub-section parametric dependence of sub-threshold slope has been studied by 

changing the parameters one at a time. Sub-threshold parameter, S, is a measure of the 

ON/OFF ratio of hole sheet density in the QW. S is the inverse of the sub-threshold slope. 

So a smaller S is desirable. In the case of well designed MOSFET S ranges from  

80 to 100. 

The sub-threshold parameter is calculated as follows. The sub-threshold parameter S for a 

MOSFET is defined as, 

 1
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IDS is proportional to hole sheet density. Hence from Figure 3-15 the ratio in the 

parenthesis, which is the slope of the curve, can be approximately written as, 
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In the simulation ION and IOFF are not computed. Instead hole sheet densities are 

calculated. Since ION and IOFF are proportional to hole sheet densities in the ON and OFF 

states respectively S can be written as, 
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where  Vgs is assumed to be equal to 1.5 V. This approximate equation for S is used to 

calculate the sub-threshold parameter S.  

Dependence of sub-threshold parameter S on QW width is given in Figure 3-16. There 

is a very slight decrease in S with increase in x_W. As the QW width increases more of 

the QW region will be closer to the Fermi level and this increases the hole density, in the 

ON state. But in the OFF state due to the downward tilt of the QW the increase in hole 

density will be less. So a slight reduction in S is possible. Sub-threshold parameter 

dependence on QW height is given in Figure 3-17. There is a large increase in sub-

threshold parameter with increase in QW height. This can again be inferred from  

Figure 3-5.  
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Figure 3-15. Log(hole sheet density) vs Vgs, sub-threshold plot for the p-MOSFET 
device. Since hole sheet density is proportional to the drain current the ratio of hole sheet 
densities in the ON and OFF states can be used instead of ION/IOFF  
 
A higher QW height will move the top of the well towards the Fermi level thus 

populating the QW with more holes in the OFF state. Even though a higher QW will 

accumulate more holes in the ON state the same will lead to more OFF state carriers. 

This will be discussed further towards the end of the section and trade offs will be 

discussed. Figure 3-18 shows the sub-threshold parameter dependence on p-delta doping.  

 

 

Figure 3-16. Sub-threshold slope dependence on QW width, x_W.u_W = 10 kT/q,  
n_B = 5e18/cm3, Q_d = 1.2e12/cm2 
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Figure 3-17. Sub-threshold parameter, S, dependence on QW height, u_W.  
n_B = 5e18/cm3,  Q_d = 1.2e12/cm2, x_W = 5 nm 
 
There is a large increase in the value of S with p-delta doping. In the OFF state there 

could be more positive ions in the substrate to compensate the large number of negative 

ions in the strong p-delta layer. This will increase the substrate potential drop raising the 

QW towards the Fermi level in the OFF state increasing the carrier density.  

 

 

Figure 3-18. Sub-threshold slope dependence on p-delta doping. n_B = 5e18/cm3,  
u_W = 10 kT/q, x_W = 5 nm 
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3.6 Trade Off Studies 

In this section effects of structural parameters upon performance metrics and behavior 

of the device are studied. The limits or ranges of these parameters, trends on device 

performance, trade offs and their influence on the device performance like the QW hole 

sheet density, the QW hole sheet density ON/OFF ratio, the sub-threshold parameter and 

potentials are studied in particular. The structural parameters studied are listed below. 

Unlike normal simulations where a standard procedure is applied to all simulations varied 

and diverse techniques are applied here. Since simulations, observations and varied 

methods are used to evaluate the performance of the device the metrics are not listed.  

In the order presented here the four structural parameters studied are, 

1. p-delta doping density, Q_d, /cm2 

2. QW height, u_W, kT/q 

3. QW width, x_W, nm 

4. Substrate doping, n_B, /cm3 

3.6.1 Trade off: p-delta Doping Density 

3.6.1.1 The ON State 

In this sub-section a comparative study is carried out for three different ON states.  

The substrate doping density, QW width and QW height are kept fixed in all three ON 

states. For the three ON states the p-delta negative ions is chosen to be (1) less than the 

bulk depletion positive ions, (2) equal to the bulk positive ions and (3) greater than the 

bulk depletion ions. The potentials for these three choices are conceptually sketched in 
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Figure 3-19, Figure 3-20 and Figure 3-21 respectively. The gate voltage is assumed to be 

the same in all three ON states. The discussion given here is based on sketches given in 

this section. They are not from simulations. However a few simulation plots are included 

to make a reality check and to support the arguments made using sketches. Figure 3-22 is 

one such sets of plots generated using the solution of the Poisson equation and Excel 

spread sheet simulation program discussed in sub-section 3.2.  

The field at the back of the QW is given by εξ = Q. ε is the dielectric constant of 

silicon, ξ is the field at the back of the QW and Q is the net charge to the left of the QW. 

So the field is positive if Q is positive and negative if Q is negative. 

Figure 3-19 shows the valence band edge when the p-delta negative ions are lower 

than the bulk depletion positive ions. So the field at the back of the QW is positive. So 

the front side of the QW is near the Fermi level and gets highly populated. Since the p-

delta ions are not very strong bulk depletion due to p-delta ions will be less and u_B will 

reduce moving the QW downwards. 

Figure 3-20 has the same number of ions in the p-delta layer and the bulk depletion. 

So the QW is flat near the back end of the well. In the ON state there are large number of 

holes in the well. This lifts the valence band higher and higher towards the right edge of 

the QW. This increases the hole density towards the right edge of the QW. This appears 

to give a  higher hole sheet density. But note that the bulk depletion will be less since the 

p-delta ions are not very strong. This will reduce u_B and move the QW downwards. The 

bulk potential may change a little compared to Figure 3-19 This is shown in Figure 3-22. 

This may modify the hole density in the QW a little.  
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Figure 3-21 has more p-delta negative ions than the bulk depletion positive ions. So 

the field at the back of the QW is negative and the band bends downwards. Now the 

backside of the QW gets populated more. This backside population will be higher than 

the backside population in Figure 3-19. Since p-delta ions are stronger the bulk depletion 

due to p-delta ions will be more, u_B will be more and the QW will be moved 

upwards.This will increase the holes at the left edge of the QW further. This is because 

the bulk potential drop and the bulk positive ions will be higher than the same in  

Figure 3-19 for the same gate. So this configuration may give the highest hole sheet 

density. 

 

Figure 3-19. ON state sketch. Negative p-delta ions are less than the positive bulk 
depletion ions. The field in the QW is positive since the positive ions is stronger. 
 



   

 

 

105 

 

Figure 3-20. ON state sketch . p-delta negative ions is equal to the bulk depletion positive 
ions. Since the ions cancel each other the field at the back of the QW is zero and the QW 
is flat at the left side. 
 

voltage. So this case may have the maximum hole sheet density. The higher bulk 

depletion happens to cancel the high p-delta ions.This is confirmed by simulations using 

the Excel program described under sub-section 3.2. Figure 3-22 shows the simulation 

results. The parasitic surface channel was thought to get stronger with increase in p-delta 

doping. Figure 3-22 show that the difference between the QW potential and the cap 

potential (u_o – ucap) remains the same. But both these potentials are increasing with 

increasing p-delta doping. Since the carrier to potential relation is exponential this could 

cause a parasitic channel degradation.  
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Figure 3-21. ON state sketch. p-delta negative ions are more than the bulk depletion 
positive ions. So the field in the QW is negative and the band bends downwards at the 
back of the QW. 
 
3.6.1.2 Conclusion for the ON state 

From the above discussions Figure 3-21 seem to give the maximum hole population in 

the ON state. So it is better to have higher number of ions in the p-delta than the bulk. 

This lifts the whole QW towards the Fermi level providing more states for holes to 

occupy. This increases the hole sheet density. Figure 3-22 shows the bulk potential, 

u_nB_on, cap potential, u_cap, and the QW potential in the ON state, u_on. There is an 

increase in bulk potential, u_nB_on, with an increase in p-delta doping. This will lift the 

QW higher towards the Fermi level. This shows that higher p-delta doping is better to 

have higher hole density. In this figure the rise in cap layer potential with increased p-

delta doping is not significant. Also the difference between QW potential at the front and 

cap layer potential is nearly the same for the p-delta doping range simulated. This may 

suggest that the p-delta doping hardly affects the ratio of hole sheet density in the QW to 
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the hole sheet density in the cap layer. But there is slight steady increase in both 

potentials. The carrier and potential relation being exponential there may be some 

degradation. 

 

 

Figure 3-22. Simulated potentials, using the Excel program, in the ON state for a device 
with u_W = 10 kT/q, x_W = 5 nm, n_B = 5e18/cm^3. u_nB is the bulk depletion 
potential, u_cap is the potential at the top of the cap layer, u_on is the potential at the top 
of the QW in the ON state or Vgs = 1.5 V 
 
3.6.1.3 Off state 

Next, we consider the effect of the above three choices of the ON state upon the OFF 

state. Figure 3-23 has the band structure when the p-delta ions are less than the depletion 

ions for the ON state. In the OFF state Vgs = 0 V and the bulk potential and the bulk 

positive ions will be less than the ON state. But the p-delta ions cannot change. So the 

QW will tilt more downwards than the Figure 3-19.  

Figure 3-23 had less p-delta ions than the bulk depletion in the ON state. Now in the 

OFF state with Vgs = 0 V the bulk depletion will reduce which can cause p-delta ions to 



   

 

 

108 

be stronger and tilt the QW downwards. This will also reduce u_B, move the QW 

downward and reduce the OFF state hole sheet density. So, perhaps may have the lowest 

OFF state hole sheet density. Figure 3-24 has equal ions in p-delta and the bulk depletion 

region in the ON state. Now the bulk depletion is caused only by the p-delta ions. 

Compared to Figure 3-23 the p-delta ions are stronger, u_B will be more, move the QW 

more upwards and cause more holes to accumulate. Figure 3-25 has more ions in the  

p-delta, compared to the previous two cases. So the QW will be lifted up more than the 

previous two cases. Also the downward tilt will be more than Figure 3-24. But the left 

side of the QW, in this case, may have highest hole population.  

 

Figure 3-23. OFF state sketch. p-delta ions were less than depletion ions in the ON state. 
But now p-delta ions may be stronger. Since bulk depletion is caused by p-delta ions the 
depletion will be weak, u_B will be low and QW will not be lifted much compared to the 
next two cases. 
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Figure 3-24. OFF state sketch. p-delta ions were equal to the depletion ions in the ON 
state. But now the p-delta ions are stronger. This can increase u_B and lift the QW 
 

 

Figure 3-25. OFF state sketch. p-delta ions were more than bulk depletion ions in the ON 
state. Now p-delta ions are very high leading to high u_B and lifts the QW. This case 
may have the highest OFF state hole density 
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In simulations it was found that the bulk potential drop is adjusting very much so that 

the discussion for the OFF state above may not be fully correct. First the OFF state QW 

looks like in Figure 3-24 for low p-delta doping and like in Figure 3-25 for high  

p-delta doping. The simulated results of these conditions are shown in Figure 3-26 and 

Figure 3-27 respectively. Second the bulk potential drop increases very much with 

increased p-delta doping as seen in Figure 3-28. When the bulk potential drop is high the 

QW will be raised towards the Fermi level in the OFF state and the carrier population 

will increase.  

 

Figure 3-26. ON and OFF state potentials for a device with u_W = 10 kT/q, 
x_W = 5 nm, n_B = 5e18/cm^3. The p-delta doping is at a low value of 9e10/cm^2 
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Figure 3-27. ON and OFF state potentials for a device with u_W = 10 kT/q, 
x_W = 5 nm, n_B = 5e18/cm^3. The p-delta doping is at a high value of 2e12/cm^2. 
Notice the high OFF state potential. 

 

Figure 3-28. Simulated potentials in the OFF state for a device with u_W = 10 kT/q, 
x_W = 5 nm, n_B = 5e18/cm^3. u_nB_off is the bulk depletion potential, u_off is the 
potential at the top of the QW. This simulation used the Excel program discussed earlier. 
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3.6.1,4 Conclusion for the OFF state 

Band structures as shown in Figure 3-24 or Figure 3-25 reduces the carrier population 

in the OFF state. In simulations shown in Figure 3-28 the OFF state bulk depletion 

potential increases very much with increase in p-delta doping. This will increase the 

carrier population in the OFF state since the QW is raised. To get the best band structure, 

shown in Figure 3-25, a high p-delta doping is desired, as seen in Figure 3-27. But a 

higher doping also increases the hole density in the OFF state as shown in Figure 3-27.  

It can be seen in Figure 3-28 that the difference between the OFF state bulk potential, 

u_nB_off, and the QW potential, u_off, is almost the same regardless of p-delta doping. 

This is around a value of 10 which is the QW height. This is due to the fact that the 

contribution of QW holes to the potential in the OFF state is very low. But it can be noted 

from Figure 3-28  that a p-delta doping less than 1x1012 has the least value for the bulk 

depletion potential, u_nB_off.  

3.6.1.5 Conclusion for p-delta Doping Simulations 

As can be seen from the simulated potential plots of Figure 3-22 and Figure 3-26 to 

Figure 3-28  the p-delta layer has a strong influence on the device characteristics. In the 

ON case it appears that a flat band QW operation is the best choice. This yields the 

maximum QW population. From the simulation results for ON state given in Figure 3-22 

the bulk depletion potential, u_nB_on, increases with increasing p-delta doping. So a 

higher p-delta doping will increase the QW hole population. Figure 3-22 also shows that 

the difference between the QW potential, u_W, and the cap layer potential, u_cap, 

remains nearly the same irrespective of p-delta doping. So the p-delta doping density do 

not seem to worsen the parasitic channel effects in the cap layer.  
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In the OFF case a p-delta doping density stronger than the bulk depletion ionic sheet 

density seems to be best in order to re duce OFF currents. Figure 3-24 or  

Figure 3-25 seem to be good choice for low hole density in the OFF state. Comparing the 

simulation results of Figure 3-26 and Figure 3-27 it can be found that a low p-delta 

doping is better for lower OFF state hole density. In Figure 3-28 the substrate potential 

increases very much above a p-delta doping of 1x1012/cm2. Earlier it was noted that a 

higher p-delta doping gives a higher hole density. But the p-delta doping has to be limited 

to 1x1012/cm2 in order to reduce the hole density in the OFF state. So a p-delta doping 

below 1x1012/cm2 is an optimum choice for the device structure considered.  

3.6.2 Tradeoff: QW Height 

In this section the effects of the QW height u_W upon the ON and OFF state behavior 

are studied It is found that there are two conflicting issues. A high QW height is desirable 

in the ON state to avoid the surface parasitic channel in the cap layer. A low QW height 

is desirable in the OFF state to reduce IOFF. Hence there is a trade off. 

Previously it was shown that a low QW height leads to the formation of a degraded  
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Figure 3-29. Valence band plots for ON and OFF states with a QW height of 10 kT/q. It 
can be seen that the top of cap layer (marker to the right of the QW) is lying below the 
top of the QW. Now the QW has much higher carrier population compared to the cap 
layer. 
 

parasitic cap layer channel. From Figure 3-9 a shallow QW causes the formation of the 

parasitic channel. From Figure 3-29 higher QW height causes more OFF state hole  

density in the QW. So there is a trade off between these two quantities, parasitic channel 

and IOFF. To study this further the QW height was increased from a low value towards a 

high value in increments. The ratio of the QW channel to the parasitic channel is studied 

at each step. Instead of assessing the OFF state hole sheet density the sub-threshold 

parameter S and the hole sheet density ON/OFF ratio were studied.  
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Figure 3-30. (u_on – u_cap) vs QW height. A difference of 2.3 corresponds to the QW 
hole sheet density being ten times the hole sheet density in the cap layer. The value 2.3 is 
plotted with the dashed line. Substrate doping n_B = 5e18/cm3, QW width x_W = 5 nm 
and p-delta doping density Q_d = 1.25e12/cm2. 
 

Figure 3-30 plots the difference between ON state potential at the top of the QW, 

u_on, and the potential at the top of the cap layer, u_cap. Or  the plot is  (u_on – u_cap) 

vs QW height. The curve meets the demarcation line (2.3) near a QW height of 9 kT/q. 

So a minimum QW height of 9 kT/q is needed to keep the parasitic channel negligible 

compared to the QW channel. However, this value for QW height depends on the 

selection of other parameters like QW width, substrate doping density, cap layer 

thickness and p-delta doping density. 

3.6.2.1 Optimization of QW Height 

Figure 3-31 plots the sub-threshold parameter S vs QW height. At a QW height of 9 

kT/q the parameter S has degraded from 125 to about 140. So increasing QW height 

much higher is going to increase the device OFF current Figure 3-32 shows the hole 

density ON/OFF ratio vs QW height. The ON/OFF ratio has degraded from 1012 to 

5.95x1010. So from both the sub-threshold parameter (or IOFF) and the ON/OFF ratio a 
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higher QW is not desirable. So for the structural parameters of choice a QW height of 9 

kT/q is optimal. The parameters corresponding to this value are, 

 
Figure 3-31. Sub-threshold slope parameter St vs QW height.  n_B = 5e18/cm3,  
x_W = 5 nm, Q_d = 1.25e12/cm2. 
 
 

 
Figure 3-32. Log(hole sheet density ON/OFF) vs QW height. n_B = 5e18/cm3, x_W = 5 
nm, Q_d = 1.25e12/cm2. 
 
Optimum QW height u_W = 9 (to keep the cap hole density < 1/10 of QW hole density) 

Sub-threshold parameter S = 140 (which is much higher than a desired value of 100) 

Hole sheet density ON/OFF = 5.95e10 (which is better than the same for MOSFET, 107) 
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3.6.2.2 Conclusion for QW height Simulations 

. In this sub-section the effect of QW height is discussed. QW height is found to be a 

very influential parameter. A low height can lead to surface channel formation. But a 

large height can lead to more off currents. In Figure 3-30 it was found that a height above 

9 kT/q is needed to keep the surface channel hole density one tenth of the QW hole 

density. But in Figure 3-32 a height above 4 kT/q leads to a reduction in ON/OFF ratio of 

holes in the QW. At 9 kT/q the ratio degrades nearly two orders of magnitude. So to 

make a better device some other parameter need to be adjusted to get out of this 

quagmire. Reducing the QW width x_W can improve the hole sheet density ON/OFF 

ratio in the QW. But x_W chosen in the simulation is already a low value of 5 nm. So the 

substrate doping density, n_B, and the p-delta doping density, Q_d, could be varied to 

arrive at a reasonable set of parameters. This will require a lot of simulations repeating 

the results given here for a whole set of choices.  

3.6.3 Trade off: QW width 

Out of the four structural parameters p-delta doping density and QW height were 

discussed in previous sub-sections. In this sub-section trade off studies on the fourth 

parameter, QW width, is discussed. By keeping the other three parameters at their fixed 

values the QW width alone is increased step by step, from a starting low value. Same as 

in previous sub-sections performance metrics (1) QW ON state hole sheet density, (2) 

QW hole density ON/OFF ratio and (3) the difference between the QW right side 

potential and the cap layer right end potential, u_on – u_cap, is studied. The three fixed 

parameters are assigned the following values, 
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Substrate doping density, n_B = 5x1018/cm3 

p-delta doping, Q_d = 2x1012/cm2 

QW height, u_W = 10 kT/q 

3.6.3.1 Simulation Results 

Figure 3-33 shows the variation of sub-threshold parameter, S, with variation of QW 

width x_W. For a variation of x_W from 3 nm to 15 nm S varies from nearly 220 mV/dec 

to below 160 mV/dec. This shows that a wider QW is desirable to reduce the sub-

threshold parameter, S. But even then the values of S are undesirably higher. This can be 

improved by selecting a low p-delta doping density. 

 

 

 

Figure 3-33. Variation of sub-threshold parameter, S, with variation of QW width, x_W. 
u_W = 10 kT/q, Q_d = 2x1012/cm2, n_B = 5x1018/cm3 
 

The variation of the QW hole sheet density with variation of QW width is plotted in 

Figure 3-34. There is a slight increase of hole sheet density with increasing QW width. 

The increase is only less than a factor of 2 and is not significant in comparison to the 
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effect of other three parameters. As seen in previous sub-sections the QW height has a 

strong effect on the hole sheet density.  

 
Figure 3-34. Variation of QW hole sheet density with variation of QW width, x_W.  
u_W = 10 kT/q, Q_d = 2x1012/cm2, n_B = 5x1018/cm3 
 
 

 
Figure 3-35. Hole sheet density ON/OFF ratio vs QW width.  u_W is 10 kT/q,  
Q_d = 2x1012/cm2, n_B = 5x1018/cm3 
 

Hole sheet density ON/OFF ratio is plotted in Figure 3-35. There is large rise in 

ON/OFF ratio with increasing QW width, x_W. The increase is about three orders of 

magnitude for a variation of x_W from 3 nm to 15 nm. So a wider QW will give very 
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good OFF state behavior. The rise in the ON/OFF ratio also tends to saturate for a QW 

width of around 15 nm. So a QW width of 15 nm can be considered the optimum value. 

 

 
Figure 3-36. Difference between QW potential and cap layer potential. As discussed in 
previous sub-sections a minimum difference of 2.3 is needed to keep the hole sheet 
density in the cap layer less than a tenth of the QW hole sheet density. 
 

The difference between the front end potential of the QW and the front end potential 

of the cap layer is plotted in Figure 3-36.The variation of this difference with QW width 

is minimal. In previous sub-sections it was mentioned that a minimum difference of 2.3 is 

needed to keep the cap layer hole sheet density a tenth below the QW hole sheet density. 

Figure 3-36 shows that the difference is above 2.3 for a variation of QW width from 3 to 

15 nm. 

3.6.3.2 Conclusion 

Contrary to the other three structural parameters (QW height, p-delta doping and 

substrate doping) a wider QW seems to improve all metrics considered here. The 

improvement is very pronounced in the case of sub-threshold parameter, S, and the hole 

density ON/OFF ratio in the QW. This situation can be improved by selecting a low p-

delta doping density. The hole density ON/OFF ratio tends to saturate near a QW width 
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of around 15 nm. So a QW width of 15 nm can be considered an optimum value. The 

improvement in the case of hole sheet density and cap layer hole density is minimal. But 

the values in Figure 3-36 shows that the cap layer density is less than a tenth of the QW 

hole sheet density. From the above it can be concluded that QW width is a free 

parameter. So x_W can be arbitrarily chosen to adjust the effects of changing other three 

parameters, viz. QW height, p-delta doping and substrate doping. A wider QW seems to 

be a better choice.  

3.6.4 Trade off: Substrate Doping Density 

Effects on device performance and trade offs of p-delta doping density, the QW height 

and QW width were discussed in previous sub-sections. Next the trade off of substrate 

doping density will be studied. From the simulations carried out, using the simple 

structure and program discussed in the beginning of this chapter, the substrate doping 

density does not seem to have much influence in device metrics such as hole sheet 

density, sub-threshold parameter etc.  

3.6.4.1 Simulation set up 

The simulation results with discussions are presented below. Already it was discussed 

before that there are four structural parameters of interest in this device. The values of 

these parameters are given in parenthesis.  

1. QW height, u_W (10 kT/q) 

2. QW width, x_W (5 nm) 

3. p-delta doping density/cm2, Q_d (8x1010/cm2) 

4. Substrate doping density/cm3, n_B (1x1017 – 1x1019/cm3) 
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In this section the substrate doping density is varied with the other three parameters 

kept fixed at the above values. 

3.6.4.2 Potential plots 

Figure 3-37 - Figure 3-41 shows the potential plots for the ON and the OFF states with 

a substrate doping variation from 1x1017 to 1x1019/cm3. In the ON case the substrate 

potential drop, u_nB_on, reduces only very little up to a doping density of 1x1018/cm3. 

For higher doping densities there is a large reduction. In the OFF state the QW looks 

almost the same throughout the range of doping density considered here.  

 

Figure 3-37. Potential plots for the ON and the OFF state for a device with  
u_W = 10 kT/q, x_W = 5 nm, Q_d = 8x1010,. n_B = 1x1017.  
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Figure 3-38. Potential plots for the ON and the OFF states for a device with  
u_W = 10 kT/q, x_W = 5 nm, Q_d = 8x1010, n_B = 5x1017.   
 
 
 

 

Figure 3-39. Potential plots for the ON and the OFF state for a device with u_W = 10 
kT/q, x_W = 5 nm, Q_d = 8x1010, Vgs = 1.5 V, n_B = 1x1018 
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Figure 3-40. Potential plots for the ON and the OFF state for a device with u_W = 10 
kT/q, x_W = 5 nm, Q_d = 8x1010, Vgs = 1.5 V, n_B = 5x1018 
 
 
 

 
Figure 3-41. Potential plots for the ON and the OFF state for a device with u_W = 10 
kT/q, x_W = 5 nm, Q_d = 8x1010, Vgs = 1.5 V, n_B = 1x1019 

 

Accordingly the peak of the QW top also moves down very little up to a doping 

density of 1x1018/cm3 and moves down very fast afterwards. At a high doping of 
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1x1019/cm3 the cap layer potential is near to the QW potential. So the surface parasitic 

channel gets stronger. 

3.6.4.3 Simulation results 

Next quantified plots of simulation results are given. Figure 3-42 shows the QW hole 

sheet density variation with n_B. Up to a doping density of 1x1018/cm3 the hole sheet 

density remains nearly the same. As seen in Figure 3-43 the substrate potential drop 

remains nearly the same up to 1x1018/cm3. So the top of the QW is nearly at the same 

level compared to the Fermi level below a doping of 1x1018/cm3. So the hole sheet 

density remains nearly the same. 

Figure 3-44. shows the ON/OFF hole sheet density ratio vs. substrate doping. Up to a 

doping density of 1x1018/cm3 there is a slight improvement in the ratio. Above a doping 

density of 5x1018/cm3 the ratio drops steeply. Variation of sub-threshold parameter, S, is 

plotted in Figure 3-43. S shows a slight improvement up to a doping density of 

1x1018/cm3 and above 5x1018/cm3 deteriorates fast. The difference between the potential 

at the front of the QW and the top of the cap layer is plotted in Figure 3-43. As discussed 

in earlier sections a difference of 2.3 is needed to keep the inferior cap layer 
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Figure 3-42. QW hole sheet density vs substrate doping, n_B. u_W = 10 kT/q,  
x_W = 5 nm, Q_d = 8x1010, Vgs = -1.5 V. 
 

 
Figure 3-43. Substrate potential drop vs substrate doping for the device with u_W = 10 
kT/q, x_W = 5 nm, Q_d = 8x1010, Vgs = 1.5 V. 
 
hole sheet density below a tenth of the QW hole sheet density. Up to a doping of 

5x1018/cm3 this is true. Finally Figure 3-47 shows the peak QW potential in the OFF 

state. The potential is nearly the same for the range of substrate doping density variation 

considered here. So the OFF state leakage is independent of substrate doping. 
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Figure 3-44. Log(hole density ON/OFF ratio) vs substrate doping for the device with 
u_W = 10 kT/q, x_W = 5 nm, Q_d = 8x1010, Vgs = 1.5 V. 
 

 
Figure 3-45. Sub-threshold slope parameter, S, vs. substrate doping density for the device 
with u_W = 10 kT/q, x_W = 5 nm, Q_d = 8x1010. 
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Figure 3-46. The difference between the front side QW potential and the potential at the 
top of the cap layer vs substrate doping density. Vgs = -1.5 V 
 

3.6.4.4 Conclusions 

In this section the effect of substrate doping density upon various device metrics are 

presented. A low p-delta doping density of 8x1010/cm2 was used since higher densities 

were giving convergence problems. The substrate doping density considered is from 

1x1017 to 1x1019/cm3. It has been found there is no dependence of OFF state QW hole 

sheet densities over the range of the above doping densities. Even though the hole 
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Figure 3-47. OFF state peak QW potential vs. substrate doping. This potential is nearly 
the same throughout the doping density range considered. 
 
density ON/OFF ratio and the sub-threshold parameter, S, do not show considerable 

variation up to a doping density of 5x1019/cm3 the hole sheet density in the ON state 

drops by more than an order of magnitude above 1x1018/cm3. So the substrate doping 

density should be limited to 1x1018/cm3. It is also seen that the difference between the 

peak QW potential and the peak cap layer potential is sufficient to keep the hole sheet 

density in the cap layer less than a tenth of the hole sheet density in the QW up to a 

doping density of 5x1018/cm3. Considering Figure 3-42, Figure 3-44 and Figure 3-45 the 

effect of substrate doping density on device performance is not much and hence it is not a 

good variable to adjust the device metrics. It is also to be noted from Figure 3-44 that the 

ON/OFF hole density ratio (and hence ON/OFF current ratio) in this device is few orders 

of magnitude higher than the ON/OFF current ratio in conventional MOSFET.  

3.6.4.5 Overall Discussion 

Figure 3-48 and Figure 3-49 show the potential distribution without and with the p-

delta layer respectively. These plots are generated using the program described in 
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appendix B. These potential plots give insight into the shape of the QW as well as the 

position of the top of the cap layer in the ON state. It can be seen that with the inclusion 

of the p-delta layer the buffer potential drop can be avoided. This, as seen in Figure 3-48 

and Figure 3-49 moves more area of the QW closer to the Fermi level thus increasing the 

carrier density. At the same time it moves down the cap layer considerably down from 

the Fermi level thus reducing the parasitic channel effects. So in spite of the simple    

nature of this analysis it gives important information of the conceptual device structure of 

a p-channel hetero junction MOSFET (p_HMOSFET) which is described in more detail 

in chapter 5. 

The objectives of this simplified analysis program are listed in the introduction of this 

chapter. In the previous sections the following simulated results are given, 

1. QW ON state hole sheet density dependence on structural parameters 

2. QW ON/OFF hole sheet density ratio dependence on structural parameters 

3. Sub-threshold parameter St dependence on structural parameters 

The electric field in front of the QW is not explicitly given but is used in the 

calculation of Vgs. The maximum cap layer thickness to keep the percentage of surface 

channel hole density to any given minimum value is available but they are not brought 

out in the graphical form. Through ‘gosl seek’ both the QW width, x_W,  and the gate 

voltage, Vgs, can be  set to any pre-defined values. ‘Goal seek’ can be performed with Vgs 

as the target cell and the front side or the back side potential of the QW as the variable. In 

general this simple program helped to identify the behavior and structural dependence of 
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vital parameters of this QWMOS. In general the feasibility of the device discussed in this 

chapter looks promising in the design of a p-HMOSFET. 

It is to be noted here that depending on the ionic strengths of the bulk depletion region 

and the p-delta layer the QW band edge may tilt up or down respectively and this can 

make considerable difference in the results reported in this section 

 

Figure 3-48. Potential plot of an ideal device. tOX, Xcap, XQW and Xbuf are 3 nm and the 
substrate n-type doping is 4x1018/cm3. There is no p-layer. So the potential keeps rising. 
The diamond marks are on Fermi level and dots represent potentials including the effects 
of holes in the QW. 
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Figure 3-49. Potential plot of an ideal device with the inclusion of a p-doped δ-layer with 
doping density of 5.64x1012/cm2. The layer dimensions and doping are the same as 
before. tOX, Xcap, XQW, Xbuf are 3 nm and the n-substrate doping is 4x1018/cm3. Notice 
that the p-layer doping is selected such that the field in the buffer layer is zero. 

 

3.7 Lessons Learned from the Above Simulations 

So far in this chapter a simple QW device is considered in silicon MOSFET, the 

Poisson equation is solved in the QW, a simple Excel spreadsheet program is written to 

find the potentials for a given gate voltage and a complete parametric study is carried out 

to get a rough idea of the influence of parametric variations on the device characteristics. 

Only the potentials at the boundaries of the QW are calculated using Poisson solution. 

Other potentials at other boundaries are calculated using the input potentials and the QW 

boundary potentials and fields. These boundary potentials are joined by straight lines to 

get an approximate potential distribution in the device. So the quadratic variation of 
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potential in the bulk or the exponential variation of the potential in the QW are not taken 

into account.  

The fixed parameters for the device are, 

1. QW width, x_W, in nm 

2. QW height, u_W, in kT/q 

3. Substrate doping, n_B/cm3 

4. p-delta ion density, Q_d/cm2 

These parameters are fixed for a device and do not vary. But for parametric simulation 

studies one parameter is varied at a time keeping the other parameters at fixed values. But 

stepping of one parameter will change the other three parameter. To bring them back to 

their fixed values the following potentials are used in iteration mode, 

1. Potential at right (top) of QW in ON state, u_on, in kT/q units 

2. Potential at right (top) of QW in OFF state, u_off, in kT/q units 

3. Potential in the bulk in ON state, u_nB_on, in kT/q units 

4. Potential in the bulk in OFF state, u_nB_off,  in kT/q units 

The simulations using the Excel spread sheet program, developed using the QW Poisson 

equation solution of sub-section 3.2, are studied. The hole sheet density in the QW in the 

ON state, ON/OFF hole sheet density in the QW and the sub-threshold parameter, St, are 

the important metrics. In fact ON/OFF ratio and St are related. But the ON/OFF ratio is a 

vital metric that can quickly describe the device more effectively than St or the OFF state 

hole sheet density.  



   

 

 

134 

It was found that QW width, x_W, has only a weak effect on ON state hole sheet 

density in the QW. But both QW height, u_W, and p-delta doping density, Q_d, have 

strong effects on ON state hole sheet density in the QW. A higher u_W is desirable for 

higher hole density ratio in the QW. But this also increases the OFF state QW hole sheet 

density. A lower u_W and wider cap layer will create an inferior parasitic channel in the 

front (top) of the cap layer and this will, in addition to degrading mobility, shield the QW 

charges. Equal number of ions in the bulk and the p-delta, or flat band QW, seems to 

yield more ON state hole sheet density in the QW.  

A higher u_W is desirable to keep the cap layer hole density low. But it was found that 

this reduces the ON/OFF ratio of hole sheet density in the QW. A value of  

9 kT/q was found to be optimum to keep the cap layer hole sheet density a tenth of that in 

the QW. But a u_W above 4 kT/q seems to degrade the ON/OFF ratio. But even at 9 kT/q 

the ON/OFF ratio is three orders of magnitude greater than the ratio in conventional 

MOSFET. So the u_W of 10 kT/q used in the simulations is justifiable. 

The QW width, x_W, has only a weak effect on sub-threshold parameter St. But u_W 

and p-delta doping density, Q_d, have strong influence. Wider u_W was also found to 

degrade St. For both St and hole sheet density ON/OFF ratio a wide u_W is not prefered. 

Q_d seems to have no effect on the ratio of QW hole sheet density/Cap layer hole 

sheet density. A higher Q_d above 1018/cm2 reduces the hole sheet density in the QW. A 

higher Q_d also increases u_nB_off which will increase the hole sheet density in the QW 

in the OFF state. A Q_d less than 1012/cm2 has the least effect in the OFF state. The ON 

state hole sheet density was also found to drop for a Q_d above 1018/cm2. A wider QW 
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improves all metrics slightly. But above x_W of 15 nm ON/OFF hole sheet density ratio 

saturates. So x_W can be used as a free parameter to adjust other parameters upto a value 

of 15 nm. So 15 nm can be taken as the upper limit for x_W. The substrate doping 

density, n_B, is also found to be a weak parameter. The rario of bulk ions and the p-delta 

ions have very strong influence on device characteristics in the ON and OFF states. 

