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ABSTRACT 

Liu, Yang. Ph.D., Purdue University, December, 2010.  III-V nanoscale transistors: 
physics, modeling, and design.  Major Professor:  Mark S. Lundstrom. 
 

As predicted by the International Roadmap for Semiconductors (ITRS), power 

consumption has been the bottleneck for future silicon CMOS technology scaling. To 

circumvent this limit, researchers are investigating alternative structures and materials, 

among which III-V compound semiconductor-based quantum-well field effect transistors 

stand out as one of the most promising device candidates for future high-speed, low-

power digital logic applications, because their light effective masses lead to high electron 

mobilities and high on-current, which should translate into high device performance at 

low supply voltage. For such nanoscale devices, both atomistic and quantum effects 

become important in determining their electronic structure and transport properties. 

Detailed modeling and simulation that captures these effects will be essential to help 

understand and provide guidance to device design and optimization. In this work, III-V 

transistors are studied from a simulation perspective. A 20-band sp3d5s*-SO semi-

empirical atomistic tight-binding model is used to study the bandstructure effects in the 

performance projection of III-V transistors. The C-V characteristics of GaAs MOS 

capacitor is studied from simulation, the simulation results were related to explaining the 

experimental observations. As a promising candidate for post-Si CMOS application, the 

III-V HEMTs devices are studied from simulation with focuses on device analysis and 

careful benchmarking against experimental data. The simulation and analysis at room 

temperature show that the III-V HEMTs with gate length less than 100nm operate quite 

close to their ballistic limits. The temperature-dependent study reveals that the 

transconductance’s characteristic at different temperatures could be fully explained with 

ballistic device physics without involving phonon scattering. Next, the ballistic injection 
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velocity is examined with simulation and compared to results extracted from I-V/C-V 

data. Results show that the injection velocity from the top of the barrier can be lower than 

that from the virtual source due to the pre-existing charge at the channel/source junction 

at on-state, and will be affected by several factors including the source design. Finally, a 

design study to assess the III-V vs. Si MOSFETs performance at 12 and 8nm nodes 

shows that III-V may outperform Si at both technology nodes due to the performance 

degradation in Si FETs from scattering. 
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1.    INTRODUCTION 

1.1    Background 
 

The need for higher device performance that is driving the silicon electronics 

industry has necessitated the scaling of device sizes to submicron dimensions over the 

last decade – a trend embodied in Moore’s law. The big challenge going forward is that 

continued scaling of planar, silicon, CMOS transistors will be more and more difficult 

because of both fundamental limitations and practical considerations as the transistor 

dimensions approach ten nanometers. The issues at small gate lengths are many fold. 

First, transistor scaling increases the number of gates on a chip and the operating 

frequency. To prevent the chip from overheating, the power dissipation should be limited, 

which requires lowering the power supply voltage while maintaining the ability to deliver 

high on-currents for each new generation of technology. Secondly, the drain bias 

decreases the energy barrier height between the source and channel in a transistor due to 

two-dimensional electrostatics. Degraded short channel effects become more significant 

as the gate length gets shorter, and the increased off-state leakage has pushed the stand-

by power to its practical limit. Thirdly, the accompanying scaled oxide thickness provides 

better gate control of the channel potential, but this inevitably increases the gate leakage 

and makes it very difficult to obtain both high on-currents and low off-currents at 

lowered supply voltage. Lastly, the parasitic resistance and capacitance have become 

comparable to, or even larger than the continuously decreasing intrinsic channel 

capacitance and resistance, which may provide a practical limit to scaling [1]. A 45 nm 

process based on high-k, metal gate, and strained silicon was introduced in 2007 [2]. 

With such technologies, scaling will continue to the 32 nm node and beyond [3]. 

Conventional silicon-based CMOS scaling will, however, become very difficult at the 15 

nm node and beyond. Further improvements in transistor speed and performance may 
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have to come from new channel materials. These are major issues that CMOS technology 

faces, and drawbacks to further scaling. To gain more control over these critical issues, 

while still retaining the path of advancing performance, CMOS devices as predicted by 

the International Roadmap for Semiconductors (ITRS) [4], will evolve from planar 

devices into devices that include strong strain engineering for carrier velocity 

enhancement and 3D features and gate all around placement for better electrostatic 

control on the channel. High mobility materials that can operate at lower power supply, 

such as III-V compounds and carbon nanotubes are also considered as alternative channel 

materials [5-10].   

 Several device structures and geometries are being investigated for replacements 

for the planar Si transistor, both theoretically and experimentally. Planar structures such 

as ultra-thin-body devices and III-V HEMT devices [11-18], as well as multi-gate 

FinFET [19-22] type geometries, gate all around nanowire devices, and carbon nanotube 

FETs are all potential candidates (Fig. 1.1). To predict the potential benefit of these 

devices over conventional Si MOSFETs, and further optimize their operation, however, 

deep understanding is necessary, and modeling and simulation can offer tremendous 

insight. Much experimental and theoretical research in recent years has focused on the 

III-V compound semiconductor MOSFETs, and that is the topic of this work. 
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Figure 1.1   Development trend and future projections of CMOS devices and structures 

(Adopted from R. Chau [10]). 

1.2    Overview of III-V MOSFETs 
 

Most III-V semiconductors have a direct band gap, thus making them highly 

suitable for optoelectronic applications. Motivation for consideration of III-V materials in 

traditional MOS transistor structures for digital applications is the extremely high 

electron mobility due to their small effective mass in the  valley. Several main 

challenges however, have prevented the implementation of III-V materials for future 

CMOS application for decades.  

Silicon was chosen as the channel material in the early stages of integrated circuit 

fabrication because it was easy to form a stable insulator with a high quality interface on 

the surface simply through oxidation (SiO2). The recent introduction of high-k insulators 

such as hafnium dioxide (HfO2) and metal device contacts in place of polycrystalline Si 

[