3.8 Summary 

In this chapter preliminary studies of a modified MOSFET (QWMOS) is explored. A 

recessed undoped QW channel region is introduced below the channel region of a 

conventional MOSFET. This can be realized by having a thin cap layer that bridges 

between the QW and the gate oxide. A p-delta layer is also introduced below the QW. 

The idea is to confine holes in the QW and achieve improved transport properties. 

The aim is to find the feasibility and a rough estimate of the performance advantage of 

such a device. The Poisson equation is solved only in the QW region A simple program is 

written in Excel spread sheet taking the Poisson solution and the structural inputs. 

Poisson solution is used to find the potential and field at the fron (top) of the QW. 

Potentials at other boundaries are found from the QW boundary potentials or by iteration 

keeping fixed inputs like gate voltage and width of the QW as target cells. Then these 

boundary point potentials are joined with straight lines to get an approximate potential 

distribution. Even though the program is not very accurate it can give potential 

distribution instantaneously which helps to make a guess of the functionality check. 

Four of the input structural parameters are treated as fixed parameters. These are QW 

height, QW width, p-delta doping density and substrate doping density. In a realistic 
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device these cannot be changed. Here the parametric study of the influence of these 

structural parameters on device performance requires the change of these parameters. So 

in the simulations one of these structural variables is changed in steps while keeping the 

other three structural variables fixed at their input values. Some performance metric ha to 

be observed at each step while the above structural variable is stepped. Four monitoring 

parameters of vital interest in this QWMOS are hole sheet density in the QW in the ON 

and OFF states, the ratio of the QW hole sheet density in the ON state to the QW hole 

sheet density in the OFF state and the subg-threshold parameter St. In addition to these 

metrics some potentials also need to be monitored in the QWMOS.  

Each of the observing metrics is plotted against the stepping structural parameter to 

find out the trends of variation of each of these metics and also to evaluate if the variation 

is in the desired or undesired direction. This will allow to choose a range of values for 

that particular structural parameter. I some cases the variation of the structural parameter 

may be desirable for one metric but undesirable for another. Then an optimum value or 

range of values has to be fixed for that structural variable. In some cases an optimum 

value of the stepping structural variable can be found that improves one or more of the 

important performance metrics can be improved to the desired values at the expense of 

some other not so important performance metrics. 

After completing the above parametric simulation studies it is felt that this is a 

tangible device and hold high promise in performance enhancement of MOSFET. Now 

the question is how to realize such a QWMOS. This will be discussed in detail in  

chapter 5. 
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CHAPTER 4 

EFFECTS OF STRAIN ON SI1-XGEX AND HMOSFET 

In this chapter characteristics of thin layers of compressively strained Si1-xGex is 

discussed. Further the exploitation of these characteristics in the design of high-speed  

p-channel hetero junction MOSFET (p-HMOSFET) is explored. In particular strain-

induced effects of thin layers of Si1-xGex are of particular interest from the standpoint of 

device design. Ge fraction x and the associated compressive strain is the vital mechanism 

by which novel high speed Si1-xGex based hetero junction devices are designed. A 

detailed introduction to Si1-xGex and a discussion of its current technological status are 

given in chapter 1. So no introductory material will be presented here. Instead the strain 

dependent effects and their usefulness in the design of hetero junction p-HMOSFET will 

be the main topic of this chapter. The following are covered in this chapter, 

First sub-section will go through some of the general properties of Si1-xGex.The second 

section has some strained thin film growth related details. The third section will elaborate 

the effect of compressive strain on Si1-xGex.In the fourth section a general introduction to 

p-HMOSFET is given. Prior to choosing an appropriate structure of the p-HMOSFET for 

this dissertation a detailed survey of the published research work has been carried out. 

The structures of these published research works are presented in the fifth section. Then 

the sixth section will detail the particular structure chosen for this research work and 

discuss the details of the structure.  
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4.1 Properties of Si1-xGex 

Ge is miscible in Si for the complete range from zero to 100% to form a solid state 

alloy semiconductor. However, for Ge fraction x < 0.85 the compound semiconductor 

preserves the  silicon like diamond lattice and the silicon like band structure. The site 

occupancies of Ge in Si1-xGex are not completely random since the alloy solidifies into a 

few long range ordered distributions of Ge in the diamond lattice [103]. This is important 

to get consistent characteristics in different samples. Lattice constants for Si and Ge are 

0.5431nm and 0.5657nm respectively. Because of this  difference the lattice constant of 

the compound semiconductor increases steadily with increasing Ge fraction, starting with 

the lattice constant of silicon. The lattice constant α(x) of unstrained Si1-xGex can be 

expressed empirically as [80], 

 )(01992.0002733.05431.0)( 2 nmxxxa ++=  ( 4.1) 

 

The properties of bulk or unstrained Si1-xGex are not discussed here in detail since the 

strained Si1-xGex is of interest in the design of p-HMOSFET. A brief mention of the band 

gap and transport properties for the bulk or relaxed Si1-xGex are given in section 1.4 of 

chapter 1. Addition of Ge to Si leads to a reduction of the indirect band gap as shown in 

Figure 4-3. The upper curve refers to thick layers of bulk unstrained or relaxed  

Si1-xGex.  In bulk Si1-xGex  the initial reduction of band gap is nearly linear up to a Ge 

fraction of about 0.4. Between a fraction of 0.4 to 0.85 the band gap nearly saturates. 

Above a Ge fraction of 0.85 the band gap reduction is much faster, finally falling to the 
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Ge band gap of 0.66 eV. Thick layers of bulk unstrained or relaxed Si1-xGex finds use as a 

substrate to provide tensile strain to overgrown layers of Si. This is used in the case of  

n-channel devices. The lower curve in Figure 4-3 refers to compressively strained thin 

layers of Si1-xGex .The fall in band gap is nearly linear up to a Ge fraction, x, of 0.4. At a 

value of x = 0.5 the band gap has fallen from 1.12 eV of Si to about 0.7 eV. The 

reduction in band gap is much more pronounced in strained thin layers compared to bulk 

unstrained Si1-xGex . This drop in band gap can be effectively used for band gap 

engineered devices as described in sub-section 4.3.1. 

Another important concern in the case of Si1-xGex is the poor thermal conductivity. 

This is true with alloy semiconductors and is true with GaAs, for another example. As 

can be seen in Table 4.1 the thermal conductivity is roughly 18 times lower compared to 

Si. Addition of Ge to Si increases its resistivity and this increases thermal resistivity, 

following Matthiesen’s rule. This demands proper heat removal schemes. However as 

will be seen in chapter 8 the off currents in these p-HMOSFETs are two to three orders of 

magnitude lower than that of MOSFETs for the same ON currents. Hence the standby 

heat generation will be much lower in these p-HMOSFET devices. In the case of present 

day nano meter silicon MOSFETs the OFF state currents are orders of magnitude higher 

compared to long channel devices. As pointed out in the 2003 Technology Road Map for 

Semiconductors this is a serious concern for MOSFETs since the packing density is 

rising with nano meter devices and the leakage currents are rising with down  

scaling [ 52].  
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4.2 Strained Si1-xGex  

As indicated in chapter 1 the introduction of Ge into Si lattice and the associated 

compressive strain dramatically changes the properties of silicon. The Ge fraction alone 

does not produce much of these effects. But the addition of Ge gives a compound 

semiconductor whose band gap can be designed at will by the designer. When thin layers 

of this compound semiconductor are overgrown on silicon substrate a compressive strain 

is produced in these Si1-xGex layers because of the larger lattice constant of Si1-xGex This 

strain magnifies the effects to a higher degree. Some of these effects are band gap 

reduction, band offset at interfaces, increase in effective hole mobility and increase in 

saturation velocity vsat. These effects are discussed in the following sub-section 4.3. 

4.2.1 Pseudomorphic Growth of Si1-xGex   

As noted before Si1-xGex has a slightly larger lattice constant than that of silicon. 

Hence the thin layer of Si1-xGex grown over a (100 oriented) silicon substrate will 

experience a lattice deformation leading to an in plane compressive strain. This is 

schematically shown in Figure 4-1. The growth is pseudomorphic in the sense that the 

growing Si1-xGex bonds are attached to the underlying Si atom bonds. That means there 

are hardly any un-terminated dangling bonds. This gives a very low defect interface. At 

the same time it causes the overgrown Si1-xGex bonds to compress and lead to a 

compressive in plane strain in the Si1-xGex. As shown in the figure the over grown  

Si1-xGex layer is tetragonally distorted with a compressive in plane strain and a tensile 

strain along the growth direction. This leads to changes in the band structure of Si1-xGex . 

In case of thick or relaxed Si1-xGex layers this distortion soon vanishes over a small 
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growth thickness and physical properties of bulk Si1-xGex are maintained afterwards. 

Since many important characteristic changes are associated with the strain it is important 

to keep the layer thin enough so as to preserve the strain. In the UHV-CVD epitaxy the 

growth is pseudomorphic in spite of slight lattice mismatch between the silicon and the 

overgrown Si1-xGex layer. Silicon has a lattice constant 0f 5.43 A  whereas the lattice 

constant of Si1-xGex is given by the equation. ( 4.1). In the extreme case of pure Ge grown 

over Si, this mismatch may be as high as 4.2 % . But for good quality device applications 

the Ge content is found to be between 0.3 and 0.5, later on in chapter 7. For this range of 

x the lattice mismatch is much less than 4.2 %.  

 

 

Figure 4-1. Lattice matched growth of Si1-xGex over silicon substrate. The overgrown 
Si1-xGex lattice is compressed in the plane of growth leading to a tetragonal distortion 
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4.2.2 Critical Thickness 

When the Si1-xGex layer growth thickness is increased there exists a critical thickness 

(hC) beyond which the pseudomorphic growth is hampered and associated strain effects 

vanish. Defects begin to appear due to broken bonds and relaxation of the tetragonal 

deformation occurs. Above hC the layer keeps loosing the built in strain. This degrades 

the electronic properties of the grown Si1-xGex  layer to its bulk values [80]. For thickness 

above the critical value the grown Si1-xGex film relaxes to its bulk lattice constant. The 

band gap changes to that of the bulk Si1-xGex shown by the upper curve of Figure 4-3. It 

can be seen in Figure 4-3 that the band gap reduction in relaxed layer is much less 

compared to the strained layer. This will have serious consequences as will be discussed 

in sub-section 4.3.2. The critical thickness is related to the Ge fraction as well as growth 

conditions like temperature and pressure..  

The critical thickness calculations most commonly quoted in literature are based on an 

equilibrium model of Mathews and Blakeslee (MB theory) [129]. Critical thickness hc 

falls off with increasing strain (or increasing x), increasing CVD growth temperature and 

increased rate of growth. Out of the orientations of silicon the (100) plane gives the 

maximum critical thickness for an overgrown Si1-xGex film [130], [131]. Figure 4-2 

shows a sketch of this critical thickness for Si1-xGex grown over (100) silicon substrate. 

Solid line is from Mathews-Blakeslee theory. The dashed line is from equation. ( 4.2) 

given below. Defect free films of higher thickness than predicted by MB theory has been  

reported [ 114], [130].. These films are experimentally grown at 550oC. For Si1-xGex 
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grown over (100) silicon substrate at low temperatures the critical thickness can be 

expressed by a semi-empirical formulation as a function of Ge fraction x [23], [132], 

 
Figure 4-2. Critical thickness hc as a function of Ge fraction x. Solid line is from 
Mathews - Blakeslee theory. The dashed line is from equation ( 4.2) 
 
 nmxhc

2371.17793.1 −≈  ( 4.2) 

 

It has been found that low temperature growth at 550oC yields higher hc than high 

temperature growth at 900oC [129], [131]. If the Ge content in the film is graded, from 

zero to the desired value, during growth, the resulting dislocation density at the surface 

can be reduced to as low as 106/cm2 [ 111]. This can also increase the critical thickness 

[135].  Compared to the above defect density the best SiO2 interface defect density is 

around 109/cm2. Surface dislocation densities as low as 2000/cm2 have been 

experimentally demonstrated in SiGe [137]. Grading the Ge fraction can be used to 

advantage in locating the conduction channel away from interfaces as will be discussed in 

the sub-section 4.5.2.  
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4.3 Compressive Strain Induced Effects in Si1-xGex  

As discussed before if a Si1-xGex layer less than the critical thickness hC is grown over 

a Si substrate there will be compressive in plane strain. A few important changes occurr if 

a thin Si1-xGex film is pseudomorphically grown along the [100] direction over a silicon 

substrate. (1) there is a band gap reduction, (2) there is band splitting in the valence band, 

(3) there is a lowering of the effective mass (4) there is a rise in hole  mobility. The 

valence band characteristics and the hole mobility are considered here in detail since 

these are important in the design of a   p-HMOSFET. Direct computation of the 

compressive strain and its inclusion in the numerical simulator or analytical program is 

not easy since it involves energy band calculations. The numerical simulator ISE-TCAD 

[109] that is used to verify the analytical design program uses published values for the 

parameters of strained Si1-xGex. Since the experimental values are only available for some 

discrete Ge fraction x the values in between are interpolated. The analytical analysis and 

design program, of chapter 6, uses equations (4.4), (4.5) and (4.9) to compute valence 

band offset, band gap and mobility respectively. Table 4.1 gives some of the relevant 

properties of Si1-xGex  pseudomorphicaly grown.on (100) Si substrates. 

4.3.1  Band Gap Engineering Using Si1-xGex  

A thin film of Si1-xGex grown over silicon (100 plane) experiences compressive strain 

due to the larger lattice constant of Si1-xGex, This compressive strain causes the band gap 

to drop monotonically as shown by the lower curve in Figure 4-3. The drop in the band 

gap for this thin film has a much steeper slope compared to the bulk Si1-xGex discussed 

earlier. This drop in band gap is nearly linear up to an x of about 0.5.  
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The band gap drops from 1.12 eV for pure silicon to nearly 0.7 eV for a x about  

 0.5 [ 108]. This gives a wide range of energy for band gap engineered devices such as  

p-HMOSFET. The key to band gap engineered devices is the ability to alter or  

 
Table 4-1. Comparison of some of the most important parameters of Si1-xGex  
pseudomorphically grown over (100) Si substrate. [88], [ 111], [121]  
 
Parameter Si Ge Si0.7Ge0.3 

relaxed 
Si0.7Ge0.3 

strained 
GaAs Units 

Lattice 
Constant 
(A) 

5.431 5.658 5.493 5.431 5.653 A 

Crystal 
structure 

Diamond Diamond Diamond Diamond Zinc 
blende 

 

Energy gap 1.12 0.66 1.04 0.9 1.42 eV 
Valence 
band offset 

   0.22  eV 

Dielectric 
constant 

11.7 16.2  13.05 13.2  

Intrinsic 
carrier 
density 

1x1010 2x1013 1x1012 1x1012   

Hole 
mobility 

450 1900 350 885 400 cm2/Vs 

NV 1.8x1019 5x1018 1.2x1019 6.2x1018   
mhh 0.54 0.33 0.4 0.257 0.38 m0 

mlh 0.15 0.043 0.2  0.38 m0 
Electron 
affinity 

4.05 4.0    eV 

vsat 1x107   1.13x107  cm/s 
Thermal 
conductivity 

148 60  8  W/cm K 

 

design the desired band gap and then pseodomorphically grow these materials of 

different band gap energies. This causes valence band discontinuities. This band 

discontinuities can be used to form quantum wells. So far band gap engineering was not 
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feasible in silicon and remained a sole design tool for the III-V based devices. Si1-xGex 

thus brings into the all silicon semiconductor industry the ability to design devices using 

band gap engineering. Figure 4-3 shows the energy gap Eg(Si1-xGex) as a function of the 

Ge fraction x in the film. The bottom two curves are for strained Si1-xGex thin films. For 

strained Si1-xGex the heavy hole (hh) band moves up thereby reducing the band gap as 

shown in Figure 4-6. There are many empirical equations in literature for the computation 

of the band gap of strained Si1-xGex as a function of the Ge fraction in the alloy. The band 

gap reduction is mostly in the valence band for compressively strained Si1-xGex and is 

negligible in the conduction band (less than 20 meV). For strained Si1-xGex grown over 

(100) silicon the band gap reduction can be computed by the following empirical formula 

[80],  

 eVxxxE g
32 17.043.096.0 +−=∆  (4.3) 

 

The band gap can also be computed by knowing the valence band offset as described 

in section 4.3.2 below. There are many published formulas for band gap that differ from 

each other. But the value of the upward shift of the valence band seems to be in 

agreement in many publications [ 86], [ 110]. Figure 4-3 shows the effect of increasing 

the fraction of Ge on the band gap of bulk and coherently strained Si1-xGex thin film 

grown on Si (100) substrate. Figure 4-4 shows plots of the strained Si1-xGex band gap as 

computed using equation (4.5) and the piecewise linear interpolation used in the 

numerical simulator ISE-TCAD [109]. ISE-TCAD uses published experimental values of 

the band gap for strained Si1-xGex films grown over (100) silicon. The direct inclusion of 
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strain effects is a formidable task and there is no publication found in literature to do that. 

The closest one gives some band gap coefficient computations. The approximate 

computation using the experimentally fitted empirical equation (4.5) seems to match the 

simulator values fairly close up to a x of 0.5. 

Hence the equation (4.5) assuming a linear reduction of valence band is used in the 

analytical program developed in this work. Since the linear equation gives results close to 

the numerical simulator values analytical HMOSFET design program results can be 

compared to the numerical simulation results. It may also be seen that the curves in 

Figure 4-3 and Figure 4-4 are in fairly close agreement for the strained Si1-xGex films. 

4.3.2  Band Edge Alignment in Si/Si1-xGex  

When Si1-xGex is grown over (100) silicon the band gap reduction of the Si1-xGex 

leads to a discontinuity in the band gap at the interface. The band alignment is Type I as 

shown in  

Figure 4-5 [80], [ 110], [ 111]. The band edge discontinuity in conduction and 

valence bands are represented by ∆Ec  and ∆EV respectively. For all Ge fractions of ∆Ec   

is less than 20 meV which is less than the thermal voltage kT/q and can be neglected 

[80], [ 110]. For Si1-xGex with Ge fractions less than 0.85 grown over a (100) silicon 

substrate ∆EV  can be  expressed as [15], [79], [ 110], [ 111], [ 111],  

 xEV 74.0=∆  (4.4) 

where x is the fraction of Ge content.  

 



   

 

 

148 

 

Figure 4-3. Band gap of Si1-xGex  as a function of the Ge fraction x. The top line is for 
bulk or relaxed Si1-xGex. For thin strained Si1-xGex films (bottom two curves) the band 
gap reduction is more pronounced [ 114]. 
 

 

Figure 4-4. Band gap Eg(Si1-xGex) as a function of Ge fraction x.  Using the linear 
interpolation used in ISE-TCAD (solid), Using the linear approximation of equation (4.5) 
(dashed) 
 

Using the equation (4.4) the band gap of strained Si1-xGex can be approximated as, 

 xxSiESiGeE gg 74.0124.174.0)()( −=−≈  (4.5) 
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where Eg(Si) is the band gap of Si which is 1.124 eV. It is evident that a higher Ge 

fraction leads to a higher valence band discontinuity.  It is to be noted that the band 

offsets are crystallographic orientation dependent [ 110]. If a quantum well is formed by 

sandwiching the Si1-xGex layer between two silicon layers the band edge discontinuity 

allows confinement of holes in the Si1-xGex layer. This confinement is used in the design 

of p-HMOSFET. The higher the Ge content the higher the valence band discontinuity and 

higher the confinement.  

 
 
Figure 4-5. Band edge alignment diagram for a strained Si1-xGex film grown over (100) 
silicon for an x value of 0.3. The alignment is of type I with a valence band discontinuity 
of approximately 222 meV and a negligible conduction band discontinuity which is less 
than 20 meV 
 

4.3.3  Transport Properties 

The transport properties of compressively strained Si1-xGex thin films are different 

from that of silicon. This includes effective hole mass, hole mobility and density of 

states.  

4.3.3.1 Effective Hole Mass  

Effective hole mass depends on the shape of the valence band. Figure 4-6 shows 

the comparison of valence bands in unstrained and strained Si1-xGex grown over (100) 
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silicon substrate. In strained Si1-xGex the light hole band moves down and the heavy hole 

band moves up. The upward shift of heavy hole band may suggest that the effective hole 

mass may increase with strain. But a careful observation shows that strain also causes a 

warping in the heavy hole band. Many publications have reported the heavy hole band 

near the center of the Brillouin zone to be highly non-parabolic [ 90], [ 91]. The effective 

mass of the hole in the heavy hole (hh) band is given by, 
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(4.6) 

The warping of the heavy hole band causes an increase in the 22 / dkEd  term where E 

is the energy and k is the momentum vector. Since the effective hole mass is inversely 

proportional to the above term this warping in turn reduces the heavy hole mass. 

Significant reduction in heavy hole effective masses with increasing Ge fraction have 

been reported [ 85], [ 110]. It is reported that for a x value of 0.3 the effective mass 

reduces by a factor of 3.4 [ 83]. Effective masses for the hh (raised band) and lh (lowered 

band) are given by the equations ( 4.7) and ( 4.8) respectively [ 92], 

 
89.087.268.484.2 23

*

+−+−= xxx
m

m
 

( 4.7) 

 
25.037.036.014.0 23

*

+−+−= xxx
m

m
 

( 4.8) 

 



   

 

 

151 

 

Figure 4-6.  The valence band diagrams for unstrained (left) and strained (right) Si1-xGex 
grown over (100) silicon substrate. Notice the warping of the heavy hole band and the 
lowering of the light hole band with strain [ 111]. 
 

4.3.3.2 Hole Mobility 

Mobility is limited by scattering mechanisms. The main scattering mechanisms in 

silicon are ionized impurity scattering, acoustic phonon, optical phonon, interface 

impurities and interface roughness. The ionized impurity scattering is unimportant 

because undoped Si1-xGex is used in the p-HMOSFET for the quantum well hole transport 

channel. In Si1-xGex alloy scattering due to the difference in potentials of Si and Ge atoms 

also should be taken into account. The reported studies still are not in agreement on the 

importance of alloy scattering amidst other scattering mechanisms, particularly phonon 

scattering. Some theoretical studies argue that alloy scattering is not important compared 

to the acoustic phonon at room temperature [ 82], [ 83]. But in some other studies the 

inclusion of alloy scattering seems to reduce the mobility by a factor of nearly four [ 84],  
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[ 85]. The difference of these results stems from the fact that the alloy potential used in 

the calculation varies widely from 0.2 to 0.8 [ 86]. One of the above theoretical studies 

also suggests that alloy scattering is only important below 100o K where the phonon 

scattering becomes comparable to it [ 82]. The study also finds that surface roughness 

and surface impurities do not contribute much towards hole mobility reduction. The 

mobility also reduces with increase in carrier (hole) concentration in the QW. For a x 

value of 0.2 the hole mobility seems to reduce from approximately 1000 to 600 for a 

typical carrier density variation from 0 to 1012/cm2 [ 82]. So the acoustic phonon, optical 

phonon and carrier density seem to have adverse effects on mobility at room temperature. 

At the center of the Brillouin zone the heavy hole and light hole bands are degenerate 

in silicon, with a degeneracy of four. The lifting of the heavy hole band reduces the 

degeneracy to two. From published simulations it has been predicted that over 75% of 

holes will occupy the raised hh band for any appreciable Ge fraction in Si1-xGex [ 90]. 

Due to these factors inter valley scatter for holes in the raised heavy hole band is reduced. 

Reduction of the hole mass and reduction of the inter valley scattering lead to an effective 

increase in hole mobility in the strained Si1-xGex film. Intrinsic undoped silicon has a hole 

mobility of around 470 cm2/V-sec. Intrinsic Ge has a hole mobility of around 1900 

cm2/V-sec. The hole mobility in intrinsic strained Si1-xGex can be approximated by a 

linear dependence to the Ge fraction as [ 83], [109],  

 xh )4701900(470 −+≈µ  (4.9) 
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The above is low field mobility. The numerical program ISE-TCAD also uses the 

same linear model. As the field along the transport direction is increased the mobility 

reduces. This field dependence can be computed using Caughy-Thomas formula.  
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where µh(E) is the effective mobility. µLow is given by equation (4.9), the saturation 

velocity vsat for holes in Si1-xGex is 8.37x106 cm/s and β is 1.2. E is the electric field 

along the transport direction or the parallel field in V/cm. Hole mobility in bulk silicon 

and strained silicon germanium are plotted against Epar in Figure 4-7. At low fields the 

mobilities in Si1-xGex are far higher than the  mobility in silicon.  But in short channel 

devices where the field values along transport direction may exceed 1x105 V/cm 

mobilities in strained Si1-xGex and silicon fall off to nearly equal values. This is because 

the saturation velocity for holes in Si1-xGex is taken to be the same as in silicon, equal to 

1x107 cm/s [105].  

Quite curiously the above fact is not seen discussed in literature. This is an important 

point to note that the advantages of low field higher mobility may be lost in scaled down 

velocity saturated devices. Since no published experimental data is available this result 

cannot be taken for granted but should be kept in mind. There are published results that 

indicate a rise in hole saturation velocity vsat in Si1-xGex with increase in the value of x 

[88]. vsat value of 2.1x107 cm2/V-s has been reported for Ge fraction x of 0.5 [88]. Si1-

xGex devices have the advantage that a much more portion of the channel will be velocity 
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saturated compared to silicon short channel devices. This is due to its higher low field 

mobility. As an example for a Ge fraction x of 0.3 an increase in mobility by a factor of 

2.4 compared to silicon has been reported [ 83]  
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Figure 4-7. Hole mobility as a function of the electric field along the direction of 
transport. The field dependence is computed using Caughey-Thomas formula. The 
mobilities are for low doped silicon MOS and strained Si1-xGex with x values of 0.3, 0.4 
and 0.5. 
 

4.3.3.3 Velocity Saturation 

There are expectations that the saturation velocity, vsat, may increase with the Ge 

fraction x [88], [ 89]. There is a reduction of the effective hole mass with the addition of 

Ge to Si. In the bulk Si1-xGex the effective hole mass changes only slightly with x but in 

strained layers the drop is significant [ 85]. This is due to the warping of the hh band as  

discussed in section 4.3.3.1. This allows carriers to be accelerated to velocities higher  

than the saturation velocity (vsat). This is explained as follows. Since the addition of Ge 

retains the Si like band structure the optical phonon retains a high energy Si like spectra. 
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But the addition of Ge reduces the effective mass. This means the velocity of holes has to 

increase before carriers can interact with the optical phonon since momentum of holes 

has to be increased to the same level as in silicon. In terms of physics this can be written 

as, 

 
p

h
nmv ω

π22

1 2 =  
(4.11) 

Where m is the effective mass, v is the velocity, h is the Plank’s constant, ωp is the 

phonon frequency and n = 1, 2, … Since ωp is unchanged and m has reduced v has to 

increase. It is to be noted here that strain may also change the phonon spectra, most 

probably to higher values. 

Fabricated p-HMOSFET have been reported to show 50% increase in vsat at a Ge 

concentration x of 0.5 compared to Si control p-MOSFET [88]. This was found to be 

particularly true in short channel (200 nm) devices where most of the channel gets 

velocity saturated. In compound semiconductors the maximum velocity to which carriers 

can be accelerated is determined by the phonon emission or collision with the lattice. As 

discussed above the phonon scattering occurs at a higher velocity in Si1-xGex. Thus it is 

speculated that vsat could possibly increase with x in Si1-xGex.[88], [ 89]. Since the cut off 

frequency of a MOSFET is directly proportional to the carrier velocity Si1-xGex 

HMOSFETs can operate at higher frequencies than Si MOSFETs. Since mobility is 

inversely proportional to effective mass the mobility increases with increasing values of 

x. The variation of mobility with x seems to be near linear from that of silicon to that of 

germanium [ 83].  
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Another observation is that for fabricated p-HMOSFET an increase in gm of about 

50% has been measured over Si control devices. This is also found to increase with Ge 

fraction x and with shorter channel length [ 81], [88]. In Figure 4-7 vsat for Si1-xGex  and 

silicon are assumed to be the same. According to Figure 4-7 both control and Si1-xGex 

devices should have given same gm in short channel devices since they both would have 

had the mobility degraded to the same value. Hence this experimental observation 

supports the fact that the value of vsat increases with Ge fraction x. It is also speculated 

that the increase in mobility saturates around a Ge fraction of 0.4 – 0.5 due to alloy 

scattering. 

4.3.3.4 Valence Band Density of States 

The hole density of states is altered due to the valence band changes with the addition 

of Ge. As noted earlier the more the Ge content the more the heavy hole band moves up 

along with more warping of the band. Due to this a reduction in density of states (DOS) 

for holes can be expected with increasing x values [ 91]. At the center of the Brillouin 

zone DOS drops sharply and almost linearly to about half the value in silicon for an x 

value of 0.05. Thereafter the drop is slow and near linear. At a x value of 0.3 DOS falls to 

a fifth of the value in silicon [ 83]. This reduction in DOS reduces the density of hole 

confinement in the quantum well channel. However this reduction does not look realistic 

particularly the large reduction at very low value of x. A theoretical simulation gives the 

following formula for DOS [ 91], 

 2/3

2

2/32/3 exp[2 














 ∆
−+=

h

kT

kT

E
mmN V

MUV  
( 4.12) 



   

 

 

157 

mU and mM are the upper (hh) and lower (lh) hole effective masses respectively. For a 

x value of 0.1 to 0.3 normalized NV drops from 0.3 to 0.2 [ 83] and an average value of 

0.25 could be used in calculations.  

4.3.4 Summary of Strain Induced Effects 

In summary increasing Ge content improves mobility but at higher values the 

alloy scattering is speculated to limit the hole mobility. For intrinsic Si1-xGex this limiting 

seems to happen around an x value of 0.5. The effective mass for holes reduces with 

increasing x. This is speculated to be due to the warping of the hh band. With increasing 

x values the hh band moves upwards and the warping of the band increases. The reduced 

effective mass brings up the speculation that holes can be accelerated above the vsat of 

silicon since the holes have to catch up with the momentum before interacting with 

phonons which retain the silicon like high energy spectra. There seems to have evidence 

in the rise of vsat with Ge fraction x. Since the hh band moves up and lh band moves 

down the degeneracy is reduced to two. This will reduce inter-valley scattering. The 

density of states for holes also decreases with increasing fraction of Ge. This is due to the 

warping of the raised hh band. But the reduction seems to be slow above a fraction of 

0.05 or for any practical value of x. Both these factors lead to an observation that a high 

percentage of Ge may not be desirable. In chapter 7 the maximum useful range of x is 

found to be around 0.5.  

The compressive strain reduces the band gap of Si1-xGex . The reduction in the band 

gap is nearly linear with increasing Ge fraction, x. This reduction in band gap can be used 

in the fabrication of QWs. Since the band gap keeps reducing with increasing Ge fraction, 
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x, the band gap can be engineered to the desired value. It is to be noted that the critical 

thickness reduces with increasing x. Films grown above the critical thickness will loose 

the built in strain and the advantages of strained Si1-xGex will be lost.   

4.4 Introduction to p-HMOSFET 

The device characteristics of interest depend on the application. The following are 

important in digital systems. (1) small size, (2) high ON current, (3) low switching power 

loss,  (4) low OFF currents and (5) small gate capacitance. Small size allows very large 

density of integration that improves the yield from each die. High Ion is required to charge 

the gates at the output node faster in order to increase the switching speed. It is to be 

noted that high Ion can be obtained by increasing the width W of the device but doing so 

also increases the gate capacitance and hence the gate delay. In CMOS systems the power 

loss PD happens only at switch charge time. In order to reduce the quiescent standby 

power loss and battery drain Ioff must be as low as possible. The gate capacitance of the 

device should be small so that they can be charged faster improving the gate delay. 

Instead if this device is to be used in microwave systems like amplifiers, oscillators and 

so on the linearity of the gate characteristic (Ids vs Vgs), high Ion and low noise or low 

noise figure (NF) are important. Linearity is important to reduce distortion of the signal. 

Linearity of the circuit could be achieved by feedback also. High Ion is required to drive 

the stages to follow. The noise figure (NF) is the ratio of signal to noise ratio (SNR) at 

the input to SNR at the output. Low NF is important while processing low level signals 

which are common in RF and analog systems like receivers.   
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In section 4.3.1 it was mentioned that the band gap of a thin strained Si1-xGex layer 

grown over (100) silicon substrate experiences a reduction in band gap compared to the 

band gap of silicon. Simultaneously the band edges of silicon substrate and Si1-xGex form 

a type I band edge alignment as shown in  

Figure 4-5. The band discontinuity at the conduction band is negligible whereas the 

same at the valence band can be many times the thermal voltage kT/q depending on the 

fraction of Ge, x. This suggests that a quantum well for holes can be formed if a thin 

strained Si1-xGex layer is sandwiched between a silicon substrate and an overgrown 

silicon cap layer. If this quantum well is positioned inside the depletion region of a 

silicon MOSFET holes can be confined into it and transported through this quantum well 

layer instead of the inferior surface inversion layer of a MOSFET. This can dramatically 

increase the hole mobility due to three aspects. (1) ionic Coulomb scatter and associated 

reduction in mobility can be reduced since the QW need not be doped. (2) the 

psuedomorphically grown Si/Si1-xGex interface has far less defect densities and hardly 

any trapped charges compared to the inferior Si/SiO2 interface [183]. (3) the hole 

mobility in the Si(1-x)Gex is higher than the hole mobility.  

However the idea of confining carriers into an undoped quantum well layer and 

transporting through this undoped layer is not new. In 1990s research on III-V 

superlattices led to a new device named MODFET (modulation doped field effect 

transistor) where an undoped GaAs quantum well layer has been used for the above 

purpose. n-channel devices with very high transconductance, lower switching voltages, 

lower power dissipation and switching speeds in picosecond range could be produced  
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[ 119] [ 116]. These MODFETs are being used as microwave amplifiers, voltage  

controlled oscillators and high speed digital switching devices in communication 

systems. A sketch of a basic device of this sort and its band diagram are given in Figure 

4-8 and Figure 4-9. Since III-V compounds do not have a good quality insulator 

equivalent to the superior SiO2 in silicon systems the MODFET evolved from MESFET 

(metal semiconductor field effect transistor) where a Schottky metal gate is used instead 

of the SiO2 insulating gate of the MOSFET (metal oxide semiconductor field effect 

transistor). This has the disadvantages of lower gate breakdown voltage and higher gate 

leakage current than MOSFETs. The application of a gate voltage depletes the surface 

AlGaAs doped layer. These carriers, electrons, diffuse into the undoped GaAs quantum 

well layer where they get confined in a thin layer adjacent to the AlGaAs-GaAs interface. 

Until recently these devices coexisted with Si CMOS integrated circuits (ICs), in discrete 

form, in communication systems since the silicon could not provide the necessary 

microwave performance. The feasibility to alter the band gap of silicon along with the 

simultaneous improvement in mobility, by the introduction of germanium, changed this 

scenario. Instead of GaAs devices high speed bipolar transistors using Si1-xGex base are 

being used in front end RF systems. 
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Figure 4-8. Sketch of a GaAs MODFET 

 
Figure 4-9. Band diagram for the MODFET 

 

The impressive advances and dominance of silicon technology owes a good share to 

the silicon planar MOSFET process. So in spite of the impressive performance of HBTs 

mentioned in chapter 1 there is a need for MOSFET devices using Si1-xGex. MOSFETs 

offer devices with low power, low noise, high frequency operation and very high density 

of integration. These are desirable for portable battery operated equipments and cellular 

devices. Silicon grown over Si1-xGex experiences tensile strain. Tensile strain in silicon 

lowers the in plane electron mass. In addition the band splitting reduces the inter valley 
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scattering. These two effects together gives enhanced electron mobility in strained silicon 

[144], [147]. Room temperature low field electron mobility as high as 2600 cm2/Vs are 

predicted [ 122]. As described in section 3.2 Si1-xGex grown on (100) silicon gets 

compressively strained and provides high hole mobility. These two processes together are 

suitable for hetero complementary MOSFET (HCMOS). The main objective of this 

research, as stated in chapter 1, is to study, evaluate and select a generalized structural 

scheme of a p-HMOSFET which is deemed to be simple enough to fabricate and provide 

a device with superior characteristics compared to Si MOSFET. Hence a p-channel 

HMOSFET will be discussed further. Some of the important structures found in literature 

are reviewed below. From these a generalized structure incorporating most of the 

desirable features is arrived at for study and design in this project. 

4.5 Survey of p channel HMOSFETs 

A literature survey of p-HMOSFETs over the past two decades is presented here. This 

gives an idea of different structural designs. A discussion of these designs also is given. 

The discussion points out the advantages and disadvantages of certain structures.  . Many 

different structures are discussed. Out of these structures a few seem to appear in recent 

publications. Here the idea is to come up with a simple structure that can provide a good 

deal of improvement in performance over the MOSFET. Then the selection of a structure 

for this work and the justification for the choice is discussed. 

4.5.1. Main p-HMOSFET  Structures 

Initial interest in the use of Si1-xGex in MOSFET structures started around 1985 [ 114]. 

The earlier designs of HMOSFET copied the GaAs MODFET instead of evolving from 
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MOSFET. So similar to the MODFET the earlier HMOSFET also had a recessed channel 

layer. But doped layers were introduced on top of the channel layer, top and bottom of 

the channel layer or had a thick doped surface layer. The doped layer at top needs a 

spacer layer below it to reduce channel layer Coulomb scatter due to ions in it. Apart 

from this the doped layer has to be sufficiently thick to contain the full depletion width, 

to avoid forming an intermediate QW, when full gate voltage is applied These structures 

had their disadvantages. The doped layer and the spacer layer above the channel layer in 

fact degrades the performance of a MOSFET quite a bit. First of all the channel is pushed 

down deeper and this reduces the gate-channel coupling and yields poor 

transconductance. It also necessitates high voltage for its operation. The spacer layer has 

to be very thin to avoid degradation of transconductance further. So the Coulomb 

coupling of the negative Boron ions in the p-layer degrades the mobility of holes in the 

Si1-xGex QW channel  [72], [ 122], [148],  [148], [ 194]. Further a undoped cap layer is 

needed at the top to form the gate oxide. All the above together degrades the performance 

very much. A sketch of the layering sequence for such a general device is given in  

Figure 4-10. This type of device structure however do not seem to appear in 

publications in the past decade. 

A simple modification to the silicon CMOS that can yield an improvement in 

performance is to strain the silicon channel region. This does not require any new 

designs. The process flow follows exactly same CMOS fabrication sequence. In the end 

the source and drain diffusions are etched away and Si1-xGex is deposited using chemical 

vapor deposition. Si1-xGex has a higher lattice constant than silicon. Due to this reason the 
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silicon in the channel region gets unilaterally compressively strained along the channel 

direction. This leads to a type II quantum well at the surface channel region. Such a 

structure is shown in Figure 4-11. In addition to the ability to trap both electrons and 

holes the strain also increases the mobility of both carriers. These types of devices are 

already being manufactured as a precursor to Si1-xGex CMOS [ 49] -  [ 71 ]. Straining the 

silicon channel using Si1-xGex source and drain is reported to give an improvement in 

mobility of about 20%. Presently this type of devices are in active research.   

 

Figure 4-10. Layer sequence for some earlier SiGe p-HMOSFET structures. It has a p+ 
layer on top of the SiGe QW channel layer. This is an adaptation from the III-V 
MODFET. 

 

Figure 4-11. Strained silicon channel p-MOS 
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The increased mobility of a thin layer of strained Si1-xGex can be easily taken to 

advantage in a simple MOSFET by simply replacing the conducting channel region with 

Si1-xGex. Even though some improvement in mobility and saturation current IDsat can be 

achieved the inferior SiO2 boundary will degrade the performance very much just like in 

the case of a MOSFET. In scaled down sub-micron devices the perpendicular field will 

be very high and this will degrade the performance still further by forcing carriers  

towards the SiO2 interface. However it is easy to manufacture such a device by a simple 

near surface Ge ion implantation followed by a low temperature anneal. 18% to 80% 

increase in IDsat for Ge fraction of 0.18 to 0.4 is claimed for such devices [153], [ 154]. 

In order to be able to derive the full mobility improvement the strained Si1-xGex 

channel should be recessed into the substrate and away from the SiO2 interface. To do 

this a thin layer of undoped silicon cap layer can be formed over the recessed Si1-xGex 

channel layer. This cap layer will also provide the silicon to form the gate oxide. Since 

the band gap of Si1-xGex is less and because most of the band offset occurs in the valence 

band a quantum well for holes will form and the collected holes in this undoped QW 

layer will drift with improved high mobility. If pseudomorphically grown the interface 

roughness and interface defects will be very less and scattering from the quantum well 

walls will be much lower. In commonly used UHV-CVD, particularly with hydrogen 

passivation, the interface impurities are reported to be as low as106/cm2 [ 113]. This is 

lower than the best Si/SiO2 interface in MOSFET. Such low interface impurities are of no 

concern in devices. Starting with a highly planar silicon surface and using low 

temperature in the range of 400 – 500 oC very smooth interfaces can be achieved [ 111]. 
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The layering sequence below the gate oxide, for such a device, will be undoped Si 

cap/undoped Si1-xGex channel/n-Si substrate [ 89]. [155] - [ 160].  

There are references to structures with an additional p+ doped layer below the  

Si1-xGex channel. This changes the internal potentials and thus can be used to adjust 

VT. A buffer or spacer layer will be needed between the channel and the p+ layer to 

reduce the Coulomb scattering due to the negative ions in this p+ layer. So the total 

layering sequence for such a device will be undoped Si cap/undoped Si1-xGex 

channel/undoped Si buffer/p+ doped Si/n-Si substrate [174]. This structure and the 

structure in the previous paragraph (without p+ layer) seem to lead the recent 

publications of Si/SiGe  hetero MOSFET. Sketches of such structures are given in Figure 

4-12 and Figure 4-13. 

There are few other structures reported. But they have complex fabrication sequence 

like having tapered or graded Si1-xGex substrate or other complications. These structures 

do not seem to appear in publications of the past decade. Hence they are not discussed 

here.  

 
Figure 4-12. A simple structure of p-HMOSFET. It has a recessed SiGe channel 
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Figure 4-13. A p-HMOSFET structure that seems to have promise for general acceptance. 
It has an additional p-Si layer that can be used to adjust VT and thus increase the hole 
density in the QW. 
 

4.5.2. Improved p-channel HMOSFET Structures 

An improvement to the above recessed channel p-HMOSFET is suggested to keep 

most of the holes in the Si1-xGex QW layer and reduce leakage to the surface channel. 

This is done by grading the Ge fraction from a low value at bottom to the desired value at 

top of the QW channel. This makes valence band of the QW channel triangular in nature 

with the peak at the top. Though slightly difficult to fabricate this has certain advantages. 

The grading also increases the critical thickness and thicker QW layer can be grown. The 

carriers are pushed to the top of the QW where they are closest to the gate. This will give 

some improvement in the IDsat. But it has to be kept in mind that the QW is narrow and 

making it triangular may lead to quantization and reduce the available levels at the peak 

of the Ev band [149], [ 162], [182]. A sketch of such a device is shown in Figure 4-14. 
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Figure 4-14. A p-HMOSFET structure with graded SiGe channel 

 

In the recent past a merger of SOI (silicon on insulator) and Si1-xGex seem to have 

caught interest. SOI being a thin body it is much more radiation tolerant than bulk Si 

substrate. It has also less parasitic capacitances. Since the devices are well isolated and 

there are no n or p wells latch up is not a problem. This is a very good radiation hardened 

device which will find applications in space electronics and high radiation environments. 

The layer sequence for such a device is as follows. Below the gate oxide the structural 

sequence is  Si cap/Si1-xGex /oxide (BOX) [ 162] - [ 165]. A sketch of the device is in 

Figure 4-15. 

Another new design which is getting attention recently is a double gate structure, both 

in Si and Si1-xGex based devices. In the Si1-xGex structure the undoped strained  

Si1-xGex layer is sandwiched between two p-Si layers. There is a gate each on either 

side, top and bottom. On application of gate voltage symmetrically to both gates the 
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valence band can be made to peak at the center of the Si1-xGex  layer. Thus carriers are 

totally  

 

Figure 4-15. Recessed SiGe channel HMOSFET in SOI process. 
 

moved away from interfaces, they are in a low field region, the channel is undoped 

and the channel is strained. All these together yields very high mobilities in spite of the 

fact that the gate channel capacitance is lower than that in a similar all Si structure. Due 

to the high mobility and lower gate capacitance it achieves very high speed of operation [ 

33.], [ 34]. Cut off frequency fT of 1000 GHz and ION of 3.6 mA/µ are reported. This is 

the highest   frequency of operation and on currents for Si1-xGex based devices reported in 

literature. A sketch of the device and band diagram are given in Figure 4-16. 

4.6 Generalized Structure for this Project 

Some of the most relevant p-HMOSFET structures found in literature are discussed 

above. Most of the publications center around a particular structure either fabricated or 

simulated. Due to this fact it is difficult to make a good comparison between them in 

terms of structural effects on performance. In the analytical analysis and design program 
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developed in this dissertation is a structure that can accommodate the necessary layers 

and other parameters discussed in previous subsections. The layering sequence given in 

 
Figure 4-16. Double gated p-HMOSFET. The channel is at the center, away from 
interfaces. 
 

Figure 4-13 is all inclusive of all previous devices. This however does not include the 

earliest structures given in the first paragraph of subsection 4.5.1. These are the ones with 

p+ doped layer above the QW. Some of these are also grown on a relaxed Si1-xGex 

starting layer instead of silicon. These are more complex to fabricate. These are not 

considered good structures since they have a doped thick layer on top of the channel 

layer. In case of relaxed Si1-xGex starting layer the starting surface is highly defective and 

good interfaces cannot be obtained [80]. So except those earliest structures others can be 

simulated in the analytical simulation and design program developed in chapter 6 by 

adjusting the input parameters fed into the program. A consensus of the future device 

structure is not very clear now. But the published works seem to lead certain structures in 

fabrication or analytical modeling. Figure 4-13 gives one such structure. These structures 
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are all merged in the analytical analysis and design program developed so that they can 

be simulated. For example structure in Figure 4-12 can be simulated by adjusting the 

other layers and keeping only the cap layer and the QW. This will be shown in chapter 6. 

The device proposed in this work has a thin intrinsic silicon cap layer, a thin  

Si1-xGex quantum well (QW) channel layer, an undoped silicon buffer layer, a p-doped 

layer and then the n-doped silicon substrate, in that order. A variable thickness p-doped 

layer is selected instead of p-delta doped layer used in certain other designs. This has the 

following advantages. The delta-doped layer is most commonly formed by high energy  

ion implantation which will damage the quantum well layer and cause strain 

 

 

 

Figure 4-17. Structure of the proposed p-HMOS. It has an undoped silicon cap layer, 
undoped Si1-xGex quantum well layer, undoped silicon buffer layer and a variable 
thickness p-doped layer followed by an n-Si substrate. 
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relaxation by breakage of interface bonds. This will deteriorate the interface by 

introducing dangling bonds at the interface and degrade the performance. A variable 

thickness p-layer can be used as an independent means of threshold voltage adjustment 

without undesirable doping of the n-substrate, as is done in short channel Si MOSFET. A 

highly doped p-delta layer is going to be bridging the source to drain. A high doping in 

this delta layer will reduce the junction barrier at the source. The device structure is 

shown in Figure 4-17. As indicated above this is a merger of structures found in 

literature. Even though n+ gate p-MOSFET is more prone to SCE the introduction of  

Si1-xGex channel can suppress this to some extent. The p-layer can enhance carrier 

confinement in the QW channel and give the correct threshold voltages along with the  

n+ gate [174]. Curiously a similar structure is reported in an SOI device without the .  

 

Figure 4-18. Potential (top two curves) and valence band edge (bottom two curves) of a 
p-HMOSFET for Vgs = 0 (outer curves) and Vgs = -1.5 V (inner curves). The straight line 
is the Fermi level. 
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p-layer. This has the same layering sequence up to the p-layer followed by silicon and 

bulk oxide [ 179]. Figure 4-18 shows the potential and valence band plots from the 

surface of the cap layer all the way into the bulk. The smooth curves are potentials. The 

valence band curves have a visible quantum well between 3 to 8 nm. These two are 

shown for low and high gate voltages. The straight line is the Quasi Fermi level for holes. 

This is just repeated here from chapter 7 to give an idea of the band structure of the 

general device selected for this work.  

4.7 Summary 

Effects of strain on thin films of Si1-xGex and their use in the design of  

p-HMOSFET is the main topic of this chapter. The lattice constant of Ge is slightly 

more than the lattice constant of silicon. So the lattice constant of Si1-xGex steadily 

increases  when the Ge fraction in the alloy is increased. When this alloy semiconductor 

Si1-xGex  is pseudomorphically (lattice matched) grown over a silicon substrate there will 

be compressive strain in Si1-xGex  film in the growth plane.  

The compressive strain causes a reduction in band gap. The reduction is mostly in the 

valence band. This leads to a discontinuity in the valence band. If the Si1-xGex film is 

grown in between silicon substrate and a top silicon cap layer type I QWs can be formed. 

Only very thin films of Si1-xGex can be grown since there is a critical thickness beyond 

which the strain relaxes. The critical thickness for Si1-xGex for a x of 0.5 is only about  

7 nm.  

The compressive strain also causes a reduction in the effective hole mass, increases 

the hole mobility and reduces the valence band density of states. There is speculation that 
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the reduction of effective hole mass will cause an increase in the saturation velocity 

beyond that of silicon.  

Further an introduction to p-channel hetero MOSFET or p-HMOSFET is given. The 

basic idea is to confine holes in a recessed undoped QW and transport through the QW. 

The strain induced mobility enhancement and the lack of dopant ions can accelerate holes 

to higher velocity compared to a MOSFET. If the vsat for Si1-xGex is higher the holes can 

attain velocities higher than the vsat in silicon, even in the velocity saturated regime of 

transport. A literature survey of the recent most popular p-HMOSFET structures is 

presented. Using this as a basis a simple p-HMOSFET structure with just the necessary 

structural components is selected for design and analysis in this dissertation. The 

selection is further justified.  
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CHAPTER 5 

DESIGN CONSIDERATIONS OF A P-CHANNEL HMOSFET 

Structural design considerations of a p-HMOSFET is discussed in this chapter. The 

structure of the device is presented and each of the structural components are discussed in 

detail. The limitations to be imposed on the structural components as well as the range of 

values for the structural parameters are described in detail. Now a p-HMOSFET can be 

designed by simply choosing appropriate structural parameter values from within the 

range for each structural component. The design will be carried out in chapter 6 and 

chapter 7 where the designed device is simulated. 

5.1. Introduction 

In chapter 1 basic ideas of hetero junction MOSFET (HMOSFET) were discussed .In 

chapter 3 and chapter 4 different HMOSFET structures and their simulation results were 

reviewed. In conventional silicon MOSFET the effective hole mobility is two to three 

times lower than that of electrons. In order to get the same current as its counter part n-

MOSFET the p-MOSFET has to be made two to three times larger in area. This increases 

the capacitances and slows down the circuit. So, the p-HMOSFET designs are pursued 

with interest in order to overcome the above drawback by exploiting the higher hole 

mobility achievable in strained Si1-xGex. But as discussed in chapter 4 most of the designs 

were not properly focused on their integration into silicon technology and are too 

complex and not very effective. This is because these designs basically followed the 

abundant experience available in AlGaAs/GaAs MODFETs using Schottky gate. The 
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same structure was initially copied into Si1-xGex devices with the exception of an 

insulated gate. In addition complex substrates were used in many of these devices. As 

mentioned in sub-section 4.2.2 there is mention of a critical thickness that depends on the 

Ge content, x. In order to control this critical thickness as well as to control the strain in 

the Si1-xGex  layer substrates with a different or graded Ge fractions were used. All these 

together made these designs ineffective, complex and costly to fabricate. Remember that 

one of the salient strengths of Si-CMOS is its simplicity in fabrication. Later on in the 

past decade new designs eliminating the above drawbacks began to emerge. Designs 

started to evolve from MOSFET features instead of the MODFET. These designs are 

simple enough and are suitable for low voltage operation at or below –1.5 V.  In addition, 

as will be seen in chapter 8, the low leakage current of p-HMOSFET is very attractive for 

battery operation.  

Curiously, a very elaborate and exhaustive discussion of the p-HMOSFET structure 

with varying layer sequences and properties is reported as early as 1994 [174]. Reference 

[174] explains in quite detail the significance and choice of gate material, effect of Ge 

profile in the SiGe channel, threshold adjustment, effect of silicon cap layer and gate 

oxide. One of the designs mentioned uses a p+ delta layer just below the SiGe channel to 

adjust potential to increase hole density. A very thin buffer layer is present between 

channel and the p+ delta layer. The channel profiling used in this case may effectively 

move carriers to the top of the channel thus reducing the ionic scatter from the p+ delta 

layer as well as improving gate-channel coupling [182]. Contrary to the majority of 

earlier publications where p+ delta layer was placed above the channel layer here 
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placement of the p+ delta layer is recommended below the channel layer. The doping of 

this layer is used for VT adjustment. A qualitatively optimized design for 0.2µm gate 

length is simulated and a VT value of –0.35 V is reported. The same device was also 

fabricated. With grading of the Ge profile during growth thicker channel layers can be 

grown. Analytical derivation of a similar structure as above, without the p+ delta layer, is 

available with derivation for the vital parameters [184]. The analysis gives a closed form 

equation for the threshold voltage.2D numerical simulation of sub-nanometer structures 

with Ge fractional grading of the QW channel are also reported [149], [182]. 

However almost all above designs are either fabricated with fixed parameters, 

simulations of only some chosen structures or optimization of a device for a single 

parameter, eg: the cap layer. These simulations do not give insight into the physics 

happening within the device since only the output parameters are plotted. Hence they 

cannot be used for diverse designs or optimization. A general structure that seems to 

catch up momentum in recent publications is as follows. The basic structure consists of 

gate oxide, silicon cap, SiGe channel, an optional buffer layer, optional p+ delta layer and 

n-substrate. The dimensions and properties of various layers are not analyzed or studied 

in detail, in these publications, other than in a heuristic and intuitive fashion.  

In Section 5.3 the structure of the device chosen for this project along with the 

significance of each layer and their influence on the device behavior are discussed in 

detail. Design variables are identified. Since the HMOSFET has many parameters a 

notation for the device is suggested to explain the device in a condensed manner. 
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5.2. Material Considerations 

The theory of operation of HMOSFET is similar to that of the n-channel GaAs 

MODFET [ 161]. In the case of p-HMOSFET the carrier transport occurs in the undoped 

QW region yielding very high mobilities. Since the carrier transport occurs in a thin QW 

layer the material considerations of this layer are paramount. Factors like interface 

impurities, interface roughness, interface morphology and layer thickness play a crucial 

role in the transport. UHVCVD is used to grow the thin Si1-xGex layer [23], [ 161]. It is 

important that the starting silicon surface is atomically smooth in order to start a lattice 

matched or pseudomorphic growth of the Si1-xGex layer. The growth is pseudomorphic 

since the silicon growth surface and the grown Si1-xGex have slightly different lattice 

constants but have the same crystal structure allowing lattice matched growth with 

associated strain [ 111]. It can be noted here that a higher Ge fraction can produce more 

defects like dangling bonds at the interface, which will impede transport of carriers. 

Higher Ge fraction also puts a limit on the layer thickness due to the reduced critical 

thickness as discussed in chapter 4. The ultra high vacuum as well as the low temperature 

growth improves the quality of the interfaces. Hydrogen passivation of the silicon starting 

surface reduces surface reactivity thus keeping the surface devoid of impurities. Carefully 

grown QW layers with all of the above growth conditions yield very low defect interfaces 

with impurities as low as 106/cm2 [ 111 ]. This is better than the best Si/SiO2 interface 

which has impurity concentrations of 109/cm2. 

5.3. p-channel HMOSFET Structural Details 

A sketch of the proposed p-HMOSFET is given in  
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Figure 5-1. It consists of a n+ poly silicon gate, thin gate oxide layer, thin undoped 

silicon cap layer, strained undoped SiGe QW channel layer, undoped silicon buffer layer, 

p-doped silicon layer and a n-doped substrate. Each of these layers has its own 

significance and has to be designed appropriately. In the following sections each of the 

above is discussed separately starting from the substrate upwards, which make 

explanations easier.  

5.3.1. The Substrate 

The substrate doping is similar to that in conventional MOSFET. The HMOSFET 

structure is shown in  

Figure 5-1. All layers above the p-Si are undoped and can be considered to be nearly 

insulators. Depletion due to gate voltage occurs, under the p-Si layer, in the n-Si 

substrate. Mostly this doping controls the threshold voltage. However some control is 

possible by the p-Si layer doping since this doping can alter the potential distributions 

within the device. But this p-layer cannot be doped heavily since it will constitute a 

leakage path from source to drain. This can be seen with the help of the top part of the 

band diagram given in Figure 5-2. The bottom part of this figure shows the barrier at the 

source-substrate junction. The barrier at the source junction through the p-layer is less 

than the same through the substrate. It should also be noted that these top layers are all 

thin constituting only 18 – 20 nm including the p-Si layer. So for a shallow 30 nm 

diffusion the bottom half of the source and drain is in contact with the n-Si substrate. This 

will be a route for sub-surface punch through. Raised source and drain is a solution to this 

problem. In order to find a minimum value for the n-Si substrate doping, for a particular 
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channel length, an approximate formula suggested for short channel MOSFET may be 

used [185] This doping may be sufficient to stop subsurface punch through from source 

to drain under the gate length of the device. The HMOSFET structure is quite different 

from the MOSFET structure, so it is not expected that equation ( 5.1) will be very 

accurate for the HMOSFET. However, this formula is used only as a guideline to 

estimate the doping where short channel effects begin to be a problem.  

 
 
Figure 5-1. Sketch of the generalized p-HMOSFET used in this study. It consists of a  
n+ gate, gate oxide, undoped Si cap layer, undoped strained SiGe channel layer, udoped 
Si buffer layer, p-doped Si layer and n-doped substrate.  

 

This estimate is used only as a starting point to discuss short channel effects using the 

numerical simulator later on.  

 3/12
min ))(( DSOXj WWtxAL +=  ( 5.1 ) 

where A is a proportionality factor, xj is the source and drain junction depth, tox is the 

gate oxide thickness and  Ws + Wd is the sum of the source and drain depletion widths 

with Vds = -1.5 V.  



   

 

 

181 

5.3.2  The p-doped Si Layer 

Instead of the high dose delta layer used in many publications [148], [168] a 

moderately doped p-Si layer is substituted. Both the ion beam and the high temperature 

used in delta implant will degrade the channel layer interfaces and relax the built in 

strain. This will degrade the mobility considerably. Mostly the threshold voltage is 

controlled by the depletion in the n-Si substrate below the p-Si layer in  

Figure 5-1. This p-Si layer gives  

 
Figure 5-2. (a) Band diagrams from source to drain through p-Si layer through the section 
A-A (b) through Si substrate through the section BB of  
Figure 5-1. The barrier at the source through the p-layer is less than that through the 
substrate. 

 

only a slight increase in the threshold voltage. This is because the downward band 

bending due to the p-Si layer has to be compensated by an additional small gate voltage 

increase. Since this p-layer is of finite size it can be grown at low temperature CVD thus 

avoiding the damage caused by ion bombardment. This layer has a fixed doping of 
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5e18/cm3 in the simulations presented here. This value is chosen since lower values were 

not very effective in the adjustment of VT. By varying the thickness of this p_Si layer the 

effective number of holes in this layer can be varied. As shown in Figure 5-3 a lower 

doping of this layer gives more barrier at the source – p-Si junction reducing the off state 

leakage currents caused by thermionic and diffusion processes. To keep these currents 

low at least a barrier of 3kT/q must be kept. So the doping parameter in the p-Si layer 

should be )/3()2/( qkTEg −  or lower. 

 

 
Figure 5-3. Source to p-layer barrier at the source junction. Higher p-layer doping 
reduces this barrier 
 

5.3.3  The Undoped Si Buffer Layer 

A thin undoped Si buffer layer is placed above the p-doped silicon layer. This reduces 

the Coulomb scattering of carriers in the QW channel layer due to the negative ions in the 

p-doped layer. If this undoped layer is too thick, it can cause a hump in the valence band 

and collect holes leading to a parasitic QW which will reduce the hole density in the QW 

well channel. This is because the available carriers are shared by the quantum well and 
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the hump. Considering that the hole wave functions from the Si1-xGex channel can 

penetrate roughly 2nm to this layer [ 158] a minimum of 3nm thickness is desirable. In 

addition, as seen from simulations, more than an order of difference seem to exist in the 

hole population between the top and bottom of the Si1-xGex quantum well. This is because 

the top of the QW is closer to the quasi Fermi level when a gate voltage is applied. As 

seen in chapter 3 the shape of the top of the QW is under the influence of the number of 

p-layer dopant atoms. So most of the carriers are up and away from this buffer layer. This 

will further reduce the Coulomb scatter due to negative ions in the p-doped layer. This 

buffer layer also affects the threshold voltages but its effect was found to be very low, in 

simulations of chapter 7, compared to Nsub and p-layer thickness. 

 

Figure 5-4. Valence band diagram of p-HMOSFET at high Vgs. The n-Si substrate 
parabolically bends the band upwards and the p-Si layer within its width bends it 
downwards. Both the buffer layer and the cap layer have no charges. Hence the transition 
through them is linear. The QW is nonlinear since the hole distribution within it and the 
potential are coupled. 
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5.3.4 Strained Si1-xGex Quantum Well Channel Layer 

Carriers, in this case holes, are confined to this QW layer. Conduction from source to 

drain occurs through this layer. Hence this layer is most important. At the same time 

design of this layer is more complex since it depends on many factors. Maintaining the 

compressive strain in this layer and keeping the interfaces defect free are important to 

attain high mobility. If this layer is too thin quantization will occur and the hole density 

will be reduced. A thin layer will also degrade mobility due to higher interaction with the 

interfaces. If the Ge fraction is high the abrupt transition from the undoped Si buffer layer 

discussed above to Si1-xGex layer, and vice versa at the top of the Si1-xGex layer, will 

introduce more dangling bonds or defects at the interfaces leading to degradation in 

mobility. Hence the choice of Ge fraction and the thickness of this channel layer are very 

important. However, this layer thickness should be less than the critical thickness 

mentioned in chapter 4. As described in chapter 4 the critical thickness is only 7 nm for a 

Ge fraction, x, of 0.5. 

Compressive strain of this layer along the channel is necessary to gain the higher hole 

mobility and hence higher ON currents. The strain increases with the Ge fraction x. The 

valence band discontinuity increases with Ge fraction. The band gap reduction in the Si1-

xGex channel is mostly in the valence band, almost 97%, and can be approximated as 

below [80]. This is copied here from chapter 4. 

 xEV 74.0=∆  ( 5.2 ) 

In order to avoid spillage of holes into the cap layer lying above the QW channel layer 

sufficient band edge discontinuity should be provided. A minimum fraction of 0.3 is 
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found to be necessary, in simulations of chapter 7,  to keep holes confined to the QW 

channel layer even with a thin cap layer as thin as 3 nm. The linear equation for valence 

band discontinuity is not accurate above a Ge fraction of 0.6. Moreover as mentioned 

above higher values of x will degrade interfaces due to the abrupt transition in lattice 

constant. Hence a range of values of x between 0.3 to 0.6 is chosen for simulations.  

In order to preserve the strain in the Si1-xGex layer the thickness has to be below the 

critical thickness as discussed in Chapter 4. This depends on Ge fraction and growth 

conditions. For increasing Ge fractions the critical thickness reduces. As an example the 

critical thickness is only around 9 nm for a Ge fraction of 0.3.This falls to about 7 nm for 

a Ge fraction of 0.5. Other than this there will be quantization effects and band splitting 

in the quantum well if it is too thin. This will lead to reduced hole density confinement 

due to reduction in density of states. But the lowermost energy wave function is shown to 

spread only to about 5 nm [ 87 ], [ 176 ]. Considering the above the Si1-xGex quantum 

well channel thickness is kept fixed at 5 nm in simulations. 

5.3.5  The Undoped Si Cap Layer 

The undoped cap layer and the recessed undoped Si1-xGex quantum well channel are 

main reasons for the superior performance of HMOSFETs. The cap layer separates 

carriers physically from the inferior Si/SiO2 interface. The carriers confined in the  

Si1-xGex channel layer lie close to the interface formed by the QW channel layer and 

the cap layer. This interface is pseudomorphically grown and have very low defects and 

impurities as discussed in chapter 4. So the carrier mobility is not very much degraded. 

The choice of this cap layer thickness is important. The hole wave functions from the  
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Si1-xGex channel layer are found to spill over by about 2nm [ 158]. So a thickness 

more than 2 nm will avoid any interaction of holes in the quantum well with the Si/SiO2 

interface.   

If the cap layer is too thick surface inversion will take place before the QW inversion 

as shown in Figure 5-5. For the HMOSFET there are two threshold voltages, one for the 

QW channel and the other for the surface inversion. They must be well separated to avoid 

parallel channel at the surface in the cap layer. From this viewpoint it is better to keep the  

 

Figure 5-5. Valence band plot at high Vgs value. The thick cap layer leads to inversion 
near Si/SiO2 interface. 

 

cap layer thickness a minimum. From this and the wave function containment in the 

QW channel layer a thickness of 3 nm is chosen. Also this is a thickness that can be 

grown with minimum defects. This value is kept constant in the simulations. The cap 

layer thickness also affects the threshold voltage. The depletion region is below the p-Si 

layer. A thicker cap layer will reduce the gate coupling or capacitance to this depletion 

region. So the threshold voltage VT will increase. It is to be clarified here that VT is the 
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threshold voltage for the QW channel and VTS is the threshold voltage for the surface 

channel formation. VTS is higher than VT , in magnitude, in a well designed device. This 

device can only be operated between these two threshold levels. 

5.3.6 Gate Oxide 

The lower the gate oxide thickness the larger the gate to channel capacitance and 

larger the transconductance. However to keep the gate leakage currents due to tunneling 

low at least a thickness of 3 to 4nm is needed [168]. Also at 3nm good quality oxides can 

be grown. Hence, gate oxide thickness is kept fixed at 3nm. 

5.3.7 Gate Material 

The gate material work function selection is important since it determines threshold 

voltage. The gate material can be chosen as n+ or p+ polysilicon. Selection of p+ gate 

will give near zero VT. This is not desirable since the OFF currents will be high. n+ gate 

gives a VT near 0.5 - 1.0 V. Hence n+ polysilicon gate is chosen. The value of VT 

mentioned here is high compared to MOSFET devices but simulations in chapter 8 shows 

that HMOSFET can give currents comparable to MOSFET even with this high VT. 

5.3.8 Fixed Parameters and Design Variables 

From the discussion of structural parameters above a list of parameters can be made.. 

As discussed some of the parameters can be set at their optimum values. Changing these 

will only make the device inferior. So they are kept fixed. The rest of the parameters are 

varied in the simulation to arrive at appropriate ranges and design windows. So the 

parameters are grouped into fixed parameters and design variables. The following 

parameters are at their optimum feasible values and are treated as fixed parameters. 
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1. n+ poly silicon gate  

2. Gate oxide thickness = 3 nm 

3. Undoped Si cap layer thickness = 3 nm 

4. Undoped Si1-xGex QW channel layer thickness = 5 nm 

5. p-doped layer doping density = 1018/cm3 

This leaves the following parameters as design variables, 

1. Substrate  doping density Nsub/cm3 

2. p-doped layer thickness Xp 

3. Undoped buffer layer thickness Xbuf 

4. Undoped SiGe quantum well Ge fraction x 

All of the above parameters were discussed in the previous sub-sections. 

5.3.9 Device Notation 

The layers and doping concentrations are discussed above. Since many parameters are 

involved it is difficult to explain the device. Hence it is good to have a notational scheme 

that can be easily understood. The gate oxide thickness is assumed to be fixed at 3 nm. So 

this can be omitted from the notation. Starting from the cap layer up to the substrate the 

following have to be specified. The layer thicknesses , the Ge fraction of the QW, p-layer 

doping density and substrate doping density. So the following notation includes all the 

above in a condensed manner. 

Xcap, XSiGe, Xbuf, Xp/x/Np, Nsub 
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The above are thickness of the cap layer, thickness of the SiGe QW layer, thickness of 

the buffer layer, thickness of the p-layer/ Ge fraction in the QW/ p-layer doping density, 

substrate doping density.   

5.4 Summary 

Design considerations related to structural parameters are discussed in this chapter. 

First the necessity of the pseudomorphic growth of the QW layer and the cap layer was 

stressed. This is to make sure that the QW walls have the least defect density. The 

significance of the Ge fraction, x, in the QW was discussed. The significance of the width 

of the QW was discussed. The importance of the proper choice of x was stressed. 

Then the structural parameters of the p-HMOSFET were identified. The limitations, 

ranges and optimum values of these parameters were discussed. Some of the parameters 

were identified to be fixed parameters since it is better to leave them at their optimum 

values. Rest of the parameters were identified as design variables.  

Unlike conventional MOSFET the p-HMOSFET requires several parameters to be 

specified to explain the device. This is difficult to convey without being much verbose. 

So a compact notational definition of the p-HMOSFET is proposed.  
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CHAPTER 6 

ANALYTICAL ANALYSIS AND DESIGN PROGRAM 

The main goal of this project is to develop an easy to use analytical program that can 

quickly analyze a device structure that has the basic structural parameters to design a 

strained SixGe1-x p-channel HMOSFET (hetero junction MOSFET). A device structure of 

this sort was introduced in chapter 4. Unlike MOSFET which has adopted a finite 

structure more than three decades back a common-stay general device structure is yet to 

be adopted for HMOSFET. The structure discussed in chapter 4, Figure 4.17 has the 

necessary basic structural parameters and looks like a structure that has the potential to 

becoming a generally acceptable one. Hence that structure is chosen for the design 

program. This program should provide internal parameters like potentials and hole 

densities as well as terminal characteristics. This enables the designer to quickly evaluate 

effects of any design changes and enables optimization of the device by knowing certain 

parameters like hole density ratio ph/p0 where ph is the hole sheet density in the quantum 

well and p0 is the hole sheet density at the top of the cap layer (oxide interface), both at 

ON state. In this chapter the development and validation of such an analysis program is 

presented. 

First of all the designer should arrive at a near optimal design by adjusting the input 

parameters. Once a near optimal design is reached the design can be fine tuned by 

running a few simulations in the numerical simulator. First of all this saves a whole lot of 

time. Secondly it is very easy to visualize the impact of parameter changes instantly and 
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make corrections quickly and get the results for evaluation. It is not possible in the 

numerical simulator. The numerical simulator takes too much time to draw the device and 

input parameters, eg. doping profiles. The simulator takes too much time. It is difficult to 

do the book keeping of all the inputs and outputs. The simulator do not give an idea of 

the Physics involved. On the contrary plots like potentials and hole density distribution 

can be instantly viewed in the analytical program which gives a quick feed back for 

further parameter changes thus quickly progressing towards an almost mature design. So 

the analytical analysis and design program developed here can be looked upon as an user 

interface between a start up design and the numerical simulator. That means most of the 

design is carried out quickly in the analytical program and only a few numerical 

simulations are required. 

6.1 Solution of One Dimensional Poisson Equation 

In order to make an analysis of the device internal potentials are of vital importance. 

All other properties of the device depend on them. Since a simplistic implementation of 

the analysis is desired it is assumed that the device is a long channel device. This avoids 

the two dimensional nature of potential contours of short channel devices. What this 

means is that a one dimensional Poisson solution of the potentials could be derived. Later 

in chapter 8 a correction is added to this program to approximately solve short channel  

p-HMOSFET. So in this section the solution of the Poisson equation will be discussed. 

The structure of the device is reproduced here since references are made to different 

labels in the figure. Figure 6-1 shows a sketch of the proposed p-HMOSFET that is used 

for analysis in this project. It has the dimensions and co-ordinates which appear in the 
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Poisson solutions. It is the same structure described in chapter 4, Figure 4.17. It is 

reproduced here for easy reference and appropriate labels are added to it. 

 

Figure 6-1. Sketch of a p-HMOSFET showing the different regions, dimensions and  
co-ordinates. Si1-xGex QW is the conduction channel layer.  

 

The solution details of the Poisson equation are given in Appendix C. The Poisson 

solution closely follows one of the published works [184]. But there are differences in the 

structure and what is being accomplished. In the device used in this project there is an 

additional p-layer to provide some independent control of the threshold voltage. The 

published work is about few parametric studies whereas the work presented here is aimed 

at providing an easy to use full analysis and design program. The analytical program to 

follow the Poisson solution provides most of the necessary parameters, internal and 

external. This will be discussed in the program section below. The necessary solutions 

and the derivation of equations to be used in the program are discussed here. A list of few 



   

 

 

193 

variable names is given below for easy reference before discussing the Poisson solutions. 

Rest of the symbols found in equations can be found at the beginning of Appendix C. 

1. Kbuf – A constant parameter defined in the buffer layer 

2. Ksige – A constant parameter defined in the SiGe layer 

3. Kcap – A constant parameter defined in the cap layer 

4. ξ4 – Electric field at x = x4 

5. φ4- Potential at x = x4 

6. Np – p-layer doping density per cm3 

7. ND – substrate doping density per cm3 

The Poisson solution for the structure of Figure 6-1 is given in Appendix – C. The 

potential solutions within each region are first used for plotting overall potentials, hole 

densities, integrated hole sheet density, centroid of the hole density distribution and so 

on. The centroid is used for the correction of gate-QW hole channel capacitance 

correction along with COX. The potential at any point φ(x) along the center of the device 

can be found by adding up potentials of each region and the potential in the region where 

the point is located. So first a potential plot is generated, φx vs x. Then the interest is to 

find the hole density distribution. Using equation ( 6.9) and neglecting the density of 

states term the hole density can be written as,  

 

 
)(exp)( XTHD kT

q
Nxp φφ −







=  
( 6.1) 

  

As shown in Appendix C section C6 the above equation can be written as, 
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If the second exponent due to the valence band discontinuity is removed this is the same 

as the MOSFET case. Since φx is known the hole density at any location p(x) vs x can be 

plotted. 

The aim is to find the hole densities in the quantum well and at the surface channel 

near the oxide interface for any applied gate voltage. Next the threshold voltages need to 

be found. This device has two threshold voltages as mentioned in chapter 5. One is when 

the quantum well channel layer begins to get populated with holes. This is the desired one 

and is represented by VT. Further increase in gate voltage will begin to populate the cap 

layer at the oxide interface, at some higher value, just like a MOSFET. This is an 

undesirable channel as described in chapter 5 and is represented by VTS. Knowing these 

values the drain saturation voltage VDsat and current IDsat can be calculated. In order to do 

this the potential at the top of the quantum well φH and the surface potential in the cap 

layer φ0 are needed. If, at x = x4, ξ4 and φ4 are known the rest of the potentials can be 

found. In the QW layer and the cap layer a correction term H(φ) need to be taken into 

account in order to account for the holes in the QW. For Vgs > VT ξ4 can be found if 

Xdmax is known. The relationships between them are given below, 
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Xdmax is the depletion depth in the substrate when the quantum well begins to fill with 

holes or at Vgs = VT, k is the Boltzman constant and LD is the Debye length. Another 

parameter to be introduced is the threshold potential φTH. This is the value of the potential 

φH at the top of the QW, at x = x1, when holes begin to fill in the quantum well [184]. 

Here the threshold is defined similar to the MOSFET case. Since there is no inversion in 

the QW it is defined as the potential twice negative than that of the substrate. Unlike in 

the case of MOSFET it may not mean that there are as many holes as there are electrond 

in the substrate. Since the valence band is lifted up in the QW that discontinuity is 

directly added to the above. The third term can be found by equating the carriers in Si and 

SiGe for the same φB [184]. Another definition could be the potential at which the hole 

density in the QW becomes equal to electron density in the substrate. At this condition 
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the depletion layer charge no longer depends on gate voltage. This is confirmed from 

simulations with the numerical simulator ISE-TCAD [109].  
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NV(si) and NV(SixGe1-x) are the valence band density of states for silicon and SixGe1-x 

respectively.Referring to Appendix – B section B4 the form of the electric field inside the 

SiGe QW complicates integration to find the potential in the QW. The electric field 

equation is copied here for reference since a condensed term H(φH) appears in the 

equations to follow.   
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To proceed with the integration in the cap layer an assumption is made that the 

contribution of holes in the QW to the potential is small and hence the H(φx) term is 

negligible [184]. Referring to Appendix – C, equation A7 and noting the fact that the 

potentials are negative the second exponent in the H(φx) can be neglected. Above the QW 

in the cap layer the H(φx) term becomes a constant H(φH) since the contribution of holes 

stops at x = x1. When the number of holes in the QW is small (Vgs  < VT) the first 

exponent is also small and the H(φH) term can be neglected. When there are many holes 
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in the QW (Vgs  > VT) H(φH) >> 1 and only this term need to be retained under the square 

root. 

Knowing the gate voltage Vgs and the gate to semiconductor work function difference the 

following equation can be written by inspection. A quantum well potential φH is present 

at the top of the QW . Then the field at the back of the QW (x = x2), modified by the 

H(φH) function to include the field due to holes, is used to compute the field at the gate, 
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In the above it can be assumed that at the threshold point there are not much holes in the 

quantum well and hence the H(φ) function can neglected. Knowing that φH =φTH  when  

Vgs = VT  the threshold voltage can be written as, 
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The potential at the surface x = 0 can be written as below. This is different from the 

equation (C.12) given in appendix C It assumes that φ4 is known. This is what the Excel 

spread sheet program is going to do. 
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Again the potential at the surface can be equated, 
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At Vgs = VTS φ0 = φTS where φTS = 2φB. Again neglecting the H(φH) term the surface 

threshold VTS can be written as, 
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In order to find the hole densities for any gate voltage φ4 must to be found. This is done 

by finding ξ4 first as shown below and then using equation ( 6.6) to find φ4 . The surface 

potential φ0 can be related to Vgs and the field at interface x4 can be solved as shown 

below. 
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Solving, 
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C13 contains constant terms and C14 contains Vgs and some constant terms. To keep the 

focus clear they are not listed here. What is important is that the gate voltage Vgs is part 
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of this equation. So electric field at x = x4 (ξ4) can be found for any Vgs input using this 

equation. Note that this procedure is for the sub-threshold region. For the above threshold  

region ξ4 is found from Xdmax using ( 6.5). Xdmax is found as follows. The potential at the 

top of the quantum well can be written as, 

 capH KC +−= 944 ξφφ  ( 6.22) 

C9 is a structural constant and Kcap is an integration constant from the solution of the 

Poisson equation Substituting for φ4 and ξ4 from equations ( 6.5) and ( 6.6) and noting 

that φH = φTH at threshold voltage Xd can be solved for at the threshold voltage 

 CCCX d −+−= 2
99max  ( 6.23) 
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C9 contains some structural constants and C contains some constants and φTH. C also 

contains a LD term. So Xdmax is both a function of structure and substrate doping. In order 

to find the hole density for Vgs > VT (magnitude) the potential φH is needed. How to find 

φH for an applied Vgs is explained next. The equation below is written by inspection. The 

field at the bottom of the QW passes through the QW modified by the field contributed 

by the holes present. Apart from that top of the QW is at a potential φH. Extending this 

potential and the field to the gate the following equation can be written. 

  
 









+








−−=− OX

OX

Si
cap

Si

PP
HMSg XX

XqN
V

ε
ε

ε
ξφφ 4  

( 6.26) 

 



   

 

 

200 

Taking φH to the left, taking log and after some manipulation, 
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The potential at the top of the QW φH is needed to find the hole density. Note that φH 

in equation ( 6.27) has a circular relationship and an iteration is required to find φH. 

Now all necessary values are available and ξ4 can be found for any gate voltage. From 

ξ4 φH can be found and then hole density in the QW can be found. φ0 can be found from 

equation ( 6.14). That can be used to find the surface hole density. The analytical 

program uses few of the above equations in its computations. So the analytical program 

will be discussed next. 

6.2 Analytical Analysis and Design Program 

In the previous section the solutions of the one dimensional Poisson equation was 

discussed The solutions were also manipulated and set up to compute the parameters of 

design interest. One of the vital parameters is difference between the threshold voltages 

VT and VTS. This tells how much margin is available for operating voltage. It also tells 

how inferior or superior the mobility is going to be. A high VTS is desirable to reduce the 

inferior surface channel conduction. Another parameter of interest is the ratio of the 
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quantum well hole density to the cap layer surface hole density, pH/p0. This in fact is 

dependent on VT and VTS but gives a quantitative assessment rather than a qualitative 

assessment. A higher hole density in the QW is desirable. Knowledge of hole sheet 

density could be used in current calculations. From the terminal characteristic point of 

view the saturation current IDsat, drain saturation voltage VDsat, sub-threshold parameter S, 

VT and VTS are of interest. 

The analytical program developed here is written with the above requirements, which 

a device designer is interested in. Such a program is not found in the literature. Programs 

found in the literature mainly focus on couple of parameter studies like how the cap layer 

thickness affects performance, for an example. There are publications on fabricated 

devices. But that is not a way to make an optimum device. So the type of design program 

developed here is of much value from the design point of view. The overall structure 

choice is fixed. That means additional layers cannot be added. But layers can be removed 

by making the dimension and doping densities negligible. However the overall structure 

chosen for this program seems to have enough layers to make an optimum device and 

similar structure appears in many publications in the recent past.  

6.2.1 Program Inputs and Outputs 

The device was explained in chapter 4 and the layer details are given in Figure 6-1. 

Using this program effects of structural and dopant changes can be found almost 

instantaneously. This is not possible with numerical simulators like the one used here for 

comparing the analytical program results. For each change one has to wait for many 

minutes or hours to get a response, has to process the data and make plots to visualize the 
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results and it is difficult to keep track of the direction the designer is headed for. 

Referring to Figure 6-1 he following parameters can be changed in the analytical program 

and the outputs can be evaluated until desired design performance is achieved,  

1. Cap layer thickness Xcap  

2. SixGe1-x QW thickness XSiGe 

3. Buffer layer thickness Xbuf  

4. p-layer thickness Xp  

5. Substrate doping density Nsub  

6. p-layer doping density Np  

7. Device channel length Lg  

8. Drain voltage Vds  

9. Gate voltage Vgs   

The program can provide the following output plots for changes in the structure. 

Unlike the numerical simulator these plots need not be individually selected and plotted. 

All of these plots are available immediately after completing the analysis, which is only 

minutes at the maximum. To sort out all of the following from a numerical simulator 

output will take hours. 

1. Plot of potential φx vs depth x 

2. Plot of valence band edge EV vs depth x 

3. Plot of QW potential φH vs gate voltage Vgs 

4. Plot of QW hole density pH vs gate voltage Vgs 

5. Plot of surface channel density p0 vs gate voltage Vgs  
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6. Plot of ratio of pH/p0 vs gate voltage Vgs  

7. Drain characteristic of the device (Ids vs Vds) 

8. Gate characteristic of the device (Ids vs Vgs) 

In addition to the above one can also have the following output values. 

1. The QW threshold voltage VT  

2. The surface threshold VTS  

3. Quantum well hole density ph for a given Vgs  

4. Surface hole density p0 for a given Vgs  

5. Ratio of ph/p0 for a given Vgs 

6. Hole sheet density ps for a given Vgs 

7. Drain saturation voltage VDsat  

8. Drain saturation current IDsat  

9. Sub-threshold parameter S 

Apart from the above it is also possible to perform a ‘goal seek’ in Excel to get an 

exact drain current IDsat by changing any one of the parameters 

6.2.2 Dissection of the Program 

The program is implemented in Excel spread sheet. The parameters set up in section 

6.1 are computed by the program and they are then used to find the parameters listed in 

previous sub-section. The steps of the program are as follows. These can be seen on the 

left side of the Design Program page of Appendix D. 

 

1. Calculate φTH using equation ( 6.9) 
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2. Calculates Xdmax  using equation ( 6.23) 

3. Calculates VT using equation ( 6.13) 

4. Calculates φTS using equation ( 6.10) (which is double the value) 

5. Calculates VTS using equation ( 6.17) 

6. Calculates φH (PHIH!) using equation ( 6.27) and the gate voltage 

7. Using φTH  and φH compute the H(φH) function 

8. Computes ph using φH  

9. Computes surface potential φ0  

10. Computes surface hole density p0  

11. Computes φx  

12. Computes hole density p(x) 

13. Scans Vgs and computes ξ4 , potential at x4  

14. Computes φH from ξ4 . This equation is a circular one and need iteration  

15. Computes hole density in QW pH  

16. Computes φ0  

17. Computes p0  

The above gives all the necessary internal parameters to plot. Figure 6-2 shows a flow 

chart of the program to find the hole density pH in the QW. When Vgs <VT (magnitude) 

the contribution of holes in the quantum well to the field can be neglected and the H(φx) 

term in equation ( 6.11) can be neglected. The field ξ4 at x = x4 can be computed using  
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equation ( 6.19). The potential φ4 at x = x4 can be computed using equation ( 6.6). Using 

φ4 and knowing that the field is only ξ4 the potential φH can be found. From this the hole 

density in the QW pH can be calculated. If Vgs >VT then the H(φx) >> 1 in  

equation ( 6.11) Now it is more difficult to find the quantum well potential φH. Here 

Xdmax is found using equation ( 6.23). Then ξ4 is found using equation ( 6.5). Now φH can 

be found using equation ( 6.27).  This equation has a circular relationship to φH. Hence 

iteration is done to find the value of φH.These details are shown in Figure 6-2. A starting 

seed value must be given. Normally the value from previous run will be used. But if 

iteration fails a seed value will be needed. A value of 1 or above is enough as learned 

from simulations. The neglect of the second exponent term in equation ) causes a small 

error in surface potential φ0 compared to the numerical simulations. However this is less 

than 5 % of numerically simulated φ0. 

The surface potential is directly found from equation ( 6.14). H(φH) can now be 

calculated since φH is computed in the flow chart. In equation ( 6.11) the second exponent 

is neglected and φx is substituted with φH. The main design page of the program is shown 

in page - 1 of Appendix C under parameter design. Top left of the panel has the input 

variables. Bottom left has the output variables which can be monitored almost 

instantaneously. Right side shows three sets of plots of interest. Page – 2 is the 

computational page. Phi_TH is φTH, VT_, VTS_, Xdmax_ are VT, VTS and Xdmax 

respectively.H_PhiH is H(φH).φH_ is ph. 
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Figure 6-2. Flow chart of the analytical program showing the computation of hole density 
pH in the QW. 
 

Now the program computes the terminal characteristics using the following equations. 

Critical field,  
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The following formula which takes into account velocity saturation is used for plotting 
drain characteristic [ 118], The main interest is in the IDsat but the linear region is used 
here only to generate Ids vs Vds plots. 
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6.3 Verification of the Analytical Program 

After the analytical program is completed and found to be functional it is necessary to 

evaluate its accuracy by comparing the results with another simulator, preferably a 

numerical based one. In this case the ISE-TCAD numeric simulator was used [109]. A 

device with structural parametr values similar to published works mentioned in chapter 4 

was set up both in the analytical program and the numeric simulator. The device details 

are as follows, 

1. Undoped cap layer thickness Xcap of 3 nm 

2. SiGe QW channel layer thickness Xsige of 5 nm 

3.  Undoped buffer layer thickness Xbuf of 5 nm 

4. Doped p-layer thickness Xp of 5 nm 

5. SiGe QW Ge fraction of 0.3 

6. p-layer acceptor doping density of 5x1018/cm3 

7. Substrate donor doping density of 5x1018/cm3 
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Based on the notation given in chapter 5 this device can be represented as 

3,5,5,5/0.3/5e18,5e18. This device is simulated both by the analytical program and the 

numeric simulator. Since the internal functions like potentials give more accurate picture 

of the device function they are compared. The potential along the depth of the device 

starting at the oxide interface, potential at the top of the SiGe QW, hole density at the top 

of the QW, hole density at the top of the cap layer and integrated hole sheet density in the 

QW are compared. These are given in the following sub-sections. 

6.3.1 Potential functions 

Since the internal potential distribution determines characteristics of the device and 

carrier density distributions the same has to be accurately evaluated in the analytical 

program. The device described in section 6.3 was simulated using both the analytical 

program and the numerical simulator from ISE-TCAD [109]. Figure 6-3 shows the 

results. The match between the two results is extremely good for low and high Vgs and 

are indistinguishable. For Vgs value near VT (-1.2 V) a slight split is visible, above the 

SiGe QW, in the cap layer. This is because the H(ϕH) function used to incorporate the 

effect of holes in the QW. This function has a discontinuity in the analytical model. At 

low Vgs contribution of H(ϕH) function is very low and is neglected compared to one in 

equations like ( 6.12). For high Vgs H(ϕH) is very large compared to unity. So near VT the 

approximations do not work well and iteration using the equation ( 6.27) do not produce 

correct results. Another point to observe is that the potential, particularly at the top of the 

SiGe QW located at 3 nm, varies only slightly for Vgs above VT. An enlarged view of the 

top region is given in Figure 6-4. The potential for Vgs equal to –1.5 is not very different 
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from the Vgs equal to –1.2 case. This is because the QW is nearly at inversion for the 

latter case and holes accumulated in the QW shields the depletion layer in the substrate. 

A sharp bend is noticeable at the top of the QW. This is due to the large number of 

holes accumulated at the top of the QW whose effect is represented by the function 

H(ϕH). The iteration overestimates H(ϕH) near Vgs = VT region.  
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Figure 6-3. Potential variation with depth for the device 3,5,5,5/0.3/5e18,5e18 for 
Vgs = -0.5, -1.2, -1.5. The device has a VT of –1.25. The match is very good for  
–0.5 V and –1.5 V. Near –1.2 V (near VT) there is a discontinuity in the potential 
function approximation. 
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Figure 6-4. An enlarged view of Figure 6-3. Both low and high Vgs simulations match 
extremely well but a slight split is obvious for Vgs  near Vgs = -1.2 V. This is explained in 
Figure 6-3. 

 

Potential plots comparison between analytical program and numerical simulator along 

depth for a device 3,5,5,5/0.3/5e18,5e18 is shown in Figure 6-5 and Figure 6-6.  

Figure 6-5 is for a Vgs = -1.2 V and Figure 6-6 is for a Vgs = -1.5 V. The plots are 

displayed separately to show the near perfect match of the result from the analytical 

program to the result from the numeric simulator.  
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Figure 6-5. Comparison of potential plots from analytical program and numerical 
simulator. Vgs = -1.2 V. Device is 3,5,5,5/0.3/5e18,5e18 

 

 

Figure 6-6. Comparison of potential plots from analytical program and numerical 
simulator. Vgs = -1.5 V. Device is 3,5,5,5/0.3/5e18,5e18 
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Figure 6-7. Potential at the top of the QW for the device 3,5,5,5/0.3/5e18,5e18 as a 
function of Vgs. Three numerical simulated values are shown by asterisks 
 

Figure 6-8. Hole density at the top of the QW pH for the device 3,5,5,5/0.3/5e18,5e18 as a 
function of Vgs. Numerical simulation values are shown by asteriks for Vgs = -0.5, -1.0 
and –1.5 V 

 

The potential at the top of the QW is shown in Figure 6-7. Numerical simulation 

values are shown for Vgs of –0.5, -1.0 and –1.5. These points lie very close to the curve 

1.0E+00

1.0E+02

1.0E+04

1.0E+06

1.0E+08

1.0E+10

1.0E+12

1.0E+14

1.0E+16

1.0E+18

1.0E+20

-1.5 -1 -0.5 0

Vgs

p
(H

)/
cm

*c
m

*c
m

Excel

TCAD



   

 

 

213 

thus showing the accuracy of the analytical values. It can be seen that for Vgs values 

above VT of –1.2 V, to the left of –1.2 V, the potential is nealy saturated and do not vary 

much. This is similar to the case of a conventional MOSFET where the surface potential 

is pinned at VT. 
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Figure 6-9. Hole density at the top of the cap layer for the device 3,5,5,5/0.3/5e18,5e18 as 
a function of Vgs. Three numerical simulation values are shown at three points by asteriks  
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Figure 6-10. Integrated hole sheet density in the QW for the device 3,5,5,5/0.3/5e18,5e18 
as a function of Vgs. Numerical simulator outputs are shown by asteriks 
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6.3.2 Hole Densities 

Once the potentials are compared with numerical simulations and found to match well 

the hole densities are computed using the analytical program and compared to the results 

from the numerical simulator. The hole density at the top of the QW is given in  

Figure 6-8. Numerical simulation values of the same are also shown for three Vgs of –0.5, 

-1.0 and  –1.5 V. In the low and high Vgs the match is very good. The middle point is 

overestimated in the analytical program. This is due to the approximation of the H(φH) 

function above and below VT. 

Comparing Figure 6-7 and Figure 6-8 the latter shows a higher percentage difference. 

This is due to the fact that the hole densities are exponential functions of potentials. 

However the match is very good at low and high  Vgs. Figure 6-9 shows the hole density 

at the cap layer along with three numerical simulation values. The match between 

analytical and numerical simulations is reasonably good. It can be seen that these 

densities are an order of magnitude lower than the QW hole density given in Figure 6-7. 

Finally Figure 6-10 gives the integrated hole density in the QW or hole sheet density. The 

numerical simulation points again lie very close to the analytical curve. This sheet density 

could be used in computing on currents using the charge sheet approximation model 

[188]. 

6.4 Summary and Conclusions 

In this chapter one-dimensional Poisson equation is solved along the mid-section of 

the p-HMOSFET. The results are manipulated to get the necessary parameters to evaluate 

the device. An analytical program is set up in Excel spread sheet and these equations are 
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programmed into it. A list of the variable input parameters and the working of the 

program are discussed. This program is easy to use, much less time consuming compared 

to the numerical simulators and presents many desirable internal and external parameters 

of the device. This makes the analytical program very useful for design of the p-

HMOSFET. 
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CHAPTER 7 

LONG CHANNEL DEVICE SIMULATIONS 

Results of potentials and hole densities are compared to two dimensional numerical 

simulations using ISE-TCAD [109] in chapter 6. The accuracy of the analytical model is 

found to be good. In this chapter the dependencies of device characteristics on design 

variables are studied for the case of a long channel device. Based on these results 

appropriate design windows are created. From the design window an optimized device is 

formed and its terminal characteristics are computed using the analytical program. The 

same device is simulated numerically and the terminal characteristics are compared with 

the analytical results.  

In section 7.1 design variables are varied one at a time and their effects on the internal 

and terminal characteristics of the device are studied using the analytical program. In 

section 7.2 design windows for appropriate device characteristics are constructed based 

on results from section 7.1. In section 7.3 an optimal device is constructed based on the 

design windows and its analytical terminal characteristics are compared to the numerical 

simulation results. Section 7.4 gives a summary of the results of the long channel device 

simulations and comparison with published results discussed in chapter 4. 

7.1  Parametric Simulations of Design Variables  

The structure of the device used is the same as the one described in chapter 4. This 

device is a sort of optimal device obtained through trial and error simulations using the 

numerical simulator. Maxima of Ion was the selection criteria. As mentioned in Chapter 5, 
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sub-section 5.3.9 the device is written in notational form as 3,5,5,5/0.3/5e18,5e181. It is a 

long channel device with a channel length of 500 nm . The source and drain regions are 

p+ doped silicon. The design variables, selected in section 5.3, are given below in order 

of their relative influence on device characteristics. 

1. Ge fraction of the SiGe QW channel, x 

2. Substrate doping density, Nsub  

3. p-doped layer thickness, Xp 

4. Buffer layer thickness, Xbuf 

5. p-layer doping density, Np 

Total number of dopant atoms in the p-layer is given by NpXp.. Hence the parameter  

p-layer doping density Np variation is not simulated. Instead the doping density Np is 

kept fixed at a moderate value of 5e18/cm3 and the thickness Xp is varied. The p-layer 

doping density used here is lower than the delta doping density used in publications that 

are over 1019/cm3. The lower doping density provides more built in voltage at the source 

junction comprising of p+ doped source and the p-layer. This helps to reduce off state 

thermionic and diffusion currents through the p-layer.  

                                                 
1 Xcap = 3 nm/Xsige = 5 nm/Xbuf = 5 nm, Xp=5nmGe fraction in QW = 0.3,  
p-layer doping density = 5x1018/cm3/Nsub doping density = 5x1018/cm3 
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Figure 7-1. Potential and valence band plots for Vgs = 0 V and Vgs = -1.5 V. The device is 
3,5,5,5,/0.3/5e18,5e18. The lowermost curve and the uppermost curve corresponds to 
valence band edge Ev and potential Phi(x) respectively for a Vgs = 0 V 
 
 
7.1.1 Ge fraction, x, of the SiGe QW Channel 

Germanium fraction2 x of the QW is found to have the highest influence on the hole 

density at the top of the QW as well as the hole density ratio3 compared to other 

variables. In order to get higher ION the hole density in the QW must be high. The hole 

density ratio3 is important and should be high to ensure that conduction is confined to the 

QW channel with the contribution of the surface channel being negligible. The surface 

channel has highly degraded mobility, compared to the QW channel, due to the proximity 

                                                 
2 x is the Ge composition given in Si1-xGex  
3 Hole density ratio = Hole density at the top of the QW/hole density at the top of the 
cap layer 
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to the SiO2 interface. For lower hole density ratios substantial conduction occurs in the 

surface channel thereby reducing the overall effective mobility.   

In this subsection the value of Ge fraction x alone is varied from 0 to 0.6 keeping other 

structural variables fixed. The structure of the device is the same as the one given in 

section 5.3.9 and is given by the notation 3,5,5,5/x/5e18,5e18 (see footnote 1). It is a long 

channel device with a channel length of 500 nm. As mentioned in section 5.3.4 the useful 

range of x lies between 0.3 and 0.6. Below 0.3 the hole population at the top of the cap 

layer (surface channel) increases since the discontinuity of the valence band edge (∆EV) 

at the QW is lower. This can be seen in Figure 7-2 where the valence band edge and the 

Fermi level are plotted for a Vgs of –1.5 V and x = 0.1. The surface channel is lying closer 

to the Fermi level than the QW top. Hence most of the conduction occurs in the surface 

channel and the mobility degrades to values found in conventional MOSFETs. In  

Figure 7-4 the situation is reversed. Now the top of the QW lies far higher than the 

surface band edge for an x value of 0.5. Hence most of the conduction happens in the 

QW layer thus yielding enhanced mobility. Above 0.6 the strain at the top of the quantum 

well might reduce, due to lower critical thickness. This will reduce the strain induced 

enhancement in mobility. For x > 0.6 the mobility will tend to drop towards the bulk 

SiGe mobility and the device will tend to function like a recessed channel MOSFET, 

except mobility is better because the QW is undoped. Figure 7-5 shows the variation of 

hole density at the top of the QW with variation of x for a Vgs of –1.5 V and a Vds of  

–0.05 V. With increasing value of x the hole density at the top of the QW increases. The 

density increases from 1.8e18/cm3 to 4.5e19/cm3 for x = 0.3 to x=0.6. As expected Ge 
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fraction has the largest influence, than other structural parameters, upon hole 

concentration in the channel since the valence band edge  (EV) in the QW is lifted 

towards the hole quasi Fermi level in a linear manner.  

Figure 7-6 shows that there is a huge variation in the hole density ratio with increasing 

Ge fraction x. It varies from 0.01 to over 6100, being 7 for an x of 0.3. It can be seen that 

the increase in the ratio is slow up to a Ge fraction of 0.1. This is due to the fact that 

valence band edge (EV) at the top of the cap layer lies above that in the QW, as seen in 

Figure 7-2 and the surface hole density is more than the hole density in the QW. This 

region is not useful since the mobility degrades due to the surface channel adjacent the 

SiO2 interface. To get a ratio of unity a value of x about 0.22 is required for this structure. 

A hole density ratio above ten is preferable to ensure that only insignificant conduction 

happens through the surface layer. At around an x value of 0.3 this ratio is approximately 

ten. So the lower limit of x can be fixed at a value of 0.3. The large increase in the ratio, 

with increasing x, is due to the fact that the top of the QW is raised towards the quasi 

Fermi level and this leads to an exponential rise in hole density in the QW.  

Threshold voltage VT variation with Ge fraction x is shown in Figure 7-7. VT,  the QW  

channel threshold, varies approximately from –1.5 to –1 V, with a value of –1.25 for an x 

of 0.3. VTS, the surface threshold4, varies approximately from –1.5 to –2 V, being –1.7 for 

an x of 0.3. VTS sets the limit for the highest operating voltage since the surface channel 

conduction dominates for Vgs above VTS.  The build up of holes at the surface further 

                                                 
4 VT is the threshold voltage for the QW top which is defined as the gate voltage 
needed to get a hole density equal to the Nsub doping density of the substrate below. 
Similarly VTS is the threshold voltage for the surface channel. 
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shields the QW and the enhanced mobility advantage is lost very fast. In order to operate 

the device in a high ION mode a higher Vgs is desired. This is possible only if the 

difference between VT and VTS is large with VTS being more negative than –1.5 V. So a 

high Ge content is preferable. The difference between VT and VTS increases as x is 

increased. At a value of x equal to zero there is no valence band discontinuity and the 

device has only a surface channel and acts merely like a MOSFET. As x is increased the 

QW height increases and EV at the surface is lowered since the top of the QW almost 

enters the Fermi level. This causes a reduction in magnitude of VT and an increase in the 

magnitude of VTS as seen in the Figure 7-7. which is desirable for higher voltage 

operation, upto –1.5 V. It can be seen that an x value of about 0.5 is needed for a VT of  

–1.0 V for this structure. At this value of x VTS is around –2.0 V. This gives sufficient 

margin for –1.5 V operation. So this value of x can be taken as an upper limit. For x 

greater than 0.5 the reduction of VT  will be countered by the strain relaxation imposed by 

the critical thickness. So an x value of 0.3 to 0.5 can be chosen as a useful range of Ge 

fraction in SiGe QW. 

In summary the Ge fraction has a strong effect on QW hole density and a huge effect 

on hole density ratio (footnote 3). Increasing x causes VT to reduce and VTS to increase 

which is exactly what is needed to make a device with high ION and capable of operating 

at a higher voltage. Unlike MOSFET this device cannot be operated at Vgs much higher 

than the threshold voltage VT to get higher currents. The maximum Vgs, equal to Vdd, is 

limited to VTS.  
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Figure 7-2. Valence band plots starting from the top of the cap layer (x = 0) for a  
x = 0.1, for Vgs = 0 V and Vgs = -1.5 V, Vds = -0.05 V. Device is 3,5,5,5/0.1/5e18,5e18. 
Lg = 500 nm. Note that the surface channel is predominant.  
 

 
Figure 7-3. Valence band plots starting from the top of the cap layer (x = 0) for a   
x = 0.3, for Vgs = 0 V and Vgs = -1.5 V, Vds = -0.05 V. Device is 
3,5,5,5/0.3/5e18,5e18. Lg = 500 nm. 
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Figure 7-4. Valence band plots starting from the top of the cap layer (x = 0) for a Ge 
fraction x = 0.5, for Vgs = 0 V and Vgs = -1.5 V, Vds = -0.05 V. Device is 
3,5,5,5/0.5/5e18,5e18. Lg = 500 nm.  
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Figure 7-5. Hole density variation at the top of the QW with variation of Ge fraction x in 
the QW. The device is 3,5,5,5/x/5e18,5e18 (see footnote 1), Lg = 500 nm, Vgs = -1.5 V, 
Vds = -0.05 V. 
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Figure 7-6. Variation of the ratio of hole density (see footnote 3) at top of QW to that at the top 
of the cap layer with variation in Ge fraction x. Vgs = -1.5 V, Vds = -0.05 V. Device is 
3,5,5,5/x/5e18,5e18, Lg = 500 nm 
 

 
Figure 7-7. Threshold voltage variations with variation of Ge fraction x of the QW 
channel layer. Device is 3,5,5,5/x/5e18,5e18, Lg = 500 nm 
 

7.1.2  Substrate Doping Density, Nsub 

The minimum doping density of the substrate has to be selected such that subsurface 

punch through does not happen. So Nsub cannot be varied arbitrarily. Minimum value of 
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Nsub can be found by adding the source and drain depletion widths and equating to 

channel length Lg. VT is a function of the substrate doping. In order to have high ION VT 

has to be low.  

In the following Nsub is varied and its effect on threshold voltage and QW hole density 

are studied. Figure 7-8 shows the effect on hole density at the top of the QW for variation 

in Nsub for a Vgs of –1.5 V and a Vds of –0.05 V. VT is calculated from structural 

parameters. Potential and valence band edge EV along the depth is plotted in Figure 7-9 

for a low and high Nsub. The potentials for both plots seem to overlap in the cap layer. As 

can be seen in Figure 7-8 the substrate doping has only a small effect on the hole density. 

For both cases the top of the QW is located nearly at the same level. So both cases have 

the same hole density. This makes the filed in the cap layer same for both cases. So the 

potential distribution in the cap layer for both cases are the same. 

Figure 7-10 shows the ratio of the hole density at the top of the QW to the hole density 

at the top of the cap layer as a function of Nsub. In Figure 7-8 for a variation of doping 

from 1e18/cm3 to 1e19/cm3 the hole density varies only from 2.9x1019/cm3 to 

2.3x1019/cm3 or by 21%. But the ratio of hole densities varies from 13 to 5.4. The ratio 

falls as Nsub is increased. A higher hole density ratio is desirable to have a VTS much 

higher than VT so that the surface channel can be made insignificant at the maximum gate 

voltage of –1.5 V. 

 Figure 7-11 shows the dependence of VT and VTS on substrate doping. For a doping 

variation from 1x1018/cm3 to 1x1019/cm3 VT changes from -0.92 to –1.4 V and VTS 

changes from –1.4 to –1.9 V.  From the figure it could be noted that the difference  
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between VT and VTS  remains unchanged. The minimum value of Nsub is 2x1018/cm3 to 

have a VTS of –1.5 V. Whilst the variation of VT and VTS are controlled by the doping 

Nsub their difference is controlled by the QW Ge fraction x and the cap layer thickness. 

Since these two parameters are not changed the difference between the threshold voltages 

remains unchanged. It can also be seen in Figure 7-11 that a low Nsub is needed to get VT 

in the range of –1 V. VT adjustment over a range of 0.5 V can be done by changing Nsub 

for the structure considered here. 

 
Figure 7-8. Hole density at the top of the QW as a function of substrate doping for the 
device 3,5,5,5/0.3/5e18,Nsub. Vgs = -1.5 V, Vds = -0.05 V 
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Figure 7-9. Potential and valence band edge plots along the depth starting from the top of 
the cap layer (x = 0). Vgs = -1.5 V, Vds = -0.05 V. The device is 3,5,5,5/0.3/5e18,Nsub. 
Two sets of curves are for Nsub values of 2x1018/cm3 and 8x1018/cm3.Solid curves are Ev 
and Phi(x) for 2x1018/cm3 
 

 

 

 
Figure 7-10. Ratio of hole density at the top of QW to hole density at the top of the cap 
layer as a function of Nsub. Device is 3,5,5,5/0.3/5e18,Nsub. Vgs = -1.5 V, Vds = -0.05 V,  
Lg = 500 nm.  
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Figure 7-11. Substrate doping dependence of VT and VTS for the device 
3,5,5,5/0.3/5e18,Nsub. Lg = 500 nm 
 

 
Figure 7-12. Sub threshold parameter (S) dependence on substrate doping 
concentration for the device 3,5,5,5/0.3/5e18,Nsub. Lg = 500 nm 

 

Sub threshold parameter S is defined as, 

 

q

kT
mS 3.2=  

( 7.1 ) 

 

m is the body parameter defined in terms of the coupling efficiency η as follows, 
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CO is the capacitance from gate to channel which is the series combination of oxide and 

cap layer capacitances. CD is the series combination of capacitances of QW layer, buffer 

layer, p-layer and the depletion region in the substrate. The depletion thickness is given 

by, 
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( 7.4) 

 

φB is the doping parameter given by, 
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The variation of sub threshold parameter (S) with variation of substrate doping is 

given in Figure 7-12 for two buffer layer thicknesses. There is a large variation from 85 

to 101 for buffer layer thickness of 5nm and from 81 to 92 for buffer layer thickness of 

10nm. The depletion capacitance increases with increasing substrate doping since the 

depletion thickness in the substrate reduces. This increases CD and the body coefficient m 

which increases the value of S as given in equation ( 7.1 ). When the depletion 

capacitance is smaller (wider depletion thickness in the substrate), as in the case of low 

doping, an increase in buffer layer thickness do not make much difference in CD since the 
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series combination is dominated by the depletion capacitance. But when the depletion 

capacitance is larger (small depletion width) a change in buffer layer thickness makes a 

larger difference since the series combination is now dominated by the buffer layer 

capacitance. This is seen in figure as an increasing difference between the two curves as 

Nsub is increased. At higher doping levels the series combination of CD is dominated by 

the QW, buffer and p-layer capacitances. Hence the value of S saturates. Since a low 

value of S is desirable to reduce sub threshold currents lower Nsub seems to be the choice. 

Having a thicker buffer layer also seems desirable. However as will be seen later in 

chapter 7 the sub threshold currents in HMOSFETs are much lower than those in 

MOSFETs and hence the sub threshold parameter may not be of concern. 

Overall the doping density of the substrate may not be a good parameter of choice. 

The strongest effects are upon threshold voltages and the sub threshold parameter. In both 

cases a low doping density is desirable as seen in Figure 7-11 and Figure 7-12. As 

mentioned earlier sub threshold parameter may not be of importance. In order to avoid 

subsurface punch through higher doping densities may be needed. So it is better to 

control the threshold voltages by changing the Ge fraction x or by changing the p-layer 

thickness. 

7.1.3 p-doped Layer Thickness, Xp 

Changing p-layer doping or thickness is expected to produce almost similar results 

since the total number of dopant atoms is given by the product NpXp where Np is the 

doping density and Xp is the thickness. There will be a slight difference due to the shift in 

the centroid of the ionic charge when the thickness is varied. As mentioned in  
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section 5.3.2 a lower p-layer doping provides a higher barrier at the source  -  p-layer 

junction. This reduces the off currents through the p-layer. The hole population in the  

p-layer could also contribute to IOFF. In the case of ION the QW hole density is much 

higher compared to the p-layer hole density. A doping density of 5x1018/cm3 gives a 

doping parameter φB of 0.5 eV giving a barrier at the source over twice the thermal 

voltage. So this may be a maximum p-layer doping allowed. Hence the doping density is 

kept fixed at 5x1018/cm3. Keeping the acceptor doping at 5x1018/cm3 the thickness of the 

p-layer is changed from 3 to 10 nm for a device 3,5,5,Xp/0.3/5x1018,5x1018 (see  

footnote 1).  

Figure 7-13 shows the variation of hole density at the top of the SiGe QW as the p-

layer thickness is changed. It is to be noted that the Nsub doping tilts the bands upwards 

whereas the p-layer doping tilts the bands downwards. Changing the thickness amounts 

to increasing the total dopant atoms. This tilts the band edge downwards. Downward tilt 

of band edge and the fixed Vgs moves the QW upwards closer to the Fermi level. This 

leads to an increase in the hole density. The density changes from 2.2e19/cm3 to 

2.9e19/cm3 or by 32%. Also the increase in density seems to saturate at about 9 nm. This 

is because  the field in the buffer layer is reaching zero with no potential drop in the 

buffer layer. So an increase in p-layer thickness will not move the QW upwards, instead 

will move the QW downwards. So a thick p-layer is not desirable. Also a thick p-layer 

will have more potential drop and will contribute to IOFF. From these points the p-layer 

design is more complex. As a note at this stage the Boltzman approximation of the carrier 

density is not valid and Fermi statistics has to be used. Figure 7-15 shows the variation of 
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the ratio of the hole density at the top of the QW to the density at the top of the cap layer. 

As Xp increases there is a variation from 4.2 to 13.6. This is due to the slight tilting down 

of the valence band edge in the cap layer and a rise of the band edge in the QW as seen in 

Figure 7-14. At the top of the cap layer this slight lowering of valence band edge for Xp 

of 8 nm can be seen.  

Figure 7-16 gives the variation of VT and VTS with increasing p-layer thickness. VT 

drops from –1.4 to –1 V and VTS drops from –1.9 to –1.6V. But the difference between 

them stays fixed. This difference is determined by the Ge x and the cap layer thickness 

which are kept fixed. The reduction in VT can be explained as follows. The  

p-dopant field bends the band edge downwards. Since the gate potential is fixed this field 

bending causes the QW to move upwards. This increases the hole density in the QW.  

Variation of sub threshold parameter (S) is given in Figure 7-17. It varies from 103 to 

90 and the variation is nearly similar for p-layer and buffer layer thickness variation. 

Both Xp and Xbuf change CD, the depletion capacitance, the same way giving similar 

variation of S. From the above p-layer doping or thickness can be independently used to 

control threshold voltages whereas buffer layer thickness can be used for varying S, if 

needed. 

It is to be noted that the threshold voltage increases with increasing Nsub whereas they 

drop by almost the same amount for increasing Xp for the range considered, 2 to 8 nm. 

This however suggests that the p-layer thickness can be used to control the value of VT, a 

higher thickness giving a lower VT. This is useful because Nsub can be chosen 
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independently to resist subsurface punch through while Xp or Np can be used to adjust 

threshold voltages.  

 

Figure 7-13. Dependence of hole density at the top of the QW upon the thickness of 
the p-layer and the buffer layer. The device is 3,5,Xbuf,Xp/0.3/5e18,5e18 and 
500nm channel length. While varying one of them the other is kept fixed at 5 nm 
 

 

Figure 7-14. Valence band edge along depth starting from the top of the cap layer (x = 0) 
for two p-layer thicknesses. Xbuf = 5 nm. Device is 3,5,Xbuf,Xp/0.3/5e18,5e18 and 
500nm channel length 
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Figure 7-15. Dependence of the ratio of the hole density at the top of the QW to the 
density at the top of the cap layer with variation of p-layer and buffer layer thickness. 
While varying one of them the other is kept fixed at 5 nm. Device is 
3,5,Xbuf,Xp/0.3/5e18,5e18 and 500nm channel length 
 

 
Figure 7-16. Dependence of VT and VTS upon the thickness of the p-layer Xp. Device is 
3,5,5,Xp/0.3/5e18,5e18 and 500nm channel length. 
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Figure 7-17. Variation of the sub threshold parameter S with variation of p-layer 
thickness and buffer layer thickness. One is varied at a time keeping the other fixed at 
5 nm. Device is 3,5,Xbuf,Xp/0.3/5e18,5e18 and 500nm channel length 
 

7.1.4 Buffer Layer Thickness, Xbuf 

Same as the p-layer thickness variation in the previous subsection the buffer layer 

thickness is varied from 3 to 10 nm while keeping the rest of the parameters fixed. 

Referring to Figure 7-15 the hole density shows only very little increase, below 7% . The 

buffer layer simply causes a linear potential drop in itself due to the field at the top of the 

p-layer. In Figure 7-14 the buffer layer is located between 8 and 13 nm where this linear 

drop can be observed. For the Nsub and Xp chosen here this drop which is very low, due to 

the thin buffer layer, causes the valence band edge to move up towards the quasi Fermi 

level increasing the hole density in the QW slightly. The ratio of hole densities at top of 

QW and top of the cap layer also shows a slight increase, as seen in Figure 7-15 due to 

the same reason. The variation of threshold voltage also seems minimal as seen in  
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Figure 7-18. VT varies from –1.3 to –1.2 V and VTS varies from –1.8 to –1.7 V. The 

difference between them remains unaltered since VT depends on Xcap  and x which are 

fixed. So the buffer layer seems to have negligible effect on device properties if it is thin 

and hence the potential drop in it is very low. This is true only if the field in the buffer 

layer is low. The field in the buffer layer depends on the difference of charge in the 

substrate depletion layer and the p-layer. This field can be made zero by proper choice of 

p-layer thickness. This is discussed in chapter 8. For low Nsub and high p-layer doping or 

thickness the potential drop in the buffer can be higher compared to the structure used 

here. Buffer layer thickness does not alter the hole density, hole density ratio or the 

threshold voltages significantly. It however can be used to adjust the sub-threshold slope 

parameter if needed as mentioned in the previous sub-section. 

 
Figure 7-18. Threshold voltage variation with buffer layer thickness. Xp = 5 nm. The 
device is 3, 5, Xbuf, 5/0.3/5e18, 5e18 and 500 nm channel length. 
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7.2  Long Channel Device Design Windows 

From the above section the following observations are made, Xbuf has only very 

minimal effect on hole density, density ratio and threshold voltages Nsub variation has 

only slight effect on QW hole density. Nsub variation from 1x1018/cm3 to 1e19/cm3 reduces 

QW hole density from 2.9x1019 to 2.3x1019/cm3 or about -20%. However substrate 

doping has moderate effect on hole density ratio which varies from 13 to 5. The lower 

limit of Nsub is 2x1018 /cm3 for the structure chosen. Below 2x1018 /cm3 VTS falls below –

1.5 V. Nsub variation from 2e18/cm3 to 1e19/cm3 increases VT from –1 to –1.4 V Xp 

variation from 3 to 10 nm varies the hole density in the QW from about 2e19/cm3 to 

3e19/cm3 and tends to saturate at about 8 nm. Xp variation has a moderate effect on the 

hole density ratio. Variation of Xp from 3 to 10 nm varies the hole density ratio from 4 to 

14, about the same as the case of Nsub. However the variation is in opposite direction. 

Increasing Xp increases the ratio while increasing Nsub decreases the ratio. Xp variation 

has a moderate effect on threshold voltages. Variation from 3 to 10 nm reduces VT from –

1.4 to –1 V, again almost the same as the Nsub case but opposite in nature. Increasing Xp 

reduces VT whereas increasing Nsub increases VT. Ge fraction x has a moderate effect on 

QW hole density. Changing x from 0.3 to 0.6 increases the hole density from 2.5e19/cm3 

to 4.5e19/cm3. Ge fraction x has a huge effect on the hole density ratio. Variation from 

0.3 to 0.6 increases the hole density ratio from 7 to over 6100. This could be due to the 

lowering of band edge in the cap layer which will reduce the surface hole density. 

Increasing x reduces VT and increases VTS. VT varies from –1.3 V to –1 V for a variation 
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in x from 0.3 to 0.6, the useful range discussed in section 6.1.1. The rate of increase in 

VTS is larger than the same for VT. VTS is larger than –1.5 V in this range. 

Based on the above Xbuf is not considered as an effective design parameter. It is 

needed to reduce Coulomb scatter of carriers due to the negative ions in the p-layer. So it 

can be chosen as 5 nm for reasons given in section 4.3.3. If the buffer layer is thicker and 

the field in it is large it will have more effect on VT, VTS and hole density. So the Ge 

fraction, Nsub and Xp are varied in the simulations keeping Xcap, XSiGe and Xbuf fixed at 3 

nm, 5 nm and 5 nm respectively.  

Since the device is to operate at a voltage of –1.5 V the surface threshold VTS should 

be higher than 1.5 in magnitude. A QW channel threshold VT around –1 V is desired for 

high ION. This gives an overdrive of 0.5 V. So these values are set as the boundary of the 

design space. Figure 7-19, Figure 7-20 and Figure 7-21 give design spaces of Nsub vs x 

for three p-layer thicknesses of 2, 5 and 8 nm. The design space is indicated with an 

arrow pointing into the space. The two curves are for VT = -1 V and VTS = -1.5 V 

respectively or they represent the boundaries. For example region to the top of the VT 

curve has VT magnitudes higher than 1 V. Similarly the region to the bottom of VTS curve 

has magnitude of VTS less than –1.5 V. So the design space lies between the two curves 

where VT > -1 V and VTS < -1.5 V. As an example in Figure 7-19 the range of Nsub for an 

x of 0.4 is about 3x1017/cm3 to 1x1018/cm3. In all three figures the design space expands 

with increasing x and is wider for smaller Xp values. Referring to equation (4-4) an 

increase in x leads to a higher ∆EV, which makes VT more positive. In order to restore VT 

to –1.0 V the magnitude of the doping parameter ϕB has to be increased. This can be done 



   

 

 

239 

by an increase in Nsub, This can be inferred from Figure 7-19 to Figure 7-21. Referring to 

equation An increase in Xp adds a positive term, which has to be countered by an 

increase of the negative term ϕ4. This can be done by an increase of Nsub. This is also seen 

in Figure 7-19 to Figure 7-21. From Figure 7-19 it can be observed that an x value above  

 

 

Figure 7-19. Nsub vs x design space for Xp = 2 nm. Device is 3,5,5,2/x/5e18,5e18. 
Combinations of x and Nsub to get VT = -1 V is given by the solid line. Above this line 
magnitude of VT > 1 V. Combinations of x and Nsub to get VTS = -1.5 V is given by the 
dashed line. Below this line magnitude of VTS < -1.5 V. So the window lies in between 
the two lines.  
 

0.33 is essential to have a design space at all. A wider design space allows wider choice 

of Nsub to avoid subsurface punch through. Also this allows wider choice of VT to get a 

higher overdrive (Vgs – VT). It can be inferred from Figure 7-19 to Figure 7-21 that a high 

doped p delta layer or a thick p-layer is not desirable since it constricts the design space. 
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Figure 7-20. Nsub vs x design space for Xp = 5 nm. Device is 3,5,5,5/x/5e18,5e18. 
Combinations of x and Nsub to get VT = -1 V is given by the solid line. Above this line 
magnitude of VT > 1 V. Combinations of x and Nsub to get VTS = -1.5 V is given by the 
dashed line. Below this line magnitude of VTS < -1.5 V. So the window lies in between 
the two lines. 
 

 

Figure 7-21. Nsub vs x design space for Xp of 8 nm. Device is 3,5,5,8/x/5e18,5e18.  
Combinations of x and Nsub to get VT = -1 V is given by the solid line. Above this line 
magnitude of VT > 1 V. Combinations of x and Nsub to get VTS = -1.5 V is given by the 
dashed line. Below this line magnitude of VTS < -1.5 V. So the window lies in between 
the two lines. 
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Figure 7-22. Design space for ION = 100 µA for the device 3,5,5,Xp/x/5e18,5e18 for  
p-layer thickness Xp of 2, 5 and 8 nm. Xbuf = 5 nm. The area below the respective 
lines have ION more than 100 µA. 

 

In Figure 7-22 the boundary for VT = –1 V and VTS = –1.5 V is plotted for Xp values 

of 2, 5 and 8 nm. The design space is below the respective lines and is shown by the 

arrow. In this region any combination of x and Napt will satisfy the above requirement on 

threshold voltages and will give a device which can operate at –1.5 V. But ION and IOFF 

will depend on the particular combination of x and Napt. 

Figure 7-22 gives design space for ION > 100 µA for three values of Xp and for an 

Xbuf of 5 nm. Figure 7-23 gives design space for ION > 100 µA for three values of Xp 

and for an Xbuf of 10 nm. ION is calculated based on a charge sheet approximation, the 

gate voltage and the capacitance from gate to the centroid of the hole distribution in the 

QW. As can be seen in the above two figures the curves are almost the same in both 

figures. This shows the weak effect Xbuf has on hole density and hence ION. 
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Figure 7-23. Design space for ION = 100 µA for the device 3,5,10,Xp/x/5e18,5e18 for     
p-layer thicknesses of 2, 5 and 8 nm. Xbuf = 10 nm. The area below the respective lines 
have ION more than 100 µA.  
 

Figure 7-22 shows the design space combination of x and Nsub for a device with a 

buffer layer thickness of 5 nm and p-layer thickness of 2, 5 and 8 nm. The device is 

3,5,5,Xp/x/5e18,Nsub.  The area below the respective lines pointed by the arrows gives an 

ION above 100 µA. The same design parameter combination of x and Nsub is given for a 

buffer layer thickness of 10 nm in Figure 7-23. In Figure 7-24 design space combination 

of Xp and Nsub is given for Ge fraction x of 0.2 and 0.5 with an Xbuf of 5 nm. 

Combinations of Xp and Nsub below the respective curves have an ION value of 100 µA. 

These are shown by window 1 and window 2 respectively. From this figure the selection 

range for Nsub is more for higher value of x. The same can be inferred from Figure 7-19 to 

Figure 7-21. 
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Figure 7-24. Design space for ION = 100 µA for the device 5,5,Xp/x/5e18,Nsub for QW Ge 
fraction x = 0.2 and 0.5. Xbuf = 5 nm. The area below the respective lines shown by the 
arrows satisfies the requirement that ION is more than 100 µA 
 

7.3 An Optimized Device 

From Figure 7-7 it is found that the difference between VT and VTS increases for 

increasing Ge fraction. Since the device is to be operated at –1.5 V VTS should be more 

negative than –1.5 V. So a device was formulated from Figure 7-19 from near the center 

of the design space. The device is described as 3,5,5,2,/0.5/,5e18,3e17. Figure 7-25 gives 

the terminal characteristic IDS vs Vds from analytical and numerical simulations. The 

match between analytical and numerical solutions are close with a maximum error less 

than 5%. The difference in IDsat is due to the omission of channel length modulation in the 

analytical program. The device has a VT of –0.7, a VTS of –1.7, an ION of 228 µA, IOFF of 

7.6e-15 A and an S parameter value of 82. These values are far better than those 

achievable in a MOSFET.  
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It can be seen in the above paragraph that the off current computed by the numerical 

simulation is very low for this device, in the sub fA range. These low currents can be 

explained by noting two facts. First the cap layer, SiGe QW and buffer layer are all 

intrinsic. Secondly the source-p-layer junction potential is high, compared to a delta-

doped p-layer, due to the moderate doping of the p-layer. It is to be noted here that the 

thermionic currents have to be included since there is a band discontinuity at the  

source-QW junction. The thermionic currents are not included in above simulations. 

Thermionic currents are of consideration In IOFF simulations. Since IOFF is not calculated 

in the analytic program this is not taken into account. The error due to this omission in 

the numerical simulation is found to be less than 5% in IOFF for Ge fractions above 0.3. 

Useful range of x values is found to be 0.3 to 0.6 as discussed in section 6.1.1.  

 
Figure 7-25. Analytical and numerical simulation comparison of drain characteristic for 
an optimized device. The device is described as 3,5,5,2/0.5/5e18,3e17. It has an ION of 
228 µA. 
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7.4  Summary of Long Channel Device Simulations 

In this chapter a long channel device with Lg of 500 nm is simulated using one 

dimensional analytical program and results are compared with two dimensional 

numerical simulations using ISE-TCAD. The variable design parameters of importance 

are found to be the Ge fraction of the SiGe QW, the doping of the substrate and the 

thickness of the p-layer, in that order of importance. Buffer layer thickness is found to be 

not an influential parameter when the field in the buffer is not very high. It shields the 

QW from negative ions in the p-layer. In order to keep the evanescent wave functions of 

the QW coupling to the p-layer a minimum thickness of 5 nm is needed. Hence Xbuf of 5 

nm is used as a fixed parameter. The buffer layer however could be used for adjustment 

of sub threshold parameter and hence the Ioff. But as seen from the device characteristics 

IOFF for these devices are very low, around fA range, and hence S is not of importance. A 

minimum width of 5 nm is recommended for the QW to avoid quantization. A small 

thickness is desirable from critical thickness during growth. To hold the strain the 

thickness has to be below critical thickness. This critical thickness reduces very fast with 

Ge fraction. Hence the thickness of the QW Xsige is kept fixed at 5 nm. Low Nsub  is 

found desirable to get VT around –1 V. But this may lead to subsurface punch through. 

Thickness of p-layer has the opposite effect of Nsub upon VT, VTS and ratio of hole 

density. So this allows independent choice of Nsub and adjustment of threshold voltages 

using the thickness of the p-layer. However thicker p-layer over 9 nm will not give higher 

ION, for the structure used, as mentioned in section 6.1.3. In both cases of Nsub and Xp the 
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difference between VT and VTS remains the same as their values are varied. Variation of 

Ge content in the SiGe QW has good effect upon the hole density and a huge effect on 

the hole density ratio mentioned in subsection 6.1.1. Contrary to the case of Nsub and Xp 

the difference between VT and VTS increases very much with increasing Ge content. This 

gives a wider design space.  

Based on the above observations appropriate design windows are constructed for  

VT = -1 and VTS =-1.5 for devices to operate at –1.5 V. Further design windows are 

constructed for ION of 100 µA. Samples from design windows are taken and checked with 

numerical simulations.The results from both analytical and numerical simulations 

compare well. To form an optimum device a set of parameters were chosen from the 

center of the design space and numerical simulations were carried out. These results are 

compared to the analytical simulations. It is found that the terminal characteristics from 

both simulations match well. The simulated device has an ION of 228µA, IOFF of  

7.6e-3 pA, VT of –0.7 and VTS of –1.7. This device is clearly superior to similar long 

channel p-HMOSFET devices found in publications cited in chapter 3. This device is also 

much better compared to the MOSFET. The ION is equal to or larger than the best 

published results of MOSFET and IOFF is more than two orders of magnitude less than 

MOSFET. However the IOFF behavior need to be watched as the channel length is shrunk 

to short channel range and also with the inclusion of the thermionic terms at the source-

channel junction.  
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CHAPTER 8 

SHORT CHANNEL DEVICE SIMULATIONS 

In chapter 7 long channel HMOSFET is simulated using the analytical analysis and 

design program developed in chapter 6. Design windows which enables choice of 

structural parameters for selected performance values are constructed. The channel length 

was kept fixed at the long channel value of 500 nm. In order to increase operating speed 

of the device, to increase the output drive currents and to increase the packing density 

scaling down of the channel length is resorted to. The channel length cannot be arbitrarily 

reduced as discussed in chapter 2. The shortening of the channel length leads to short 

channel effects (SCE) such as drop in the threshold voltage and DIBL, to name two of the 

most important SCE.  

In this chapter the short channel HMOSFET characteristics are compared to the short 

channel conventional MOSFET characteristics in order to evaluate the feasibility of 

scaling down the HMOSFET. The comparisons of short channel behavior of both 

MOSFET and HMOSFET are carried out using numerical simulator ISE-TCAD[109]. 

For a quick and simple analytical comparison the analytical analysis and design program 

developed in chapter 6 and a simple MOSFET design program developed in this chapter 

are used. The analytical analysis and design program is modified to include short channel 

HMOSFET. These two analytical results are compared with the numerical simulator 

results. Plots of both numerical and analytical results are given in section 8.3.  
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In order to accomplish the above short channel behavior comparison a MOSFET and a 

HMOSFET with the same Nsub and the same long channel (500 nm) saturation current, 

IDsat, are required to start with. For this purpose a simple MOSFET design program is 

developed using long channel MOSFET formulas. An appropriate Nsub and IDsat are first 

selected for the long channel MOSFET. Once the MOSFET is designed using the above 

program the modified analysis and design program of chapter 6 is used to design a long 

channel HMOSFET with the same Nsub and IDsat as the MOSFET. Now there is a long 

channel MOSFET and a long channel HMOSFET with the same Nsub and IDsat. Now the 

channel length is shortened in steps for both MOSFET and HMOSFET and comparisons 

of Log(mag(Ids)) vs Vgs are carried out for each channel length. Comparisons of VT and 

drain characteristics are also made. These results are discussed in section 8.3. 

In chapter 2 scaling down the channel length, Lg, is shown to reduce the source – 

channel barrier. This is true since the operating voltages may not get scaled down at the 

same rate as Lg. When this barrier reduces to the thermal voltage (kT/q) carrier injection 

over this barrier becomes significant and the off current increases, leading to DIBL. To 

suppress this to some extent the substrate doping is increased thereby increasing the 

barrier at the source-channel junction. Hence to make a fair comparison of the SCE in the 

two devices, the Si MOSFET and the Si1-xGex HMOSFET, the substrate doping density 

Nsub has to be the same. This is because the drain depletion encroachment into the 

channel region and the associated DIBL depends on the value of Nsub Apart from this one 

of the monitoring parameters has to be the same in either device to start with. Threshold 

voltage VT, sub-threshold parameter St, Ioff or Ion can be used as a monitoring parameter. 
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Ioff or Ion is normally used for this purpose. Since the Ioff in HMOSFET is found to be a 

few orders of magnitude lower than the Ioff in conventional MOSFET Ioff is not a good 

choice. So Ion is chosen as a monitoring parameter. Ion, as discussed earlier is chosen to 

be the same for both the long channel MOSFET and the long channel HMOSFET.VT and 

St are also monitored to assess the short channel effects in both devices. In a well 

designed p-HMOSFET magnitude of VT will be higher than the magnitude of VT for the 

MOSFET, for the same Ion. To start with the comparison requires both long channel 

devices, MOSFET and HMOSFET, to have the same Nsub and the same Ion at 500 nm 

channel length. Since it is time consuming to achieve this through numerical simulations 

a program is written in Excel to design a MOSFET with Nsub as the design parameter. 

This is used to design the starting MOSFET with a channel length of 500 nm. In  

chapter 6 an elaborate analytical analysis and design program is developed in Excel for 

the design of HMOSFET. This is used for the design of the long channel (500 nm) 

HMOSFET. Comparison of results from the numerical simulation and from the above 

two analytical programs is carried out for both the long channel starting devices, the 

MOSFET and the HMOSFET. The MOSFET design program will be discussed first in 

the section below.  

Having designed the 500 nm MOSFET and HMOSFET with the same Nsub and Ion 

their gate characteristics, log(amp(Ids)) vs Vgs, is plotted using the numerical simulator. 

Their VT and St are also calculated. Then the channel length is reduced from 500 nm to 

100 nm in steps. At each step log(amp(Ids)) vs Vgs is plotted as before. VT and St are also 

noted. The gate length Lg at the onset of SCE is compared for both devices. The sub-
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threshold slope of the above log(amp(Ids)) vs Vgs plots in each device is compared at each 

step in Lg. The onset of SCE is indicated by one of the following: (1) a reduction in sub-

threshold slope. (2) a reduction in magnitude of VT (3) an increase in Ioff even before a 

change in sub-threshold slope occurs. These results are given in sub-section 8.3.2. 

In short the procedure adopted here is as follows, 

1. Choose an appropriate value for Nsub such that the MOSFET Lg can be scaled 

down to about 100nm. This is done by using an emperical formula that uses  

(1) junction depth, xj (2) gate oxide thickness, tOX (3) substrate doping density, 

Nsub and (4) drain voltage. These are used to compute the possible minimum value 

of Lg before the onset of SCE [185]. This formula was developed for MOSFET. 

The HMOSFET structure is very different and this formula may not be applicable. 

So this formula is used only for the MOSFET to find an Nsub that allows scaling 

down to 100 nm. 

2. Corresponding to the Nsub chosen a value of Ion is computed for the MOSFET 

using the numerical simulator ISE-TCAD.  

3. Using the selected Nsub the QW channel Ge fraction, x, of the HMOSFET can be 

adjusted easily in the analytical analysis and design program for HMOSFET, 

given in chapter 6, to match the Ion to that of the MOSFET. This result, Ion, is also 

cross checked with the numerical simulator ISE-TCAD. 

4. The log(mag(Ids)) vs. Vgs is plotted using the numerical simulator ISE-TCAD. VT 

and St are also measured using the numerical simulator and the analytical 

programs.  
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5. Channel length Lg of both the MOSFET and the HMOSFET are reduced in steps 

and the log (mag(Ids)) vs. Vgs is plotted using the numerical simulator ISE-TCAD 

at each step. Also VT and St are also noted at each step. 

6. The beginning of DIBL causes a drop in VT. This is compared in the case of either 

device. The beginning of SCE also causes an increase in Ioff. This is also noted. 

7. In the plots of the log (mag(Ids)) vs. Vgs sub-threshold slope will remain the same 

until the onset of SCE. A reduction in slope is an indication of DIBL. At this point 

the Ioff increases. Ioff can also increase before a visible drop in sub-threshold slope 

occurs. So the value of Lg at this point, where Ioff increases, can be taken as the 

limit of scaling with the chosen values of Nsub and Ion. Either device may reach 

this point at a different value of Lg. Further, how fast this degradation occurs 

while scaling down is an indication of SCE susceptibility of either device.  

This procedure is adopted in short channel simulation comparisons of section 8.3.  

8.1 Design Program for MOSFET with Nsub as Parameter 

The aim of this section is to find out ranges of IDsat vs Nsub for a MOSFET and select a 

value of Nsub that gives a reasonable IDsat and minimum short channel gate length.  

Figure 8-1 to Figure 8-4 are used for this purpose. So only MOSFET simulations are 

given in these figures. The short channel comparisons between MOSFET and HMOSFET 

are given in section 8.3. In order to have a design program in Excel for the MOSFET the 

charge sheet approximation model [3], [89] is convenient and easy. This is discussed in 

appendix A. The full expression for Ids is given below. It is re-written by taking COX 

inside the brackets. This is done to make it clear that the term inside the bracket is the 
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difference between the total silicon charge and the depletion charge. This difference gives 

the inversion charge. 

{ }
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For high Vds, beyond VDsat, the above expression can be simplified to find IDsat [4].  
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Here the channel width W is 1µm, L is the channel length and COX is the gate 

capacitance. Vgs – VT is the overdrive parameter. m is the body effect coefficient given 

by, 
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tox is the gate oxide thickness and Wdmax is the substrate depletion width at Vgs = VT. The 

effective mobility is found by a linear interpolation of published results [4], [106]. 
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where ξ is the transverse electric field at the oxide-silicon interface. This is found from 

the depletion and inversion charge density. m in equation ( 8.4 ) is a linear slope 

parameter with a value of 0.539. 

 
)

3
(

1 I
D

si

Q
Q +=

ε
ξ

 

( 8.5 ) 

QD and QI are depletion and inversion layer charges. The MOSFET device has a            

p+ polysilicon gate. The thickness of the gate oxide is kept the same as in the HMOSFET 

case, which is 3 nm.  
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Using equations ( 8.1) to ( 8.5) and the Excel spreadsheet an analytical MOSFET 

design program is written to find IDsat and VT for the MOSFET. For the short channel 

MOSFET the numerical simulator is used to generate the IDsat plots given in section 8.3.1. 

On top of these plots the results from the simple analytical MOSFET design program are 

also shown. Similar results for the HMOSFET, derived using the analysis and design 

program of chapter 6, are also given. As mentioned in the beginning of the chapter a long 

channel MOSFET and HMOSFET of the same Nsub and IDsat have to be designed first. 

The analysis and design program of chapter 6 is already tested with the numerical 

simulator ISE-TCAD [109]. To check the accuracy of the simple MOSFET design 

program developed in this chapter numerical simulation results are compared to the 

results of this simple analytical MOSFET design program. Since Nsub and IDsat relation is 

of interest these are compared in Figure 8-1. It was found that the simple design program 

and numerical simulator plots are parallel with a dc shift of 23.25 µA. This may be due 

the inaccuracy in the effective mobility calculated using the equation ( 8.4) The   

calculated mobility may be lower than the value computed by the numerical simulator. 

Adding the above offset the analytical plot overlaps the numerical plot over a Nsub range 

of 1x1017 to 1x1018/cm3. 
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Figure 8-1. IDsat comparison of p-MOSFET using analytical MOSFET design program 
and ISE-TCAD numerical simulations. Lg = 500 nm, tOX = 3 nm, xJ = 30 nm, p+ 
polysilicon gate. Vgs = -1.5 V, Vds = -1.5 V. The Excel computed values are lower by a 
constant value 

 

It is good to know an approximate value of gate length Lg at which the MOSFET 

begins to have short channel effects, specifically DIBL. Knowing this he numerical 

simulations can be extended to this value and beyond. The following empirical formula 

(Equation ( 8.6)) gives an estimate of the minimum channel length at which the MOSFET 

enters SCE [185]. This formula is for MOSFET structures. HMOSFET structure is very 

different and this formula may not apply. But as seen from the comparison of results 

(sub-section 8.3.1) it is found that both MOSFET and HMOSFET shows SCE at almost 

the same Lg. HMOSFET shows SCE at a little bit shorter Lg compared to MOSFET. 
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The constant A is a proportionality factor and has a value of 0.41, xj is the junction depth 

of source and drain regions, tOX is the gate oxide thickness in angstroms, Vbi is the source 

junction built in potential, WS is the source depletion width and WD is the drain depletion 

width at full drain voltage. Using equation ( 8.6 ) the minimum value of Lg vs Nsub is 

plotted in Figure 8-2. This plot is to get an idea of an approximate value of minimum Lg 

for the range of Nsub values chosen in Figure 8-1.  Figure 8-3 and Figure 8-4 give the  

threshold voltage and off currents respectively, obtained from numerical simulations.  

  

0

50

100

150

200

1.E+17 1.E+18 1.E+19

Nsub

L
m

in
 (

n
m

)

 
Figure 8-2. Estimated minimum value of Lg , at the onset of short channel effects, as a 
function of substrate doping density for the MOSFET. junction depth xj = 30 nm,  
tOX = 3 nm, Vds = -1.5 V This is using the equation ( 8.6). 
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Figure 8-3. Threshold voltage VT for a MOSFET as a function of substrate doping Nsub 
obtained using the numerical simulator ISE-TCAD. Lg = 500 nm, tox = 3 nm, xj = 30 nm,  
p+ gate. 
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For the Nsub of 5x1017/cm3 the off current, Ioff, is approximately 1x10-10 A for the 

MOSFET which is a reasonable value. For the same Nsub the minimum Lg is around  

100 nm as seen in Figure 8-2. This gives an IDsat of approximately 100 µA/µ. So an Nsub 

of 5x1017/cm3 is chosen for the MOSFET. A HMOSFET with the same values of Nsub 

and IDsat is designed as explained below. This is carried out using the analysis and design 

program of chapter 6 and is confirmed using the numerical simulator ISE-TCAD. 

8.2 Modified Analytical Design Program for Short Channel HMOSFET  

The analytical design and analysis program developed in chapter 6 using the one 

dimensional Poisson equation solution and Excel spread sheet is valid for long channel 

devices. For long channel devices potential contours are parallel to the current direction 

and are one dimensional as discussed in Appendix A. Due to the two dimensional nature 

of potential contours in short channel devices development of an analytical solution is 

more difficult. To make use of the analytical program of chapter 6 for short channel 

simulations, as the channel length is reduced from 500 nm to 100 nm, some form of short 

channel correction is needed. It has been proposed in literature that a voltage-doping 

transformation and correction of the substrate doping Nsub can achieve this very easily 

[184 ]. Since in short channel devices the source and drain depletion widths consist of a 

good percentage of the channel region the gate controls charges only in a reduced volume 

of the region under it. So the effective substrate doping can be written as a reduced value 

of the actual doping. This reduced Nsub is proportional to the drain voltages and the built 

in potential as given below [ 146 ],  
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where N* is the modified Nsub and Vds
* is a modified drain voltage. It is to be noted that 

φTH , the quantum well potential at the threshold voltage, is similar to the surface potential 

at inversion in MOSFET. Vbi is the built in potential at the drain-substrate junction. Using 

these formulas the long channel Nsub is modified. Now the same analytical HMOSFET 

analysis and design program is made use of for short channel HMOSFET. The modified 

analytical program can be used for both long and short channel simulations since the Nsub 

is automatically reduced to an effective N* as the channel length reduces. 

In the case of MOSFET IDsat and VT for 500 nm down to 100 nm are computed using 

the analytical MOSFET design program discussed in section 8.1. It uses the full 

expression in equation ( 8.1). Now there are two analytical programs (1) MOSFET design 

program and (2) the HMOSFET design program modified with the inclusion of short 

channel HMOSFET devices. Simulations are also carried out using the numerical 

simulator ISE-TCAD. The IDsat and VT results from the numerical simulator are compared 

to the above mentioned analytical programs. For plots of log (mag (Ids)) vs. Vg only the 

numerical simulator is used.  

8.3 Short Channel simulations 

Following the procedure given in section 8.1 a MOSFET and a HMOSFET with the 

same substrate doping density, Nsub, and the same saturation current, IDsat, are designed. 

From section 8.1 it was found that a conventional MOSFET with a substrate doping of 
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5x1017/cm3, p+ gate and oxide thickness of 3 nm gives an IDsat of approximately 100 µA. 

To compare effects of scaling both MOSFET and HMOSFET should be designed to have 

the same IDsatt at 500 nm or long channel starting channel length. To make the 

comparison fair both the MOSFET and HMOSFET devices should also have the same 

Nsub, as mentioned at the beginning of the chapter. Using the HMOSFET analytical 

design program of chapter 6 a HMOSFET is designed with the same Nsub of 5x1017/cm3. 

This HMOSFET also should have 100µA IDsat at a Lg of 500 nm. The easiest way to get 

this is to adjust the Ge fraction x of the Si1-xGex QW channel. It was found from the 

analytical HMOSFET design program that a fraction x of 0.24 gives an Ion of 96µA. The 

HMOSFET structure is 3,5,5,2/0.24/5e18,5e17. Now there are two devices, a MOSFET 

and a HMOSFET, of equal IDsat and same Nsub to compare.  

Drain induced barrier lowering (DIBL) occurs with high drain voltage in the off state 

of the device (Vgs = 0 V). This is a SCE and is manifested by the encroachment of the 

drain-substrate junction depletion region into the source-substrate depletion region. This 

leads to a reduction of the potential barrier at the source-channel junction leading to 

injection of carriers from source over this reduced barrier into the channel. This causes 

higher leakage currents in the sub-threshold region. A parameter of interest in the sub-

threshold region of a MOSFET device is the slope parameter St defined as [4], 
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Where Cdm is the depletion capacitance, COX is the gate oxide capacitance, k is the 

Boltzman constant, tOX is the gate oxide thickness, q is the hole charge and WD is the 
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depletion depth at the onset of inversion. As can be seen this is a constant for a particular 

MOSFET. This equation should be valid for HMOSFET also with a modification of the 

value of Cdm due to the undoped cap layer, undoped Si1-xGex layer, undoped buffer layer 

and the p-layer giving, 
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Here it is assumed that the p-layer is fully depleted. Wd is the depletion width in the n-

substrate. Nd  is same as Nsub. Xp and Np are thickness and doping density of the p-layer. 

8.3.1 Short channel comparison 

Figure 8-5 has numerically simulated plots of IDsat for MOSFET and HMOSFET as 

the channel length is reduced from 500 nm to 100 nm, keeping other parameters the same 

as at 500 nm. The open and closed circles indicate the output values for the MOSFET and 

the HMOSFET simulated using the analytical programs of section 8.1 and the analysis 

and design program of chapter 8.2 respectively. Up to about 200 nm in case of 

HMOSFET and 300 nm in case of MOSFET the increase in IDsat is nearly linear. Below 

these values of Lg. IDsat rises faster indicating short channel effects due to the threshold 

voltage drop. This indicates that the MOSFET suffers from SCE slightly earlier in scaling 

than the HMOSFET.  

Figure 8-6 has numerically simulated threshold voltages VT for both MOSFET and 

HMOSFET for reducing values of Lg from 500 nm to 100 nm. Again other parameters 

were kept fixed at their 500 nm values. The dark circles indicate analytical analysis and 
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design program output values for HMOSFET. In the case of MOSFET the analytical 

values, as given in Figure 8-3, are not comparable to numerical results and hence not   

plotted. The reason may be the difference in the definition of VT. In the MOSFET design 

program of section 8.1 VT is defined as the Vgs at which the surface hole density becomes 

equal to the substrate electron density. But in the numerical simulation VT is defined as 

the value of Vgs corresponding to an Ids of 0.1µA/µ. From the numerical simulation 

results VT begins to drop at about 250 nm for MOSFET and 200 nm for HMOSFET 

respectively. So these values can be taken as the beginning of SCE. In the case of 

HMOSFET the analytical values are about 0.1 V lower and drops off slowly compared to 

numerical results. VT for HMOSFET in the case of analytical program is defined as the 

gate voltage at which the QW potential change by twice the doping parameter (Equation 

(4.5)) whereas VT from numerical simulations are calculated for an Ids of 0.1 µA/µ. This 

could be the reason for this difference. 

Figure 8-7 plots numerical results for Ids vs.Vds for MOSFET and HMOSFET for 

channel lengths of 500 nm and 150 nm. The other parameters are again kept fixed at their 

500 nm values. For long channel devices (500 nm)  IDsat for both MOSFET and  

HMOSFET are the same. But for the short channel device at 150 nm HMOSFET current 

reaches a constant plateau whereas MOSFET current keeps rising. This shows that 

MOSFET has higher short channel susceptibility compared to HMOSFET.  

It is also noticed that HMOSFET has higher Ids for low Vds values for both long and 

short channel cases and reaches constant values at a lower Vds compared to MOSFET. 

This can be attributed to the higher hole mobility in the undoped strained Si1-xGex 
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channel layer compared to the mobility in the doped Si channel in the case of MOSFET. 

This can bring the drain end to saturation for lower Vds in case of HMOSFET. This can 

cause pinch off at a lower drain field. Pinch off and saturation are described in  

section 2.2.2. Pinch off can cause Ids to saturate but the fields in the channel region can 

however remain low. So the channel region need not be in velocity saturation. This can 

be confirmed only through numerical simulation. Figure 8-25 shows a plot of velocity in 

the channel vs distance from the source. The velocity is less than 3x106 cm/s whereas vsat 

for holes is 8.37x106 cm/s. This shows that the HMOSFET channel is not velocity 

saturated. Hence the high low field mobility is applicable. This gives an advantage over 

MOSFET whose low field mobility is inferior to that of HMOSFET. 
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Figure 8-5. Saturation values IDsat for 500, 400, 300, 200, 150 and 100 nm channel 
lengths. Up to 200 nm IDsat for HMOSFET shows almost linear variation but at 150 nm 
IDsat is much higher indicative of short channel effects. In the case of MOSFET the 
linear variation is only upto about 300 nm. MOSFET has tox = 3 nm, Nsub = 5e17/cm3,  
xJ = 30 nm, p+ gate. HMOSFET is 3,5,5,2/0.24/5e18,5e17 with tox = 3 nm,  
xJ = 30 nm, p+gate. Vgs = -1.5 V, Vds = -1.5 V  
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Figure 8-6. Threshold voltage VT vs channel length. Lines are from numeric simulator 
ISE-TCAD and the dark circles are from the analytical analysis and design program of  
Section 8.2. MOSFET has tox = 3 nm, xj = 30 nm, Nsub = 5e17/cm3, p+ gate.. HMOSFET 
is 3,5,5,2/0.24/5e18,5e17 with tox = 3 nm, xJ = 30 nm, p+gate. Around 200 nm the 
threshold voltage begins to drop for both devices.  
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Figure 8-7. Ids for MOSFET and HMOSFET for 500 nm and 150 nm channel lengths. For 
150 nm the MOSFET do not show any saturation indicating SCE. MOSFET has  
tox = 3 nm, xj = 30 nm, Nsub = 5e17/cm3. HMOSFET is 3,5,5,2/0.24/5e18,5e17 with  
tox = 3 nm, xj = 30 nm, p+gate. Vgs = -1.5 V. These plots are from the ISE-TCAD. 
 

In Figure 8-7 the long channel Ids for both devices saturate to the same value of 100 µA. 

But for short channel device at 150 nm HMOSFET current saturates whereas MOSFET 
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current does not show saturation. Instead it steadily increases, indicating once again, that 

MOSFET has higher short channel susceptibility compared to HMOSFET.  

It is also noticed that HMOSFET has higher Ids for low Vds values for both long and 

short channel cases. This can be attributed to the higher hole mobility in undoped strained 

Si1-xGex channel layer compared to the mobility in doped Si channel in the case of 

MOSFET. HMOSFET enters saturation at around 0.4 V whereas MOSFET enters 

saturation at around 0.9 V. The lateral field corresponding to 0.4 V in HMOSFET is only 

8000 V/cm much lower than the critical field for velocity saturation. In the case of 

MOSFET this field is 1.8×104 V/cm, again much below the critical field. All these 

arguments lead to the fact that neither MOSFET nor HMOSFET are in velocity saturation 

and the low field mobility applies. 

8.3.2 Sub-threshold Comparison 

Numerically simulated values of Ids vs. channel length Lg, for the MOSFET is plotted 

in Figure 8-8 for 500, 300, 200, 150 and 100 nm. Since St is the inverse slope of these 

curves in the sub-threshold region the sub-threshold region should have the same slope as 

given by equation ( 8.12 ). A reduced sub-threshold slope will move the off current to 

higher values (intercept with the vertical axis). So does a translation of threshold voltage 

VT to lower vales (VT roll off). Both of the above indicate SCE. Figure 8-8 does not  

indicate a reduced slope down to a Lg of 100 nm but at 100 nm the above figure shows a 

translation or reduction of VT to lower values. Down to a Lg of 150 nm there is very little 

change in slope or reduction in VT. Similar numerically simulated plots for the 

HMOSFET are given in Figure 8-9. This set of plots also does not suffer from DIBL 
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down to 150 nm. This indicates that both MOSFET and HMOSFET have similar 

limitations on Lg as far as short channel effects are concerned or both devices scale down 

similarly. These plots are generated by using the numerical simulator ISE-TCAD. 
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Figure 8-8. Log(Ids) vs Vgs. MOSFET has tox = 3 nm, xj = 30 nm, Nsub = 5e17/cm3,  
p+ gate. Channel lengths Lg of 500, 400, 300, 200, 150 and 100 nm. At 100 nm Ioff 
increased by more than two orders of magnitude indicating SCE. Vds = -1.5 V. These 
plots are from the numerical simulator ISE-TCAD. 
 

Figure 8-10 plots log(mag(Ids)) vs Vgs for the MOSFET and HMOSFET simulated 

using the numerical simulator. The gate length is 500 nm. Notice that both devices have 

the same Ion whereas the Ioff values are very different. HMOSFET has an Ioff of almost 

seven orders of magnitude lower than that of MOSFET. This is a very important 

observation. In chapter 4 it was mentioned that the thermal conductivity of Si1-xGex is 

nearly fifteen times lower than that of Si. With such lower Ioff the HMOSFET generates 
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far less standby power dissipation compared to Si MOSFET. With scalability almost the 

same, as discussed before, this indicates that HMOSFET can have a much denser packing 

density on the dice since the thermal designs can be easier due to reduced off state 

currents..  
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Figure 8-9. Log(mag(Ids)) vs Vgs for a HMOSFET 3,5,5,2/0.24/5e18,5e17 with  
tOX = 3 nm, xJ = 30 nm, p+ gate. Lg of 500, 400, 300, 200, 150 and 100 nm. At 100 nm 
Ioff is much higher indicating the onset of SCE. Vds = -1.5 V. These plots are from the 
numerical simulator ISE-TCAD. 
 

From the above results it can be argued that the low off current in HMOSFET is due to 

the difference in VT. From the numerically simulated Figure 8-10 it can be observed that 

the MOSFET has a VT around –0.4 V and the HMOSFET has a VT around –1.0 V. In the 

numerically simulated Figure 8-10 the sub-threshold slope is nearly the same for both 

devices. So if the threshold voltages are made the same both curves will overlap in the 

sub-threshold region or the Ioff value for HMOSFET and MOSFET will become the same. 

But it has to be understood that the ON current Ion of  HMOSFET will increase very 
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Figure 8-10. Comparison of Log(mag(Id)) vs Vgs for MOSFET and HMOSFET. Both 
devices have the same Lg = 500 nm, Nsub = 5x1017/cm3, tOX = 3 nm, xj = 30 nm, p+ gate. 
Both have the same IDsat at Vgs = -1.5 V and Vds = -1.5 V. HMOSFET is 
3,5,5,2/0.24/5e18,5e17. Notice that Ioff in the case of HMOSFET is almost seven orders 
of magnitude less compared to that of MOSFET. These plots are from ISE-TCAD. 
 

much with such low VT, in comparison to the MOSFET [ 177 ]. This is sketched in 

Figure 8-11. Since sub-threshold slopes are nearly the same for both MOSFET and 

HMOSFET the curves overlap in the sub-threshold region as shown in Figure 8-11. But 

in the ON region the current in the HMOSFET is much higher. This implies a steeper 

slope for HMOSFET in the ON region. This is possible only if the channel for 

HMOSFET is not velocity saturated so that the high low field mobility of the Si(1-x)Gex 

QW channel can provide a steeper slope.  
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Figure 8-11.Log(Ids) vs Vgs sketch when both MOSFET and HMOSFET have the same 
VT. Ion is higher for HMOSFET at Vgs = -1.5 V and Vds = -1.5 V. This is an approximate 
sketch only to convey the idea.  
 

When both devices are set to have the same Ion, as sketched in Figure 8-12, the 

HMOSFET has a very low Ioff. The HMOSFET can have a higher VT and still give the 

same ON current as in the MOSFET due to the high mobility. Again it has to be assumed 

that the channel is not velocity saturated and the high low field mobility of the Si(1-x)Gex 

QW channel can provide a steeper slope in the ON region for the HMOSFET.  

 Due to the high VT HMOSFET now has a very low OFF current. It has to be noted 

here that Figure 8-11 and Figure 8-12 are mere sketches to convey the comparison with 

the same VT or the same Ion respectively. It should be noted here that the HMOSFET was 

found to be not in velocity saturation but in pinch off state in sub-section 8.3.2.1 and in 

Figure 8-7. 
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Figure 8-12. Log(Ids) vs Vgs sketch when the HMOSFET has a higher VT. VT for either 
devises is chosen such that Ion is the same for both MOSFET and HMOSFET at  
Vgs = -1.5 V. Vds = -1.5 V. This is a mere sketch to convey the idea. Numerically 
simulated Figure 8-10 gives the correct values. 
 
8.3.2.1 ON Current Calculation 

(1) For vsat case: (HMOSFET) 
 
vsat = 8.37×106 cm/s 

Gate length Lg = 500 nm 

Vg = -1.5 V 

VT = -1.0 V (approximate) 

Overdrive = 1.5 – 1.0 = 0.5 V 

Total charge Q = (Vg – VT)Cox 

Transit time t = Lg/vsat  

t

Q
I =  
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The designed value of Ids for 500 nm channel length is 100 µA. So the above results 

are reasonable. The above results suggest that the HMOSFET channel is velocity 

saturated. A note of caution here. Even though the assumption of velocity saturation seem 

to give correct result the reason does not seem right. In sub-section 8.3.2.2 numerical 

simulations show that channel saturation is absent.  

 
For the same overdrive MOSFET also should give the same current since vsat is the 

same for both Si and Si(1-x)Gex. The designed ON current in both devices is 100 µA. 

 
(2) For non-saturated case (HMOSFET) 
 

81324.0)4701900(470)4701900(470 =−+=−+= xSiGeµ  cm2/V sec  (3) 

Assuming uniform field in the channel field is given by, 

4

7
103

10500

5.1 ×== −x
ξ V/cm       (4) 

Velocity = 813 × 3×104 = 2.4×107 cm/s > vsat  

This is much above the saturation velocity which cannot happen That means the field 

in the channel is not as high as estimated, which could be accounted for by a non-uniform 

potential drop along the channel. For example the potential drop and field near the drain 

are much greater. The current can be limited due to pinch off mechanism explained more 
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elaborately in sub-section 2.2.2. So the HMOSFET may not be in velocity saturation. 

This aspect is further evidenced under sub-section 8.3.2.2.  

When pinch off occurs the channel operates between zero at the source and VDsat at the 

other end closer to the drain (pinch off point). Rest of Vds drops in the pinch off region 

near the drain. VDsat is much lower than Vds and normally a fraction of a volt. In  

Figure 8-7 the HMOSFET saturates around 0.3 V. From these discussions it can be 

inferred that the HMOSFET channel potential is near zero at source end and 

approximately 0.3 V near the drain end. So the field in the channel region is going to be 

very low. Hence HMOSFET cannot be in velocity saturation. 

So greater part of the channel is in the low field regime. From Figure 8-12 this implies 

lower carrier density in the high mobility HMOSFET to give the same Ion as in the low 

mobility MOSFET. The carrier density is proportional to the overdrive. From Figure 8-10 

VT for HMOSFET and MOSFET are approximately –1.0 V and –0.4 V respectively. 

Hole mobilities for Si(1-x)Gex (x = 0.25) and Si (doped to 5x1017) are 813 and 200 cm2/Vs 

respectively. Since the calculated field need to be reduced to a third the potential drop for 

most of the channel length can be assumed to be a third of Vds or –0.5 V. This will give a 

field of, 

 4

7
10

10500

5.0 == −x
ξ  V/cm 

( 8.16)  

 

This value of the field gives an IDsat of approximately 100 µA. The numerically simulated 

Figure 8-10 also gives an IDsat of around 100 µA.  
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(3) For vsat case: (MOSFET) 
 
vsat = 8.37x106 cm/s 

Gate length Lg = 500 nm 

Vg = -1.5 V 

VT = -0.4 V (approximate) 

Overdrive = 1.5 – 0.4 =1.1 V 

Since the overdrive is more than double in this case the total charge also will be more 

than double compared to HMOSFET in case (1). In order to maintain the current at  

100 µA the velocity has to be less than half of vsat. There must be some other mechanism 

limiting the field in the channel or reducing the potential drop in the channel. One such 

mechanism is pinch off as discussed in the previous calculation..An elaborate discussion 

of pinch off is given sub-section 2.2.2. Now the lack of charges near the drain end 

increases the resistivity and a voltage equal to approximately Vds – VDsat drops in the 

pinch off region near the drain. This limits the potential available for the channel region 

thus reducing the field in the channel. So in spite of the fact that the charge density away 

from the drain is more than double (due to higher over drive) the current will not be 

double. As noted above the velocity has to be less than half of vsat. So the MOSFET 

cannot be in saturation. 

(4) For non-saturated case (MOSFET) 

µSi = 200 cm2/V sec (doping at 5x1017/cm3) 
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x
== −ξ  

Velocity = 200 x 3x104 = 6×106  cm/sec = 071×vsat  

Since the overdrive and total charge are double compared to HMOSFET the velocity 

should be less than half of vsat (comparing with case 1) to give 100 µA. So the chances 

are most of the channel is not velocity saturated. Most of the potential drops near the 

drain junction where the fields are many times the rest of the channel. To make the 

velocity less than half of vsat the channel can have a potential of (0.5/0.71)Vds  = 0.7Vds 

only.  

The potential plot from source to drain along the channel for MOSFET is given in 

Figure 8-13. The MOSFET has tOX = 3 nm, xJ = 30 nm, Nsub = 5x1017/cm3 and p+gate. 

The structure of the MOSFET in Figure 8-13 to Figure 8-18 are the same. The source-

channel barrier is almost missing in the 100 nm channel length case. For the 500 nm case 

there is significant curvature indicating the MOSFET may be in saturation mode.  

The potential along the QW channel for the HMOSFET is given in Figure 8-14. An 

enlarged view near the source end is given in Figure 8-15. The potential is nearly linear 

up to the vicinity of the drain. Note also that the potential drop in most of the channel is 

only about 0.2 V. So most of the channel is in the low field regime. This will explain 

Figure 8-10. Since most of the channel is in low field regime the ON region of the 

HMOSFET can be steeper due to the high low field mobility. For the short channel 

HMOSFET, in Figure 8-12, the source-channel barrier is almost the same as the long 
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channel case indicating that the SCE has not yet developed.  Lateral electric field for the 

MOSFET is given in Figure 8-16 and for the HMOSFET is given in Figure 8-17.  

Figure 8-18 plots the electric field for 500 nm MOSFET and HMOSFET together. 

Compared to the MOSFET the electric field is nearly six times in HMOSFET near the 

drain end as seen in.Figure 8-18 For the HMOSFET the fields in most parts of the 

channel are very low as indicated by the small drop (approximately 0.2 V) in Figure 8-14 

for the 500 nm HMOSFET. So the rest of the potential (1.5 –0.2) V has to drop in a small 

region near the drain end. This leads to very high fields near the drain end of the 

HMOSFET. The two dimensional potential contours for 100 nm channel MOSFET and 

HMOSFET are given in Figure 8-19 and Figure 8-20 respectively. Both devices seem to 

have nearly the same two-dimensional spread in the contours. Only below the channel 

region there is an inconspicuous difference. 
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Figure 8-13. Potential plots from source to drain for 100 and 500 nm MOSFET.  
tOX = 3 nm, xJ = 30 nm, Nsub = 5x1017/cm3, p+ gate. Vgs = -1.5 V, Vds = -1.5 V. This is 
from TCAD. 
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Figure 8-14. Potential along the channel for 100 nm and 500 nm HMOSFET.  
 
 
 
 

 

Figure 8-15. An enlarged view of Figure 8-14.. Vgs = -1.5 V, Vds = -1.5 V. 
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Figure 8-16. Lateral electric field along the channel for long and short channel MOSFET. 
Vgs = -1.5 V, Vds = -1.5 V.  
 
 
 

 

Figure 8-17. Lateral electric field along the QW channel for long and short channel 
HMOSFET. Vgs = -1.5 V, Vds = -1.5 V. 
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Figure 8-18. Lateral electric field along the channel for MOSFET and HMOSFET.  
Lg = 500 nm. HMOSFET is 3,5,5,2/0.24/5e18,5e17. xj = 30 nm, tox = 3nm, p+ gate. 
MOSFET has tOX = 3 nm, xJ = 30 nm, Nsub = 5x1017/cm3, p+ gate.  Vgs = -1.5 V,  
Vds = -1.5 V.  
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Figure 8-19. Potential contours for the 100 nm MOSFET. Vgs = -1.5 V, Vds = -1.5 V. 

 

 

Figure 8-20. Potential contours for 100 nm channel HMOSFET. Vgs = -1.5 V,  
Vds = -1.5 V. 
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8.3.2.2 Riddle of the large threshold voltage of HMOSFET  

In the previous section an attempt is made to calculate the drain saturation currents 

IDsat by assuming the channel is velocity saturated and non-velocity saturated. The 

assumptions seem to give inconsistencies. It looked like HMOSFET is operating in 

velocity saturated mode and MOSFET is not. Assumptions were introduced arguing that 

the MOSFET channel is only partially velocity saturated. All these guess work are 

introduced to get the designed IDsat value of 100 µA. In any of the case there was no 

experimental or simulated data to back up the assumptions. An idea was also put forth 

such that the troublesome portion of the Vds must be dropping near the high field drain 

junction.  

In this sub-section the data from the numerical simulator is used to probe into the 

assumptions and validities. Quite curiously it is found that the arguments have qualitative 

value in most cases but there were no data sets to support the arguments. Before getting 

into calculation using simulator data (1) it will be worthwhile to take a look at the 

parameters used and the ways in which ISE-TCAD computes certain important values, 

eg. mobilities under different conditions, (2).the numerically simulated data can be tested 

with known theoretical relationships to ensure the validity of the data, (3) how to control 

and design both MOSFET and HMOSFET with pre-determined IDsat relationships. 

Table 8.1 gives some of the important parameters used in the numerical simulator ISE-

TCAD. 
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Table 8-1. Some of the important material constants and other vqlues used by the 
numeric simulator ISE-TCAD for the simulation of Si1-xGex HMOSFET and 
convensional silicon MOSFET. Si1-xGex  has an x value of 0.24 and the n-type silicon 
substrate  doping is 5×1017/cm3. 
 
 Si1-xGex , x = 0.24 Si, Nsub = 5e17/cm3  
x 0.24 0  
mu_low 813 200  
beta 1.213 1.213 Cauchy-Thomas 
vsat 8.37e6 8.37e6 default 
ε (x) 12.4 11.7  
 
Ge fraction x of 0.24 was chosen for the HMOSFET in simulations. This fraction of Ge 

gives a HMOSFET with a Nsub of 5e17/cm3 and an IDsat of 100 µA, same values as the 

MOSFET. The low field mobility,µlow, calculation is given in chapter 4. It is reproduced 

here for convenience. 

   
 xlow )4701900(470 −+=µ  ( 8.17) 
 
 
Here 470 is the hole mobility in undoped silicon, 1900 is the hole mobility in undoped Ge 

and x is the Ge fraction. A plot of the low field mobility is given in Figure 8-21.. Using 

this low field mobility and vsat high field mobility is calculated using Cauchy-Thomas 

formula. 
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The high field mobility for Si1-xGex  and silicon are plotted in Figure 8-22. . Knowing the 

high field mobility and the field the velocity is calculated. The velocity calculated this 
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way is used in TCAD. The whole process of finding velocity this way is called Canoli 

model. This is plotted in Figure 8-23 for both Si1-xGex  and silicon. 

 

Figure 8-21. Low field hole mobility for strained Si1-xGex  vs Ge fraction 

 

Figure 8-22. High field mobility for strained Si1-xGex  with x = 0.24 and silicon substrate 
with Nsub of 5e17/cm3 
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Figure 8-23. Velocity vs field for Si1-xGex  with x = 0.24 and silicon substrate with  
Nsub of  5e17/cm3 

 

The aim is to calculate the drain saturation currents for both MOSFET and HMOSFET 

and make sure they are equal. The two devices were designed to have 100 µA before 

inputting to the simulator. It must be possible to use the numerical output data and back 

calculate IDsat. If charge per unit area and the average velocity of holes in the channel 

region are known IDsat calculation is straight forward. Assume Q is the total charges under 

unit area and vavg is the average velocity of holes in the channel region. 

 avgDsat QvI =  

avgv has to be found by averaging the velocity from source to drain through the channel 

region. In a MOSFET the charge density is given in terms of gate capacitance and the 

gate overdrive. 
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In the numerically simulated plots of Figure 8-10 the point of intersection of the two 

straight line segments is located approximately at the threshold voltage. So VT and VTH 

for MOSFET and HMOSFET respectively can be found from this figure. Numerical 

simulator also gives velocity distributions. The velocity along the channel region can be 

plotted and avgv can be approximately found from this velocity vs source-to-drain 

distance plot. 

Now if the currents in both devices is to be 100 µA, 
  

 AIhmosvhmosQmosvmosQ Dsatavgqvgavgavg µ100)()()()( ===  

This gives the relation, 
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( 8.19) 

 
From Figure 8-10, 

VT  (MOSFET) ≈ -0.4 V 

VTH (HMOSFET) ≈ -1 V 

Magnitudes of charges are given by, 

Qavg (MOSFET) = COX (Vgs –VT) = 1.5 - 4 = 1.1 (normalized with COX) 

Qavg (HMOSFET) = 1.5 – 1 = 0.5 

The velocity profile for the MOSFET and the HMOSFET are plotted in Figure 8-24 and 

Figure 8-25 respectively. From the plot approximate average velocities for MOSFET and 

HMOSFET are,  

vavg (MOSFET) ≈ 0.8x106 
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vavg (HMOSFET) ≈ 2.5x106 

The ratios of charge and average velocity should match equation ( 8.19) 
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( 8.21) 

 

These two ratios are quite close showing that the approximate theory and numerical 

simulation are in agreement. 

  

Figure 8-24. Plot of hole velocity vs source-to drain distance. This is for the 500 nm 
channel length MOSFET. 
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Figure 8-25. Plot of velocity vs source-to-drain distance. This is for the 500 nm channel 
length HMOSFET. 
 

A careful examination of the numerically simulated results in Figure 8-24 and  

Figure 8-25, for 500 nm channel length devices, indicates that indeed neither MOSFET 

nor HMOSFET are velocity saturated. As a consequence, the higher mobility in the 

HMOSFET structure allows a lower carrier density than does the MOSFET structure. 

Hence the threshold voltage of the HMOSFET can be increased beyond the threshold 

voltage of the MOSFET. This greatly reduces the off-current in the HMOSFET compared 

to the MOSFET. So for the same on-current, Ion, the off-current, Ioff, in HMOSFET is few 

orders of magnitude lower than the Ioff in MOSFET. This can be seen in Figure 8-10. 

8.4 Scalability of Si1-xGex HMOSFET  

From the previous sections it is clear that the HMOSFET can be scaled down to the 

same limits of MOSFET or even slightly more. In addition Ioff in the HMOSFET is a few 
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orders of magnitude less compared to MOSFET. This will reduce the overall power 

dissipation and compensate for the poor thermal conductivity of SiGe compared to Si 

(see Table 4.1). With orders of magnitude lower Ioff HMOSFET can have much higher 

packing density compared to Si MOSFET.  

Si1-xGex can be introduced into the Si foundry with very few modifications, as is done 

in SiGe BiCMOS process. Fabricating all Si1-xGex CMOS structures is advantageous 

from the following aspects. First very high speed CMOS devices will be useful for low 

noise RF front ends [ 100 ], it is radiation tolerant, its overall power dissipation is lower 

than the same in silicon CMOS and it can be scaled down with methods similar to that of  

silicon CMOS. 

8.5 Summary of Short Channel Simulations 

In this chapter the short channel behavior of MOSFET and HMOSFET with the same 

Nsub and the same long channel IDsat are studied. Two devices, a MOSFET and a 

HMOSFET, with the same long channel saturation currents IDsat and the same substrate 

doping density Nsub are designed using analytical programs. Nsub is selected in such a way 

that the MOSFET can be scaled down to 100 nm. This is determined using an emperical 

formula. Both devices have 500 nm long channel length to begin with. The MOSFET has 

tox = 3 nm, xj = 30 nm, Nsub = 5e17/cm3and p+ gate.The HMOSFET structure used is 

3,5,5,2/0.24/5e18,5e17 with tox = 3 nm and p+gate. The long channel IDsat for both 

devices is around 100 µA/µ. Then the channel lengths of both devices are reduced in 

steps and a comparison is made of their sub-threshold gate characteristics, threshold 

voltages and saturation currents. This is carried out at each step of the scaling down. By 
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plotting log(mag(Ids)) vs Vgs side by side for all channel lengths it was found that below 

150 nm both MOSFET and HMOSFET show short channel effects indicated by a rise in 

off state currents. These plots are generated using the numerical program. Next threshold 

voltage drop off was compared. MOSFET starts showing threshold voltage drop around 

200 nm whereas  HMOSFET starts to show threshold voltage drop at  

150 nm.  

The drain characteristics of 500 nm and 150 nm MOSFET and HMOSFET are plotted 

together in Figure 8-7. For the long channel, 500 nm, both devices saturates to the same 

IDsat. But for short channel, 150 nm, the HMOSFET saturates whereas the Ids of the 

MOSFET do not show saturation but keeps increasing with Vds. This is an indication of 

SCE in MOSFET. From Figure 8-5 to Figure 8-7 it is very clear that the MOSFET shows 

SCE at a slightly early stage of scaling down than the HMOSFET. So it can be stated that 

the HMOSFET can be scaled down a bit further than the MOSFET. This will reduce the 

die area and improve operational speed. Another factor of importance is that for the same 

ON currents the HMOSFET has few orders of magnitude lower OFF currents compared 

to MOSFET. This is very important since it can compensate for the poorer thermal 

conductivity, compared to silicon, and the device layout density can be made higher 

without adverse thermal limitations. It also help save power in battery operated systems. 

The results IDsat and VT from the analytical HMOSFET design program and the 

numerical simulation program closely matches down to a channel length of 150 nm. 

Below this channel length short channel effects are prevalent and the analytical program 

is not designed to accommodate severe SCE. 
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CHAPTER 9 

OPTIMIZATION OF THE P-HMOSFET STRUCTURE 

In the previous chapters p-HMOSFET structures were explained. Design of the same 

was also discussed. Specific long channel structures were designed.  Simulations were 

carried out on these long channel devices using the analytical analysis and design 

program developed in this project. These results were compared with numerical 

simulation results using ISE-TCAD [109]. Further the channel lengths were reduced. 

Analytical and numerical simulations were carried on these short channel devices. A 

comparison is made between the short channel behavior of CMOS and p-HMOSFET. 

Both showed nearly same behavior even though p-HMOSFET showed the ability to be 

scaled down a little bit more. 

9.1 Limitations of the p-HMOSFET Structure 

In this chapter the structure is studied further and some modifications are introduced to 

the structure discussed in the previous chapters. Figure 5.1 gives the device structure and 

Figure 5.4 gives the band diagram in chapter 5. The structures discussed in the previous 

chapters have two drawbacks.  

1. As can be seen in Figure 5.4 the buffer layer cannot be made much thicker due to 

the potential drop in that layer. Since the device is designed to operate at 1.5 V 

this is a limitation.  

2. Because of the above reason the p-layer is bridging the source and the drain. This 

is because bringing the p-layer down will make the buffer layer thicker. 
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Limitation of the device is shown in Figure 9-1. The figure shows the band 

diagram from the source to the drain through the p-layer. The doping in the  

p-layer cannot be increased to higher values since the barrier at the source 

junction will reduce. This will increase the off state leakage currents. 

 

 

Figure 9-1. Band diagram from source to drain through the p-layer. This is copied here  
from Figure 5.2 for convenience. 
 
9.2 A Modified Structure 

These limitations can be overcome if the potential drop in the buffer layer is reduced 

to zero or the field is made zero. This can be accomplished if the negative ions in the  

p-layer are made equal to the positive ions in the depletion region of the substrate. This 

gives two advantages and a disadvantage. 

1. The p-layer can be pushed down to below the source. This will avoid the  

p-layer bridging the source and drain thus reducing off state leakage currents. 

2. If the p-layer is pushed down below the source the doping of the p-layer can 

be increased as desired to make the field in the buffer layer zero. So a delta-

doping layer can be used. 
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3. The regions above the p-layer are undoped. When the p-layer is moved down 

there will be more undoped regions between source and drain. This can widen 

the depletion widths and lead to leakage currents. 

Such a modified device structure is shown in Figure 9-2. The valence band diagram 

for the same is shown in Figure 9-3.  

 

 

Figure 9-2. Structure of a modified p-HMOSFET. Here the p-layer doping is adjusted 
such that the field in the buffer layer goes to zero.  
 
9.3 A Feasibility Analysis of the Modified Structure 

In order to do a quick analysis of the modified structure and to study the feasibility of 

this structure a coarse analysis is done using an Excel program that calculates the 

potentials at the junctions [ 159]. The program uses the potential at the substrate junction 

as an input variable. Once that is known the potentials in the p-layer and buffer can be 

calculated. Then the potential in the quantum well is obtained by adding the well height. 

The cap layer potential needs a correction due to the holes in the quantum well. This 
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correction is applied while calculating the potential in the cap layer. The input to the 

program and the calculated values for one particular structural choice are given in 

Appendix B. This simple program is used only for demonstration since it has the 

following shortcomings, 

1. The potential at the substrate depletion edge is assumed and it is not controlled by 

a gate voltage as in the real case 

2. Since the substrate potential drop is an assumed value the gate voltages vary with 

different structures. 

3. Due to above reasons hole densities calculated for different structures are for 

different gate potentials. So comparison is difficult. 

Finding the substrate potential drop with an applied gate voltage needs iteration. The 

analytical analysis and design program developed in this project does that. Similar 

structures with flat band buffer layer are analyzed using this analytical design program 

and the results are presented following this demonstrative analysis 

9.4 Analysis Using the Analytical HMOSFET design Program 

In the analytical program it is fast and easy to vary the p-layer location as well as 

doping. As mentioned before the analytical program does the computation by iteration for 

a fixed gate voltage. A 3 nm p-layer doped to a density of 5x1018/cm3 is used. This value 

gives a nearly flat band in the buffer layer for the structural parameters chosen here. The 

cap layer and quantum well layer are kept fixed at 3 nm and 5 nm respectively. The 

substrate doping is 5x1017/cm3. Ge fraction in QW is 0.5. So the device is 

3,5,Xbuf,3/0.5/5e18,5e17. First a thin buffer layer of 5 nm was used. This places the p-
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layer in between the source and drain. Figure 9-4  gives the valence band edge. As can be 

seen in Figure 9-4 the 5 nm buffer layer just below the quantum well has a nearly flat 

band edge. Now the buffer layer is made 35 nm which puts the p-layer below the source-

substrate junction. Rest of the parameters are kept the same. Figure 9-5 shows the valence 

band edge which is nearly flat. Figure 9-6 shows the analytically computed drain 

characteristics. 

 

Figure 9-3. The valence band diagram for the structure in Figure 9-2. p-layer doping is 
adjusted to make the field in the buffer zero. 
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Figure 9-4. Valence band edge of a 5 nm buffer layer device. The band edge in the buffer 
layer below the quantum well is nearly flat. The device is 3,5,5,3/0.5/5e18,5e17. 
 

 

Figure 9-5. Plot of valence band edge. The buffer layer is 35 nm which puts it below the 
source which is 30 nm deep. p-layer doping and rest of the values are same as in  
Figure 9-4. The device is 3,5,35,3/0.5/5e18,5e17. 
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Figure 9-6. Analytically computed drain characteristic for the device in Figure 9-5. The 
buffer is 35 nm thick. The device is 3,5,35,3/0.5/5e18,5e17. Analytical design program 
used. 
 

 

Figure 9-7. Valance band of a 5 nm thick buffer device. Notice the flat region over 5 nm 
below the quantum well. The result is from numerical simulation. The left side sharp rise 
is in the oxide. Vds =-1.5 V, Vgs = -1.5 V 
 

9.5 Analysis Using Numeric Simulator 

The analytic program gave the ON currents. But one of the advantages, as discussed 

earlier, of moving the p-layer down is the reduction of leakage currents. In order to 
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evaluate the same the same structures are simulated using the numerical simulator ISE-

TCAD [109]. Figure 9-7 shows the valence band edge of a 5 nm buffer device. The 

buffer region to the back of the quantum well is flat. Figure 9-8 shows the drain 

characteristic of the same device. The gate characteristic is given in Figure 9-9. It does 

not show any SCE. 

 

Figure 9-8. Numerically simulated drain characteristic of the 5 nm buffer device. 

 

Figure 9-9. Id vs Vgs of the 5nm buffer device from numerical computation 
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Now the p-layer is moved down to below the source. The buffer layer was made 35 

nm thick. To compensate for the n-type substrate doping the p-layer doping is increased 

by the substrate dopant concentration. Figure 9-10 shows the valence band edge. The 

buffer layer band edge is not flat all over. The buffer layer extends to 43 nm. 25 to 43 nm 

the band edge is flat. The rising edge above 25 nm could be due to the fact that the n-type 

dopant is present in that region. Figure 9-11 shows the drain characteristic. The saturation 

current IDsat in this case is higher than the 5 nm buffer layer case given in Figure 9-8. 

Figure 9-12 has the gate characteristic. As speculated at the beginning there is leakage 

happening at sub-threshold region. Even though the off currents are not much different 

from the 5 nm buffer case the advantage of the higher slope is lost at low gate voltage. 

 

Figure 9-10. Valence band edge of a 35 nm thick buffer layer device. It is not flat all over 
the 35 nm width. It has a slight slope up to 25 nm. This plot is from numerical simulation. 
The left side sharp rise is in the oxide. Vds = -1.5 V, Vgs = -1.5 V. Buffer layer extends to 
43 nm. But buffer band edge is not flat below 25 nm. 

 

Buffer 

non-flat 
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Figure 9-11. Numerically simulated drain characteristic of the 35 nm buffer device. 
 

 

Figure 9-12. Id vs Vgs of the 35 nm thick buffer device. Notice the leakage at low gate 
voltage.This result is from numerical simulation. 
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9.6 Conclusion 

In this chapter a modification was introduced to the p-HMOSFET analyzed in chapter 

7. The idea is to make the band flat in the buffer layer so that the p-layer can be moved 

down below the source level. This will allow higher doping in the p-layer without 

reducing the barrier at the source junction that occurs if the p-layer is located between the 

source and drain. It was found that the above modification gives more Ion.  This could 

possibly be due to the source and drain depletion regions coming close while the drain 

voltage is present. The fact that at low sub-threshold region there seems to be leakage 

happening justifies this speculation. Figure 9-13 shows the potential contours for the 35 

nm buffer structure. The sharp kinks are located at the p-layer. It can be imagined that the 

kink will move to right side (drain) if the p-layer is raised upwards.  

Raised source and drain designs could prevent the p-layer from bridging across them. 

As a concluding remark it looks like there is nothing to gain by moving the p-layer deep 

into the substrate. Even though it will still allow low voltage operation due to the zero 

field in the buffer layer the undoped regions above seem to be contributing to the leakage. 
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Figure 9-13. Two dimensional potential contours for the case of 35 nm buffer. p-layer is 
located where the notches are seen. It looks like there is a tendency for the notches to 
spread out to the left (source) if the p-layer is moved down. 
 

Drain Source 
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CHAPTER 10 

CONCLUSION 

Conclusions are given in this chapter. Contribution of this project, an overview of the 

design tool or the analytical HMOSFET analysis and design program, limitations of the 

analytical HMOSFET design program and future improvements to this work are 

discussed. In this first trial program only dc characteristics are studied. Structural 

modifications to make the HMOSFET operate at high frequencies are also discussed. 

Silicon germanium alloy semiconductor seems to hold promise to the silicon 

semiconductor industry  which is at the verge of reaching the limits of its consistent down 

scaling of devices. Since Si1-xGex is compatible with silicon processing introduction of  

Si1-xGex to the silicon integrated circuits industry is not difficult. In fact Si1-xGex based 

bipolar transistors are already in production in the BiCMOS process lines of many 

industries. In the dominating market of CMOS integrated circuits the p-MOSFET takes 

up over two times the foot print of an n-MOSFET due to the low mobility of holes. 

Hence it is reasonable to start with a p-channel MOSFET device and make it at least as 

fast as the n-channel device. Hence a p-channel device is chosen as the focus of this 

dissertation. 

Band gap engineering used to be an exclusive tool in the domain of III-V compound 

devices which has produced MODFET which can operate to speeds corresponding to less 

than 10 psec delay. This is achieved by confining carriers in an undoped QW layer and 

transporting them through this undoped channel layer. Addition of Ge to Si reduces the 
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band gap as well as increases the mobility. Using this to advantage band gap engineering 

can be implemented in the all silicon industry by introducing SiGe alloy. Two decades 

back Si1-xGex based device designs were based on the MODFET and did not have much 

success. These designs were not suitable for silicon industry. To name a few reasons (1) 

the MODFET uses Schottky metal-semiconductor gates whereas Si technology uses SiO2 

insulated gates, (2) The doped layer is on top of the GaAs channel layer in III-V based 

MODFET whereas in Si technology it has to be below the channel layer to improve 

transconductance, (3) With complex processing steps and many layers the designs were 

not suitable for economical fabrication in the silicon industry. But now a days many 

MOSFET based hetero junction device designs, making use of the superior SiO2 gate 

insulator, are in publications. The p-channel hetero MOSFET (p-HMOSFET) presented 

in this work is also based on MOSFETs. A recessed undoped pseudomorphically grown 

strained QW channel layer is used to confine holes within and transport them through it. 

The mobility is enhanced due to (1) lack of dopant ions in the QW, (2) very low defect 

pseudomorphically grown QW walls, (3) recessed QW keeps the holes away from the 

inferior Si/SiO2 interface. Simulations have shown that these p-HMOSFET devices have 

about three orders of magnitude less OFF currents compared to MOSFET while keeping 

the ON currents the same in both devices. 

10.1 Contributions of this Dissertation 

The main contribution of this work is in the development of an easy to use analytical 

analysis and design program suitable for quick design of p-HMOSFET using a minimum 

layer sequence and parameter set sufficient to achieve a good deal of improvement over 
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the conventional p-MOSFET. This program can be used for optimization of long channel 

p-HMOSFET. The one dimensional Poisson equation is solved first. The results are 

programmed into an Excel spreadsheet as a tool to come out with an easy to use 

analytical program to analyze the internal characteristics of the device structure used. 

More details of the testing of the analytical program is given at the end of section 10.2. 

Using an easy to use input worksheet of the Excel spread sheet the variable parameters 

can be varied interactively and very quickly devices meeting required specifications like 

threshold voltage, IDsat  or Ioff can be arrived at. In addition internal parameters like 

potentials, hole distributions or hole population centroid can be monitered to find out how 

they change in response to structural changes and to understand the physics involved. 

This gives a good deal of insight compared to numerical simulators. Optimization can be 

achieved by monitoring the responses to the input parameters. Internal parameters like 

potentials and hole density distributions can be monitored and near ideal devices can be 

quickly arrived at. Afterwards only a few numerical simulations may be needed to fine 

tune the design. On the contrary numerical device simulators like ISE-TCAD requires 

devices to be drawn, modified and takes time to give out results which in most cases need 

further processing. The development of a rapid design tool is the objective set out in 

chapter 1 and this goal has been achieved. A generalized analytical program of this nature 

that can assist in generalized design of a p-HMOSFET is not found in the literature. 

Most of the published works fall into two categories. In one set devices are fabricated, 

tested and results are given. In many cases improvements in the on currents ION has been 

claimed. But how the test device structure was chosen is unknown. In some cases 
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simulations are carried out prior to fabrication. The second set is purely simulations. In 

either group of publications how or why a particular structure is chosen for fabrication or 

simulation is unknown. Most of these works in both categories focus around few 

parameter studies. Some examples are on current Ion dependence on cap layer thickness, 

threshold voltage VT and surface threshold voltage VTS dependence on cap layer 

thickness and so on. Both the fabricated device and analytical simulations are partial 

studies of the device. That is because they report some terminal characteristics like Ion, 

VT, VTS, short channel behavior and so on. There is hardly any mention of internal 

potentials or hole density distributions. Curiously the low off currents Ioff found in 

simulations with the analytical analysis and design program developed here are 

mentioned only in a couple of publications. The analytical program presented here 

displays internal parameters like potentials and hole densities and their distributions. This 

gives the designer a better idea of the functioning of the device and guides in the 

directions to vary the structural parameters to arrive at an optimum device. The feedback 

from the Excel spread sheet analytical program is almost instantaneous. Out of the 

published works only a couple are presented as analytical methods. The vast majority of 

simulations are carried out in time consuming numerical simulators. From this discussion 

it is clear that the analysis tool developed herein is a step forward in two directions – 

information and design time. 

The following are achieved in the work presented in this dissertation, 

1. Generalized p-channel hetero junction MOSFET, named p-HMOSFET, is 

analyzed using one dimensional Poisson equation. This general structure chosen 
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has the basic necessary layers and parameters to achieve a good deal of 

improvements over the conventional p-MOSFET  

2. The result of the analysis is transformed into an analytical program using Excel 

spreadsheet as a tool. The analytical program takes user inputs for device 

structure and other parameters and very quickly produces internal potential 

distributions and the terminal characteristics of the device without the need for the 

time consuming and tedious numerical algorithms.  

3. This analytical program has been tested using numerical programs and the 

accuracy is found to be good. Devices can be analyzed and designed with this 

program up to the onset of short channel effects. Short channel modifications are 

also implemented in this program and the short channel support automatically 

takes effect in this program. So the program can be used for both long and short 

channel device analysis and design, the limit being the onset of severe short 

channel effects.  

4. .The analysis and design program discussed here can be a very efficient interface 

between a successful design and the numerical simulators. The designer can 

quickly come up with a near optimum design using this analytical program. 

Afterwards only a few numerical simulation runs would be enough to confirm or 

fine tune the device parameters. 

5. Using this program the useful range of device parameters as well as design 

windows for long channel p-HMOSFET devices have been produced. 
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6. A comparative study of the short channel MOSFET and p-HMOSFET also has 

been conducted. It was found that both devices can be scaled down to similar 

limits before the onset of short channel effects. 

A few important aspects associated with the p-HMOSFET are brought out and studied. 

1. One aspect associated with HMOSFET is that it has two threshold voltages, 

(1) for the recessed QW channel, (2) an undesirable surface channel one. All 

devices analyzed are for –1.5 V operation. Hence while maintaining the 

lowest threshold magnitude for the SiGe QW channel to obtain maximum 

currents it is important to keep the magnitude of surface threshold greater than 

1.5 V.  

2. Another important aspect of Si/Si1-xGex p-HMOSFET is that the off currents 

in these devices are few orders of magnitude less than those in conventional 

MOSFET for the same on current Ion. This is attractive for battery operated 

systems and for thermal management. 

3. It has been found that it is not desirable to vary all design parameters. It is 

better to keep some of them as fixed parameters, at their optimum values. The 

design variables have limitations or bounds and are interdependent in many 

cases 

Long channel simulations were carried out using the analytical program as well as 

numerical simulator with various combinations of parameters. These results are 

organized into design windows. These are given in chapter 7. This is useful in design 

because for certain fixed parameters range of other parameters are available and 
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appropriate values can be selected and simulated in numerical simulators for checking the 

functional accuracy. This saves time since the numerical program need to be run only a 

few times since the parameter values are known to some extent. For example there is a 

design window for VT and VTS for substrate doping Nsub vs Ge composition x. VTS has to 

be kept above the operating voltage magnitude to avoid surface channel. At the same 

time a low VT magnitude is desirable to get more Ion. From this window appropriate 

combinations of Nsub and x can be chosen and simulated. 

It was found that one of the design modification with zero field in the buffer layer may 

have advantages. This will chage the design considerably. The number of negative ions in 

the p-layer has a strong influence in performance of the device. The p+ source and the p-

layer will form a junction with reduced junction potential or barrier, particularly if the p-

layer doping is increased. This will produce more leakage currents. With zero field in the 

buffer layer the p-layer can be moved down below the source and drain junctions thus 

avoiding the above junction altogether. Simulations were carried out to asses the 

implications of this modified design. It was found that there is a slight increase in the ION 

with the p-layer placed below the source region. But it was also found that there is SCE 

and hence leakage in the sub-threshold region. This could be due to the undoped cap, QW 

and buffer layers at the top. With the p-layer moved far down there could be wide 

depletion regions in these layers which may be causing SCE. 

10.2 Outline of the Tool 

The device structure of the p-HMOSFET chosen here is simple and general in nature 

including all desirable structural choices described in chapter 1 and chapter 4. From the 
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literature survey listed in section 4.5 a pattern for the necessary input parameters in a 

HMOSFET structure seem to evolve. They are listed below,  

1. Thin undoped cap layer 

2. Undoped Si1-xGex QW channel layer  

3. Ge composition x in the QW 

4. Undoped buffer layer 

5. p-layer thickness 

6. p-layer doping 

7. n-type substrate. doping 

All of the above are included in the structure considered here. The thicknesses of these 

layers and doping profiles are all variables. Out of all these few parameters are kept at 

their optimum values. For example it is desirable to have the thinnest gate oxide for low 

voltage application with good gate control of the drain current. But at the current 

technological level this thickness is limited to 3 nm for a good quality SiO2 gate insulator. 

In addition the tunneling currents will become high at oxides thinner than 3 nm. So there 

is no point in varying this thickness and is kept fixed at 3 nm. However it is possible to 

vary all parameters in the analytical program presented in this work, if needed. 

Taking the full structure as above the one dimensional Poisson equation is solved 

starting from the substrate and proceeding towards gate. The details are presented in 

Appendix C. From these solutions the threshold voltages, hole distribution and potential 

distribution are evaluated. A complex analytical program involving all of the above 

parameters is written in Excel spread sheet. The program is complex since it involves 
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iterations to arrive at desired output parameters like hole density distribution and 

potential distribution. Few of the chosen structures are analyzed using this program and 

analytical results are compared to the numerical simulation results. The details are given 

in chapter 6. The analytical program output matches with numerical simulation results 

very closely upto the onset of short channel effects in both MOSFET and p-HMOSFET 

simulated. Many structures mentioned in the literature survey of chapter 4 can in fact be 

tested easily using this program provided those devices do not have any additional layers 

or graded regions.  

After checking the above analytical program outputs with numerical simulations [109] 

the parameters chosen as variables are stepped through one at a time. The gate oxide 

thickness, cap layer thickness, QW thickness and setback buffer layer thickness are kept 

fixed at their optimum values. The p layer doping is also kept at a high value of 

5x1018/cm3 and the thickness is varied instead to increase the effective number of holes in 

this layer. From these simulations appropriate range of the variables of practical use are 

identified. For example the useful range of Ge fraction in the QW layer is from 0.3 to 0.5 

contrary to the intuitive assumption that higher values will give more carrier confinement 

and better performance. Similary the substrate doping range is limited to about 1017/cm3 

to 1018/cm3 These are detailed in chapter 6. Apart from this design windows are also 

evaluated with the choice of two parameters at a time keeping the others at fixed values. 

To name a few the required characteristic for a specific HMOSFET of interest could be 

on current Ion value or off current Ioff value. These design windows are useful as a guide 

to design a desired type of p-HMOSFET using the analytical program. This process is 
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very easy. The specific structure thus arrived at can be simulated numerically, if desired, 

for verification purposes. 

10.3 Summary 

To sum up the research an analytical analysis and design program has been developed 

and tested taking into account all necessary structural parameters of a generalized p-

HMOSFET structure. Using this program as a tool useful ranges of the structural, 

compositional and doping density are arrived at. Further design windows are constructed 

to aid as a guide in choosing specific parameters for a desired performance of the p-

HMOSFET. The analytical program takes user input parameter values and provides with 

internal potential distributions and hole density distributions as well as terminal 

characteristics in an extremely short time compared to the time and efforts involved in 

defining the device and running time consuming numerical simulations. This analytical 

analysis and design program is a very efficient interface between the designer and 

cumbersome time consuming numerical simulators. 

10.4 Limitations 

 Analytical program developed is rigorously tested and the accuracy has been   

confirmed. Yet it has certain limitations.  

1. Being complex with iterative routines convergence may be an issue for some 

combination of parameters, particularly substrate doping concentration. Then the 

computations have to be started with seed values in few of the functions and a 

better choice of parameters should be made.  
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2. Short channel effects are not included. Some of the effects, particularly confined to 

short channel devices, like velocity overshoot are not included. Modern day nano 

meter MOSFET uses many different SCE prevention techniques such as channel 

engineering, halo profiling, raised source and drain and many other techniques to 

suppress SCE. Those techniques are beyond the scope of this simple simulations. 

The assessment of scalability presented is very primitive and did not use any of 

these modern day techniques. This short channel study is only a preliminary 

assessment of the strained Si(1-x)Gex p-channel HMOSFET. 

3. Quantization of energy levels in the SiGe QW is not included. Quantization will 

cause a reduction in Ion because the carrier occupancies are split into discrete 

energy sub-bands in the direction perpendicular to the device plane reducing 

carrier density because of reduced density of states.  

4. Mobility dependence on well width is not considered. The side wall reflections of 

carriers will reduce carrier mobility. This is particularly important in narrow QW. 

The maximum QW width may be less than about 7 nm for a maximum Ge fraction 

of 0.5. This is due to the limitations in growing pseudomorphic interfaces. 

5. Density of states dependence on Ge composition x is not included. Published 

relation of DOS to x are available to a limited extent. 

6. The velocity saturation and channel length modulation has been taken into account 

in computing the on state current Ion. 

10.5 Recommendations for Future Work 

1. The simple analysis and results produced here are a first step in the design of  
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p-HMOSFET. To improve the analysis few more modifications and additions 

could be introduced. Carriers, in this case holes, are confined in a 5 nm Si1-xGex 

QW layer. At high Vgs the upper edge of this QW is lifted higher above the 

bottom end forming a triangular quantum well where most of the holes get 

confined. Published analysis show that the lowermost energy band wave functions 

extend only up to about 5 nm. But in the above condition at least the second 

energy band also need to be included. So it is more accurate to add quantization in 

the analysis. This can be done by iteratively solving Poisson equation along with 

Schrodinger equation.  

2. To make the analyses near perfect there are factors like interface roughness 

scattering, inter-band scattering particularly with quantization, phonon scattering 

at the hetero interfaces and acoustic bulk phonons in the barrier as well as the 

channel are to be taken into account. These will have effects on mobililty. 

In concluding it could be stated that strained Si/Si1-xGex hetero junction HMOSFET 

has come to a technical level where it could be designed methodically to have high Ion 

and very low Ioff. The transition of these devices into Si integrated circuits or by itself 

with its own complementary devices seem to be a near future reality.  
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APPENDIX - A 

REVIEW OF CONVENTIONAL MOSFET 

A brief review of MOSFET operation, its physics and associated formulas are 

presented in this chapter. The operation of both MOSFET and HMOSFET are similar in 

principle. The difference is in the fact that the carrier transport is at the surface, close to 

the gate oxide interface, in the case of MOSFET whereas the carrier transport is at a 

submerged undoped quantum well Si1-xGex layer in the case of HMOSFET. For the 

HMOSFET formulas used to find the hole density distribution, potential distribution, on 

current and off current are similar to that of a MOSFET. These will be used and/or 

compared while deriving corresponding derivations for the p-HMOSFET in chapter 4. In 

both cases one-dimensional Poisson equation is solved along the midline of a long 

channel device to arrive at the parameters of interest. However in the case of HMOSFET 

the procedure is more involved due to the many layers of different properties involved. 

In CMOS systems the p-MOSFET has hole mobility less than half of electrons in n-

MOSFET. Hence p-MOSFET has to be made more than double the size of n-MOSFET. 

This takes up more chip area and increases parasitics that affect the circuit performance. 

Realizing this problem design of a p-HMOSFET having higher speed of operation is 

defined as the aim of the project here. Hence a p-MOSFET will be discussed in this 

chapter. This makes the comparisons and derivations in the case of p-HMOSFET much 

easier. 
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A review of the essential physics is given in section 2.1. Energy band diagrams and 

the different modes of operation of a MOSFET are given in section 2.2. In section 2.3 

one-dimensional Poisson equation solutions are discussed and surface potential and 

depletion width are derived. Then the gradual channel approximation and chart sheet 

model are used to find threshold voltage, on current and off currents. 

A.1 Basic semiconductor Physics 

Silicon has a completely filled valence band and a completely empty conduction band 

at absolute zero temperature. At room temperature some of the electrons from valence 

band are excited to conduction band leaving behind holes in the valence band. Since there 

are empty higher states available for electrons in the conduction band and empty lower 

states available for holes in the valence band both can be accelerated by applying an 

electric field. The probability of occupation of an energy level by an electron or hole is 

given by Fermi-Dirac distribution, 

  
 

kTEE fe
Ef

/)(1

1
)( −+

=  
(10.1) 

 

where k is the Boltzman constant and Ef is the Fermi energy level. Fermi level is defined 

such that at absolute zero all levels below Ef are filled with electrons and all levels above 

are empty. So the Fermi level has an abrupt transition at absolute zero. Above absolute 

zero and particularly at room temperature some of the electrons are excited to levels 

above Ef leaving the same number of levels empty (holes) below Ef. So the distribution 

function f(E) makes a smooth transition from unity to zero above Ef, being 0.5 at Ef. The 
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width of the transition region is a function of the thermal energy. Further if the energy 

level E is located a few thermal voltage (Vth) away from Ef the distribution function can 

be approximated to Boltzman distribution.  

 kTEE feEf /)()( −−≈  ( 10.2 ) 

 kTEE feEf /)(1)( −−−=  ( 10.3 ) 

 

for E > Ef and E<Ef respectively. These distributions are sketched in Figure 10-1. It can 

be seen that for E 2 – 3 times Vth  away from  Ef Boltzman approximation is quite close to 

Fermi distribution. 

 

Figure 10-1. Fermi distribution at 0o K (solid) and at room temperature 30o C (dash). The 
chain line is the Boltzman distribution. 
 

Equation( 10.2) gives the probability of finding an electron in the conduction band and 

equation ( 10.3 ) gives the probability of not finding an electron in the conduction band or 

probability of finding a hole in the valence band. Based on these equations the electron 
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concentration in the conduction band and the hole concentration in the valence band 

respectively are given by, 

 kTEE
C

fCeNn /)( −−=  (10.4) 

 kTEE
V

VfeNp /)( −−=  (10.5) 

 

where NC and NV are the effective density of states of conduction and valence bands 

respectively. The intrinsic or undoped concentration of electrons and holes ni and pi can 

be found if Fermi level Ef is substituted with its intrinsic value, 
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(10.6) 

This gives ni = n = p as, 

 kTE
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From equation (10.4), equation (10.5) and Figure 10-2 electron and hole concentration 

can be written as, 

 kTq
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This allows electron and hole concentrations to be written in terms of local potential. 
 

Si is doped with donor Nd (e.g.: Phosphorous) to make n-type or acceptor Na  (eg. 

Boron) to make p-type At room temperature it is reasonable to assume that all donors and 

acceptors are ionized for the common dopants used.This gives n = Na for n-type and p = 

Na for p-type. These are majority carriers. The minority carriers are p in n-type and n in 

p-type. These are given by, 
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where  ni is the intrinsic carrier concentration, which is approximately 1.4x1010/cm3  at 

room temperature. Figure 10-2 shows the band diagram for n and p type doped silicon. 

The doping parameter in figure is given by, 
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Figure 10-2. Band diagram of n and p doped silicon. Eg = 1.12 eV is the band gap, EC and 
EV are conduction and valence band respectively, Efn and Efp are the electron quasi Fermi 
potential and hole quasi Fermi potential respectively and φb is the doping parameter 
 

A.2 Structure and operation of MOSFET 

Contrary to the text book way of going through the theory and then discussing a 

general device we will introduce the specific device structure used in this project first and 
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then explain how it works and analyze it. The idea behind this is that it will suffice if the 

particular MOSFET structure used here, as a standard comparison device, is understood. 

Other variations and choices of MOSFET structures are irrevelent here. A sketch of the 

p-MOSFET is given in Figure 10-3. It has a n-type substrate as usual and p+ source and 

drain diffusions. A n+ polysilicon gate is chosen to get a threshold voltage VT around –

0.5 V. It was discussed in chapter 1 that the p-HMOSFET design here is for low voltage 

applications with a maximum supply voltage of –1.5 V. The choice of p+ polysilicon will  

  

Figure 10-3. The p-MOSFET structure used in this project as a comparison reference 
device. It has a n+ polysilicon gate. 
 

give very low VT and more sub threshold leakage. As will be seen in later chapters the 

very low sub threshold current is one of the attractive point of the p-HMOSFET. The 

channel length Lg and the substrate doping Nsub are the only parameters varied during the 

simulations to set the channel length and Ion equal to the p-HMOSFET being simulated 
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A.2.1. Formation of the p-MOSFET 

Figure 10-4. shows the band gap details of the n+ polysilicon gate, SiO2 gate oxide 

and silicon substrate before forming metallurgical contacts. The Fermi level of 

polysilicon is at conduction band EC and is higher than that in silicon. On metallurgically 

combining the three the silicon bands bend down by q (φSi - φG ) eV. So to make the 

bands flat again a potential φG - φSi need to be applied. This is termed flat band voltage, 
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g
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E
V φχφφ −−=Φ−=−=  

( 10.13) 

 

where φb is the doping parameter described earlier and Eg is the silicon band gap. When a 

negative voltage equal to Vfb is applied to the gate the bands of polysilicon gate and 

silicon substrate align. This condition is shown in Figure 10-6. It is to be noted here that 

in the band diagrams the energy is positive going upwards but the potential is positive 

going downwards. Also note that in this analysis the oxide interface charge and the 

polysilicon depletion are neglected. 
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Figure 10-4. Band structure of n+ polysilicon gate, SiO2 gate oxide and silicon substrate 
prior to forming device by metallurgically joining them. φG and φSi are work functions of 
n+ polysilicon and silicon substrate respectively. χOX and χSi are the electron affinities of 
oxide and silicon respectively. φG = φSi = 4.05 eV, χOX =0.95 eV and χSi = 4.05 eV 
 

A.2.2. Threshold Voltage 

After reaching the flat band condition if the gate voltage is made more negative the 

bands will bend upwards and the surface potential φS will become negative. This will 

cause accumulation of holes at the surface. When the surface potential φS becomes -φb the 

surface concentration of holes will become equal to the electron concentration in the n-

type substrate. This condition is termed inversion. The gate voltage required to reach this 

condition is termed the threshold voltage VT. Figure 10-7 shows this condition. It could 

be seen that the surface is now at a potential of – q φb. The oxide has a field within and 

this causes a potential drop of - φOX. From the surface up to the flat band the mobile 

carriers 
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Figure 10-5. Thermal equilibrium band diagram of polysilicon, oxide and silicon after 
forming the p-MOSFET. Vgs = 0V. Note that the silicon conduction band is bend down 
by qVfb 

 

are depleted. This depth is now occupied by the positive immobile ions and is termed 

depletion depth WD. The application of negative gate voltage causes depletion to a depth 

of WD and thin layer of accumulation of holes near the surface. The gate now has a 

negative charge equal to the sum of both these charges. Since the oxide has no charges in 

it the field is constant and is given by EOX =  φOX/tox where tOX is the oxide thickness. 
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Figure 10-6. Flat band condition of the p-MOSFET with Vgs = -Vfb 
 

 )()()( SGOXSSiOXOXDdIDIG VCEEWNNqNNqQ φεε −===+−=+−=  ( 
10.14) 

where  Nd is the donor concentration. At the onset of inversion when Vgs = VT the 

accumulated charge NI is negligible compared to the depletion charge. Also the surface 

potential φS = -2 φb.  Hence including the flat band voltage the threshold voltage can be 

found to be, 
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A.2.3. Depletion Width 

The depletion width referred to in the earlier section need to be computed to find the 

value of VT.  A generalized derivation taking into account the mobile carriers at the edge 

of the depletion width is given below. The edge of the depletion width is not well defined 
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at room temperature since holes with energy greater than the thermal energy kT/q can 

penetrate into the depletion region. In the derivation the substrate is assumed to have both 

donors Nd and acceptors Na. Two parameters β and Debye length LB are defined first and 

then the Poisson equation is solved in the silicon substrate for the generalized case. Refer 

to Figure 10-7 for the co-ordinate detail. 
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Assuming full ionization and using equations ( 10.10) and ( 10.11), 
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Multiply by β, take β in the exponents and take Na outside, 
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Figure 10-7. Band diagram at Vgs = VT for the p-MOSFET (top). Charge accumulation at 
Vgs = VT (bottom) 
 

Multiply by dβφ/dx and integrate from 0 to dφ/dx, 
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Noting E(x) = dφ/dx, 
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For surface potential φS between φb and 2φb ni/Na <<1 and e-βφ is negligible, 
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Integrating, 
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At x = 0 φ = φS giving, 

 12 −= SBD LW βφ  ( 10.26) 

Substituting back into equation ( 10.25), 
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In the approximation SS βφβφ ≈−1  
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A.2.4. Drain Saturation Current, IDsat 

The charge sheet model assumes that the inversion charges are located like a sheet of 

charges at the silicon surface next to the SiO2 interface [188]. Further the depletion 

approximation assumes that after the onset of inversion the surface potential do not 

change and stays pinned at φS = 2φb + V(y) where φb is the doping parameter defined 

earlier. For a p-MOSFET the depletion charge QD, total charge in silicon QS and the 

inversion charge QI are given by, 
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Ids is given by the following equation, 
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Substituting equation ( 10.32) into ( 10.33) a good approximation to the drain current is 

given by, 
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1+= . The equation for Ids is a parabolic equation. Finding its derivative and 

equating to zero mVVVV Tgds dsat
/)( −= . Using this the saturation value of Ids is given by, 
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Some of the details are omitted here. Only the final form of the saturation drain current 

form is of importance since the same is to be compared with similar form in the case of p-

HMOSFET in chapter 5. 

A.2.5. Sub-threshold Slope Parameter (S) 

Sub threshold slope parameter S is a metric used to represent the off state currents or 

how fast the device turns off with lowering Vgs. At lower Vgs the diffusion component of 

the current is much higher than its drift component. Hence Ids is independent of Vds for 
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Vds > 2 –3 kT/q. This parameter is defined as the inverse of the slope of the Vgs – Ids curve 

below VT. A lower value of S indicates a good turn off characteristic. Typically S is  

70 – 100. 

 

q

mkT

dV

Id
S

g

ds 3.2
))(log(

1

=











=

−

 
( 10.36) 

 

A.3. Short Channel Effects (SCE) 

Channel length reduction of MOSFET is desirable to increase speed and packing 

density.  As the channel length is reduced below a few hundred nanometers the 

characteristics of the device changes in many ways. These effects together are termed 

under short channel effects (SCE). One of the prominent effects is the reduction of the 

threshold voltage VT. A drop in VT indicates poor sub threshold slope or more off state 

leakage. It is particularly true when the channel length Lg dropped below 100 nm. These 

devices have such high leakage currents compared to longer channel length (couple of 

hundred nm) devices that they do not have an off state.  

Reduction in VT happens due to the fact that the potential contours in these short 

channel length devices are no more parallel to the interface but are two-dimensional. This 

happens due to the encroachment of the source and drain depletion layers, which 

becomes significant compared to the channel length. A significant amount of charge in 

the silicon substrate under the gate is now controlled by the source and drain. This means 

the gate has control only over a portion of the charge. In the case of a p-MOSFET the 

threshold voltage given by equation ( 10.15) can be re-written as, 
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OX

D
BfbT C

Q
VV −−= φ2  

( 10.37) 

This equation shows that any reduction of depletion charge reduces the threshold voltage. 

Another important SCE is drain induced barrier lowering (DIBL). This leads to degraded 

sub threshold parameter or more off state leakage. This is again due to the penetration of 

source and drain depletion regions into the channel region. In the long channel case the 

source – channel junction, which is a p-n junction, has a barrier over which the holes 

need to be injected from the source. But this barrier is reduced by the above phenomenon 

that it becomes easier for holes to go over the barrier from source to drain.  

Velocity saturation, vsat,  is another effect that can happen in short channel MOSFET 

due to high fields. Both carriers electrons and holes have a bulk saturation velocity 

beyond which they cannot be accelerated. In silicon vsat for holes is about  

8.37×106 cm/s [4]. Due to this Ids saturates at a Vds = VDsat lower than the value given 

earlier. VDsat is given by,  

VDsatt = (Vgs – VT)/m.  

Body-effect coefficient 
dm

OX

W

t
m

3
1+=  , Wdm is the maximum depletion width. Typically m 

lies between 1.1 and 1.4 [4] 
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APPENDIX – B 

EXCEL SPREAD SHEET – BAND BENDING WITH P-DELTA  

   
B.1 Input:  

  
Bandbending at bulk (V) Psi_N 0.64 
Bandgap in bulk (V) Psi_G 1.12 
D of States in bulk (/cm3) Nc_N 2.80E+19 
VB density of states in bulk Nv_N 2.65E+19 
D of states in well (/cm3) Nv_W 1.48E+19 
N-doping in bulk (/cm3) N_D 4.00E+18 
Dielectric constant in bulk  k_Si 11.7 
Dielectric constant in well k_W 13.05 
Dielectric constant oxide k_OX 3.90E+00 
Permittiivity empty space (F/cm) e_0 8.85E-14 
Electron charge ( C) q 1.60E-19 
Boltzman k (eV/K) k_B 8.62E-05 
Temperature (K) T_K 290 
p+ delta layer doping/cm2 D_p 5.64E+12 
Well height (V) Psi_H 0.4 
Well width (nm) w_W 3 
Buffer width (nm) w_B 3 
Cap width (nm) w_C 3 
Oxide width (nm) t_OX 3 
   
B.2 Calculated: 

  
P+delta layer location (nm) x_p 9 
Thermal votlage V_th 0.02499046 
Bulk Debye length (cm) L_D 2.00987E-07 
Fermi level relative to VB (V) Psi_F 1.07137081 
Depletion width N-layer (cm) W_N 1.41006E-06 
Depletion width N-layer (nm) W_N_nm 14.10059308 
Carriers in N-layer (#/cm2) Q_N 5.6402E+12 
Field at n- bulk (V/cm) F_N 8.7232E+05 
Field at buffer side of delta layer F_D 4.0047E-08 
Potential at well side of buffer (V) Psi_B 0.64 
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Potential at buffer side of well (V) Psi_W 1.04 
Poisson coeff/cm2 a 1.97569E-05 
   Cap side of well (thermal units) u_C 42.93121238 
   Buffer side of well (thermal units) u_B 41.61588062 
Field at buffer side of well  (thermal units) F_B 1.4367E-06 
Well width (nm)  (Calculated) w_W_0 3.000000001 
Error in well width (nm) Error -5.41214E-10 
Potential at cap side of well Psi_C0 1.072870746 
Average field in well (V/cm)  1.0957E+05 
Field at cap side of well (V/cm) F_C 2.8228E+05 
Field at buffer side of well (V/cm)  3.5904E-08 
Hole density /cm2 N_h 2.0358E+12 
 

B.3 Computational panel: 

 Well width x_W (nm)  
 Target 5 ⇐  Input 
    
Bulk doping n_B3 2.00E+18 ⇐  Input 
Number of ions in delta layer/cm^2 Q_d_set3 1.30E+12  
Potential drop in bulk n-layer (kT/q) u_nB_on3 26.02815027  
Potential drop in bulk n-layer (kT/q) u_nB_off3 3 ⇐  Input 
Well height (kT/q) u_W_set3 10 ⇐  Input 
    
potential at front of well (on) u_on3 41.7766699  
potential at front of well (off) u_off3 14.4354091  
 

B.3.1 Computed values: 

 well width (nm) Gate V Q_nB (/cm^2) p/cm^2 S mV/dec 
ON 5.00032 1.51E+00 2.897E+12 1.06E+12 1.33E+02

OFF 5 2.04E-01 8.188E+11 5.96E+00 1.78E+11
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B.4 Computational Formulas: 

B.4.1 Formulas for basic computations on inputs 

 

Figure B- 1. ON and OFF state potentials from substrate to gate 
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Function w_Well(u_C As Double, u_B As Double, F_B As Double, a As Double) As 

Double 

Dim z_C As Double 

Dim z_B As Double 

Dim B As Double 

Dim x_B As Double 

Dim x_C As Double 

Dim ratio1 As Double 

Dim ratio2 As Double 

Dim diff As Double 

Dim delta As Double 

Dim mult As Double 

delta = u_C - u_B 

If (delta < 0.01) Then 

 mult = delta + delta ^ 2 / 2 + delta ^ 3 / 6 + delta ^ 4 / 24 

Else 

 mult = (Exp(delta) - 1) 

End If 

 

z_C = Sqr(F_B * F_B + 2 * a * Exp(u_B) * mult) 

z_B = F_B 

B = 2 * a * Exp(u_B) - F_B * F_B 
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If (B > 0) Then 

    B = Sqr(B) 

    w_Well = (2 / (B)) * (Atn(z_C / B) - Atn(z_B / B)) 

ElseIf (B < 0) Then 

    B = Sqr(-B) 

    x_B = (z_B / B) 

    x_C = (z_C / B) 

    ratio1 = (1 + x_B) / (1 + x_C) 

    ratio2 = (1 - x_C) / (1 - x_B) 

    diff = 0.5 * Log(ratio1) + 0.5 * Log(ratio2) 

'       arctan = Log((1 + X) / (1 – X)) / 2 

    w_Well = 2 * (1 / (B)) * diff 

Else 

    w_Well = 2 * Sqr(2 / a) * Exp(-u_B / 2) * (1 - Exp(-(u_C - u_B) / 2)) 

End If 

End Function 

B.4.2 Formulas for device analysis: 

(ON) well width = x(u_on3, u_B, F_B, L_B) 

(OFF) well width = x L_B 107 

(ON) gate V = cap drop + ox drop + u_on3 – u_W 

(OFF) gate V = cap drop + ox drop + u_off3 – u_W 

Q_nB given under ‘calculated’ above 
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(ON) p = p_B L_B2 ABS(P(u_on3, u_B, F_B, L_B)) 

(OFF) p = p_B L_B2 ABS(P(u_off3, u_B, F_B, l_B)) 

S = 1000 Vgs /log(p_on/p_off) 

Function x(u, u_B, F_B, L_B) 

'Poisson's equation in well 

Dim a As Double 

Dim xi As Double 

Dim eps As Double 

a = F_B * L_B 

a = a * a 

a = a - 1 

If (a = 0) Then 

        xi = 2 * (Exp((u - u_B) / 2) - 1) 

ElseIf (a > 0) Then 

        a = Sqr(a) 

        eps = Exp(u - u_B) / (a * a) 

        If (eps < 0.0000001) Then 

            xi = (1 / a) * (Log(a * eps / 2) - Log(Sqr(Exp(u - u_B) + a * a) + a) + Log(Sqr(a * 

a + 1) + a) - Log(Sqr(a * a + 1) - a)) 

        Else 

            xi = (1 / a) * (Log(Sqr(Exp(u - u_B) + a * a) - a) - Log(Sqr(Exp(u - u_B) + a * a) 

+ a) + Log(Sqr(a * a + 1) + a) - Log(Sqr(a * a + 1) - a)) 
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        End If 

Else 

        a = -a 

        xi = (2 / a) * (Atn((Sqr(Exp(u - u_B) - a * a) / a)) - Atn(Sqr(1 - a * a) / a)) 

End If 

If (u > u_B) Then 

    x = xi 

Else 

    x = -xi 

End If 

End Function 

Function P(u, u_B, F_B, L_B) 

'Gauss's law for fields 

Dim eps As Double 

eps = (Exp(u - u_B) - 1) / (F_B * L_B) ^ 2 

If (Abs(eps) < 0.000001) Then 

    P = Abs(F_B) / 2 * (eps - eps * eps / 2 + eps * eps * eps / 4) 

Else 

   P = -F(u, u_B, F_B, L_B) + F_B 

End If 

End Function 
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APPENDIX - C 

ONE DIMENSIONAL POISSON EQUATION SOLUTION  

Poisson equation is solved starting from the substrate layer which contains the  
depletion layer completely. 
 
Symbols: 

 
Φx           : Potential at any point along the depth 
ΦΗ               : Potential at the top of SiGe layer 
ΦL            :Potential at the bottom of SiGe layer 
ΦΤΗ              :Potential at the top of SiGe layer at threshold 
Η(Φ)       Hole contribution to the electric field 
Η(ΦΗ)     Total hole contribution to the electric field, at the top of SiGe layer 
∆Ev               Valence band discontinuity between SiGe channel and the Si buffer 
Xd            :Depletion thickness in the APT layer 
Xdmax        :Max depletion thickness in the APT layer 
Xox          :Oxide thickness 
Nd            n-doping density in the APT layer 
Na            p-doping density of the p-delta layer (Np) 
Xp             p-delta layer thickness 
εSi         Dielectric constant of silicon         

εSiGe  Dielectric constant of SixGe1-x  
εox             Dielectric constant of oxide 
Φms   Metal semiconductor work function difference 
R               Ratio of permitivity, εsi/εsige 
VT                   Threshold voltage 
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Figure C. 1. p-HMOSFET sketch giving details of layers and dimensions 

 

(C1) Within Xd, the depletion region in the substrate: 
 
d2Φ/dx2 = -qNd/εsi           BC: Φ(X5) = 0, dΦ/dx(X5) = 0 

 
dΦ/dx = -(q Nd/εsi)x + C1 
            
= -(q Nd/εsi) x + (q Nd/εsi) X5 
 
Φ =  -(q Nd/2εsi) x

2 + (q Nd X5/εsi) x + C2 
     
C2 = -(qNdX52/εsi)+(qNdX52/2εsi)  
           
=-(qNdX52/2εsi) 
 
Φ = -(q Nd/2εsi) x

2 + (q Nd X5/εsi) x -(q Nd/2εsi) (X5)2 
    = -(q Nd/2εsi)(X5 – x)2                                                                                                   (C. 1) 
 
(C2) Within Xp, the p-doped layer.: 
 
d2Φ/dx2 = qNa/εsi            BC: Φ and dΦ/dx continuous at X4  
 
dΦ/dx = (q Na/εsi) x + C3  
      
 (q Na/εsi) X4 + C3 = -(q Nd/εsi) X4 + (q Nd/εsi) X5 
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C3 = (q Nd/εsi) Xd - (q Na/εsi) X4 
 
dΦ/dx = (qNa/εsi)(x-X4) + (qNd/εsi)Xd 
 
Φ =  (q Na/2εsi) x

2 +(q Nd Xd/εsi) x -(q Na X4/εsi) x +C4 
 
At x = X4, 
        
  (q Na/2εsi) (X4)2 +(q Nd Xd/εsi) X4 -(q Na)/εsi) (X4)2 +C4  
                                                                   = -(q Nd/2εsi)(Xd)2 

 
Φ = (q Na/2εsi)x

2 + (q NdXd/εsi)x - (q NaX4/εsi)x -(q Nd/2εsi)(Xd)2 
 
(q Ndxd/εsi)X4 + (q Na/2εsi)(X4)2 
 
     = (q Na/2εsi)(X4 – x)2 + (q Nd Xd/εsi) x - (q Nd/2εsi) (Xd)2  -  (q Nd Xd/εsi) X4 
 
      = (qNa/2εsi)(X4 – x)2 + (qNdXd/εsi)(x - X4) – (qNd/2εsi)Xd2       (C. 2)            
 
(C3) Within Xbuf: 
 
d2Φ/dx2 = 0             BC: Φ and dΦ/dx continuous at x3 
 
dΦ/dx = C5 
     
C5 = (q Na/εsi) X3 + (q Nd/εsi)Xd - (q Na/εsi)X4 
           
= (q Nd/εsi)Xd - (q Na/εsi)Xp 
 
Φ = (q Nd Xd/εsi) x - (q Na Xp/εsi) x + C6 
     
(q NdXd/εsi)X3 -(q NaXp/εsi)X3 + C6 = (q Na/2εsi)(Xp)2 + (q NdXd/εsi)X3 
  
(q Nd/2εsi)(Xd)2 - (q NdXd/εsi)X4 

sisisisi

XdXqNdXdqNdXXpqNaXpqNa
CCbuf

εεεε
)4(

2

)()3)((

2

)(
6

22

−−+==  

Add and substract (qNaX32)/ 2εsi and (qNdX42)/ 2εsi 
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This is like two delta layers at the center of Xp and Xd respectively. 
 

Cbufx
qNaXpqNdXd

sisi

+−=Φ )(
εε

 

 (C. 3) 

 
(C4) Within Xsige: 
 

)]/)(exp[()(

)(
2

2

kTqNdxp

xqp
dx

d

xTH

sige

Φ−Φ=

−=Φε
 

 
p(x) above is obtained by using the quasi Fermi potential definition in the bulk  
and taking into account the valence band discontinuity in the SiGe layer. It is  
explained later. 
 

Multiply by dx
dx

dΦ
 and integrating, 

7)/)](exp[()/(2/2 CkTqqkTqNd xTHxsige +Φ−Φ=ξε  

At x = x2 matching fields and noting the discontinuity in dielectric constant, 

2

2

2
2 )(

7)/)(exp[(
2

sige

XTHx

qNaXpqNdXd
CkTq

kTNd

sige
εε

ξ −=+Φ−Φ=  

)]/)(exp[(
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7 22

2
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C XTH
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Further integration seems difficult. But the H(Φx) term, which is small below VT  

(or at THH Φ<Φ ), can be neglected. The case while retaining H(Φx) term when  
p(x) in SiGe is higher is given later. 
 

8Cx
RqNaXp

x
RqNdXd
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d
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Applying BC at X2, 
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CbufRx
qNaXp

Rx
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+−−−== )1(2)1(28
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To solve for Xd all terms are inserted to give, 
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At top of SiGe, at x1, substituting X2 = X1 + Xsige, X4 = X3 + Xp, X5 = X4 + Xd and  
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simplifying, 
 

)](2[
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)](2[
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RXsigeXbufXpXp
qNa

RXsigeXpXbufXdXd
qNd

si
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+++
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ε

ε
 

(C.4) 

 
The second term is a constant and named constant A 
 
 
Solving for Xd, 
 

)()()(
2 2 RXsigeXpXbufRXsigeXpXbufA
qNd

Xd H
si ++−+++Φ−=

ε
 

(C. 5) 

 
Following the criteria for VT similar to that in MOS, but in the SiGe layer, and including  
the valence band discontinuity, 

at threshold qEvniNd
q

kT
THH /)/ln(

2 ∆+−=Φ=Φ  

Substituting HTH Φ=Φ  gives the maximum depletion depth (Xdmax) in the APT layer. 
 
Since the electric field for x<x3 is given by dΦ/dx at X3 in Xbuf potential  
drop in oxide and cap layer is given by, 
 

)(
)( max

oxsisi

XoxXcapNaXpNdXd
qVcapVox

εεε
+

−
−=+ , giving threshold voltage 

 
VcapVoxV THmsT ++Φ+Φ=  (C. 6) 

 
(C5) Within Xcap: 
 

0
2

2

=Φ
dx

d
 , BC: Φ and dΦ/dx continuous at x1 

 
Integrating and taking into account the discontinuity in dielectric constant, 
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At x1, 
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The square bracket term is Csige, giving 
 

CsigeNdXdNaXpRx
q

x
qNaXp

x
qNdXd

sisisi

+−−+−=Φ ))(1(1
εεε

 
(C. 7) 

 
If the contribution of holes in SiGe to the potential drop in the same layer  
can be neglected and the second exponent term being negligible, 
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(C. 8) 

 
where ΦH is the potential at the top of the SiGe layer. 
 
Now equation for Vgs is modified with, 
 

CAPOXHMSg

OXsi
H

si
CAPOX

VVV

XoxXcap
H

NaXpNdXdq
VV

++Φ+Φ=

+Φ+
−−

=+ )()(1
)( max

εεε  

 
This equation has a circular relation between ΦH and H(ΦH), other values being known. 
 
(C6) Within cap layer: 
 
Integrating Poisson equation and applying boundary condition at X1, 
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APPENDIX – D 

EXCEL ANALYTICAL P-HMOSFET DESIGN PROGRAM  

D.1 Parameter Design Panel 

INPUTS     COMPUTED VALUES    
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D.1.1 Internal parameters  
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D.2. Computational panel 

 
Formulas for calculated constants are given in a table under the computational formulas 
section. This table is not given here to avoid distraction and thus make it easier to 
understand the overall computational details. 
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D.2.1 Definitions of Symbols 
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D.2.2 Computations 
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D.3 Computational Formulas  

 

 
 



   

 

 

350 

 
 

 
 

As can be seen from the above lots of variables are calculated. These calculations refer 

to a large umber of cells in Excel spreadsheet. They also call a lot of functions. Even 

though, all relevant equations are listed above without an understanding of the cells and 

the functions it is difficult to understand how the computational scheme works. Hence the 

cell references and functions are listed below. First cell references are listed since it is a 

long list and often appears in the formulas appearing in the above computations. The cells 

could have been listed almost in the order they appear in the above computations. But it 
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may be easier to track them if they are given in alphabetical order. Hence they are given 

in the alphabetical order. 

Table D-1. Excel spreadsheet cell references in the calculations given in the section of 
computational formulas 
 
Cell  Details Comments 
A28 Depth from top of cap, x  
B9 HPhiHVT  
B10 Phi_TS  
B12 PhiH(VTS)  
B16 PhiH1  
B20 pH_  
B28 Phix Potential at any depth x from top of cap 
D16 Efld4(Vg_) ξ4  for any Vgs 
D19 

CH 
Iteration const, for HphiH, to account for 
holes in QW 

F8 Efld4(VT) ξ4  for Vgs = VT 
F9 CH(VT) CH for Vgs = VT 
F27 Vgs  
G15 Efld4 from approximation  
G16 Phi4 from Efld4 Potential and field in the substrate 
G18 C15 ξ4  - q Np Xp/eps_Si. Field at the bottom of 

p-layer – the field due to holes in p-layer 
G27 E4 (Vg)  
H27 PhiH  
I27 pH  
J2 beta See table D-2 for J2 – J11 
J3 Lb  
J4 Cbuf  
J5 Csige  
J6 Ccap  
J7 C9  
J8 C10  
J9 tsi  
J10 tsiox  
J11 tcapox  
J27 Phi0  
K27 p0  
M16 Phisub or doped Si potential  
V15 vth(ln(Nvsi/Nvsige)  Nv: Valece band DOS 
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D.3.1 Cell Reference: 

The Excel references used in the formulas used for computations are listed in  

Table D.1. Short descriptions of them are also included. This table comes as an easy 

reference in the understanding of the computations. 

D.3.2 Calculated constants:  

 
Details of Excel cells referred in the calculated constants can be seen in a table at the 

bottom of computational formulas section. It is given towards the end to reduce  

Table D-2. Some of the constants used in the section on computational formulas 
 
Constant Details Comments 
beta =1/vth vth is kT/q 
Lb =SQRT(eps_si/(q*$J$2*Nsub_)) Cell J2 has beta  
Cbuf =q*Np_*Xp_*Xp_/(2*eps_si) Integration const. 
Csige =$J$4+q*Np_*Xp_*Xbuf_/eps_si Integration const.  

J4 = Cbuf 
Ccap =$J$5+q*Np_*Xp_*Xchl_/eps_chl Integration const. 

J5 = Csige 
C9 =Xp_+Xbuf_+R_*Xchl_ Equivalent Si thickness of 

p-layer + buffer + channel 
C10 =Phi_TH_-$J$6  
tsi =Xp_+Xbuf_+R_*Xchl_+Xcap_ Equivalent Si thickness of 

p-layer + buffer + channel 
tsox =$J$9+(eps_si/eps_ox)*Xox_ J9 = tsi. So equivalent Si 

thickness including p-layer 
to the gate 

tcapox =Xcap_+(eps_si/eps_ox)*Xox_  
x1_ =Xcap_ Cap thickness 
x2_ =x1_+Xchl_ Cap + Si1-xGex channel 
x3_ =x2_+Xbuf_ Cap + channel + buffer 
x4_ =x3_+Xp_ The above + p-layer 
x5_ =x4_+Xd_ The above + sub depletion 
PhiBsub_ =vth*LN(Nsub_/ni)  Doping parameter 
Phisub =Chi_si+Eg_si/2-PhiBsub_ Chi for n-doped silicon 
delEv =0.75*x_chl_ Valence band discontnuity 
Phims =Chi_si-$M$16 Work function difference 
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distraction and give more emphasis to the main computational scheme. In the above table 

most of the entries has some meaning even though they can be considered as coming out 

of the integration. For example,  

p

pp

SI

pp
X

XqNXqN
Cbuf

22

2

==
ε

 

So this can be looked upon as the potential drop in the p-layer which is a boundary 

condition at the bottom of the buffer layer. Similarly Csige is this potential plus the 

potential drop in the undoped buffer layer due to the full charge in the p-layer etc. 

D.3.3 Functions:  
 
Function VTnew(Phims, PhiTH, hph, C15, tcapox) 
Const q = 1.6E-19 
Const epssi = 1.04E-12! 
Const epsox = 3.45E-13! 
 
Ht = (1 + hph) ^ 0.5 
VTnew = Phims + PhiTH - C15 * tcapox * Ht 
End Function 
 
Function VTSnew(PhiTS, PhiHVTS, PhiTH, Phims, Xox, C15, Ch) 
Const q = 1.6E-19! 
Const epssi = 1.04E-12! 
Const epsox = 3.45E-13! 
Const ni = 1.4E+10! 
Const vth = 0.0259! 
 
Bta = 1 / vth 
hph = Ch * Exp((PhiTH - PhiHVTS) / vth) 
VTSnew = PhiTS + Phims - (epssi / epsox) * C15 * ((1 + hph) ^ 0.5) * Xox 
End Function 
 
Function Ch(Napt, epssige, Beta, Efld4, Np, Xp) 
Const q = 1.6E-19! 
Const epssi = 1.04E-12! 
Ch = (2 * q * Napt * epssige) / (Beta * (epssi * Efld4 - q * Np * Xp) ^ 2) 
End Function 
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Function E4toPhiH(Vg, VT, PhiTH, PhiH, Phims, Lb, Efld4, Napt, Np, Xp, epssige, C9, 
tcapox, Ccap) 
 
Const q = 1.6E-19! 
Const epssi = 1.04E-12! 
Const epsox = 3.45E-13! 
Const ni = 1.4E+10! 
Const vth = 0.0259! 
Bta = 1 / vth 
 
C15 = Efld4 - q * Np * Xp / epssi 
C1 = C15 * tcapox 
Ch1 = Ch(Napt, epssige, Bta, Efld4, Np, Xp) 
Phi4 = E4toPhi4(Efld4, Bta, Lb) 
 
If (Vg > VT) Then 'Vglow, no HPhiH term 
E4toPhiH = Phi4 - C9 * Efld4 + Ccap 
Else 'PhiH to PhiH iterate, HPhiH >> 1 
E4toPhiH = PhiTH - 2 * vth * Log(Abs(PhiH - Vg + Phims) / (C1 * Ch1 ^ 0.5)) 
'E4toPhiH = -0.555 'SEED VALUE if iteration fails 
End If 
End Function 
 
Function hphih(PhiH, PhiTH, Ch) 
'Jan10, includes carriers in depln, valid for all Vg 
 
Const q = 1.6E-19! 
Const epssi = 1.04E-12! 
Const epsox = 3.45E-13! 
Const ni = 1.4E+10! 
Const vth = 0.0259! 
Bta = 1 / vth 
 
hphih = Ch * Exp((PhiTH - PhiH) / vth) 
'hphih = 0.555  ' SEED VALUE if frozen 
End Function 
 
Function PH(Napt, PhiTH, PhiH) 
Const vth = 0.0259 
PH = Napt * Exp((PhiTH - PhiH) / vth) 
End Function 
 
Function VglowtoE4(Vg, Phims, Lb, Ccap, Np, Xp, Xcap, Xox, tsiox) 
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'Jan10, includes carriers in depln, valid for Vg below VT only 
Const q = 1.6E-19! 
Const epssi = 1.04E-12! 
Const epsox = 3.45E-13! 
Const ni = 1.4E+10! 
Const vth = 0.0259! 
Bta = 1 / vth 
 
C13 = tsiox * (2 / (Bta * Lb * Lb)) 
Lhs = Vg - Phims - Ccap - q * Np * Xp * (Xcap / epssi + Xox / epsox) + 1 / Bta 
C14 = Lhs * (2 / (Bta * Lb * Lb)) 
VglowtoE4 = 0.5 * (-C13 + (C13 * C13 - 4 * C14) ^ 0.5) 
End Function 
 
Function Phi0(Efld4, PhiTH, PhiH, Lb, Ccap, C9, Napt, Np, Xp, Xcap, epssige) 
'surface potl for any Vg input 
'calculates E4 first and input, uses this further 
Const q = 1.6E-19! 
Const epssi = 1.04E-12! 
Const epsox = 3.45E-13! 
Const ni = 1.4E+10! 
Const vth = 0.0259! 
Bta = 1 / vth 
 
Phi4 = E4toPhi4(Efld4, Bta, Lb) 
C15 = Efld4 - q * Np * Xp / epssi 
Hcon = Ch(Napt, epssige, Bta, Efld4, Np, Xp) 
hph = Hcon * Exp((PhiTH - PhiH) * Bta) 
Ht = (1 + hph) ^ 0.5 
Phi0 = Phi4 + Ccap - Efld4 * C9 - C15 * Xcap * Ht 
End Function 
 
Function Ch(Napt, epssige, Beta, Efld4, Np, Xp) 
Const q = 1.6E-19! 
Const epssi = 1.04E-12! 
Ch = (2 * q * Napt * epssige) / (Beta * (epssi * Efld4 - q * Np * Xp) ^ 2) 
End Function 
 
Function Ev(x, x1, x2, Phi, Egsi, delEv) 
 
Phif = 0 'bulk Fermi level zero 
Evsi = Phif - Phi - Egsi / 2 
Ev = Evsi 
If ((x >= x1) And (x <= x2)) Then Ev = Ev + delEv 
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End Function 
 
Function PH(Napt, PhiTH, PhiH) 
Const vth = 0.0259 
PH = Napt * Exp((PhiTH - PhiH) / vth) 
End Function 
 
Function Phix(x, Phi4, Efld4, Np, Xp, Xbuf, Xsige, Xcap, Xd, epssige, C9, C15, Cbuf, 
Csige, Ccap, hphih) 
'Jan 10, includes mobile carriers in depln 
'Gives Phi(x) vs x for a given Vg (E4 and Phi4 need to be found 
'from Vg and input). Valid for all Vg 
Const q = 1.6E-19! 
Const epssi = 1.04E-12! 
Const epsox = 3.45E-13! 
Const ni = 1.4E+10! 
Const vth = 0.0259! 
Bta = 1 / vth 
 
x1 = Xcap 
x2 = x1 + Xsige 
x3 = x2 + Xbuf 
x4 = x3 + Xp 
x5 = x4 + Xd 
Ht = (1 + hphih) ^ 0.5 'used only in cap layer 
 
If (x > x5) Then 'APT layer beyond depln, APT potl is more +ive than bulk by jn potl 
'Phi = (-1 / Bta) * ((-Bta * Phi4 - 1) * (((x5 - x) / Xd) ^ 2) + 1) 
Phi = -vth 'carriers not at zero energy but +vth, so potl -vth 
ElseIf ((x > x4) And (x <= x5)) Then 'APT depln region 
Phi = (-1 / Bta) * ((-Bta * Phi4 - 1) * (((x5 - x) / Xd) ^ 2) + 1) 
ElseIf ((x > x3) And (x <= x4)) Then 'p-delta region 
Phi = Phi4 - Efld4 * (x4 - x) + (q * Np / (2 * epssi)) * ((x4 - x) ^ 2) 
ElseIf ((x > x2) And (x <= x3)) Then 'buffer region 
Phi = Phi4 - Efld4 * (x4 - x) + (q * Np * Xp / epssi) * (x3 - x) + Cbuf 
ElseIf ((x > x1) And (x <= x2)) Then 'SiGe chnl region 
Phi = Phi4 - Efld4 * (Xp + Xbuf) - Efld4 * (epssi / epssige) * (x2 - x) + (q * Np * Xp / 
epssige) * (x2 - x) + Csige 
ElseIf ((x >= 0) And (x <= x1)) Then 'cap region 
Phi = Phi4 + Ccap - Efld4 * C9 - C15 * Ht * (x1 - x) 
 
End If 
Phix = Phi 
End Function 



   

 

 

357 

 
Function PhiHhighVg(Vg, PhiH, PhiTH, Phims, C15, tcapox, Ch) 
'Jan10, includes carriers in depln, valid for Vg above VT 
'need iteration with PhiH itself 
'for VTS calculation feed Vg = VTS 
 
Const q = 1.6E-19! 
Const epssi = 1.04E-12! 
Const epsox = 3.45E-13! 
Const ni = 1.4E+10! 
Const vth = 0.0259! 
Bta = 1 / vth 
 
C1 = C15 * tcapox 
PhiHhighVg = PhiTH - 2 * vth * Log((PhiH - Vg + Phims) / (C1 * Ch ^ 0.5)) 
'PhiHhighVg = -0.5555  'SEED VALUE if iteration fails 
End Function 
 
D.4 Notes on simulations: 

The computation of internal potentials is the most important function of this analysis 

and design program. Other parameters, like hole density for example, are calculated using 

the potential distribution. The program is thoroughly tested w. r. to the potential 

distribution and is found to be quite accurate. The program is written as an interface 

between the designer and the time consuming numeric simulators. Unlike the numeric 

simulators this program can quickly display outputs, like potentials and hole density 

distribution for example. Hence the designer can vary parameters and arrive at a close 

enough design that can be cross-checked or fine tuned with very little numerical 

simulations.   

Altogether there are eight device parameters those determine the device performance. 

Please refer to chapter 6 and appendix – C for more details of the details and formulas. It 

has been found that there are some boundary conditions of the parameter choice that can 
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cause problems with the iterations involved in computing potentials above the threshold 

voltage. This may cause to a lot of errors and computation of many variables may freeze. 

By exploring with simulations it has found that there could be any of three functions that 

could cause this problem. If this occurs the parameter which was varied prior to the 

failure should be reset to the prior value. Then the following functions should be explored 

and the seed values should be used to bring the program back to normal. The functions to 

be looked through are: (1) HPhiH (2) PhiHhighVg (3) E4toPhiH. The seed values are 

given towards the end of these functions. While turning off the normal output value the 

seed value can be made the active output.  

The beginning of this appendix gives the displayed output parameters as well as few 

of the plots of potentials, hole density distribution, surface hole density distribution and 

so on. These are vital parameters of interest in the design and can assist in arriving at a 

good design in a very efficient manner. 
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APPENDIX – E 

A HIGH FREQUENCY STRUCTURE OF P-HMOSFET  

 

Figure E.1. Only the central region is doped with the Nsub used in the program. The rest 
of the substrate is doped with a low doping density of 1016/cm3. This will reduce the 
source and drain capacitance to substrate. There is not a significant difference in the on 
current between this and doping the full substrate with Nsub. 
 

 

Figure E.2. The central highly doped layer need not extend all the way down. It can be 
made about as deep as the drain depletion width corresponding to Nsub and high Vds. This 
may be easier to fabricate 
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In Figure 8-10 Ioff for HMOSFET is about seven orders of magnitude less compared to 

that of MOSFET. While keeping the long channel Ion the same VT for the HMOSFET is 

much higher than the VT for the MOSFET, -1.0 V and –0.4 V respectively. This may be 

stated as the reason for the low Ioff in HMOSFET, The higher VT for HMOSFET is 

possible because of the higher low field hole mobility in Si1-xGex . Since it was found that 

most of the channel length was not in velocity saturation the velocity of holes in 

HMOSFET is higher than the velocity in MOSFET. Due to this fact the HMOSFET need 

much less number of holes compared to the MOSFET. This allows reduced overdrive for 

HMOSFET thus allowing higher VT. It is to be mentioned here that the above will not be 

possible if the channel is velocity saturated.  
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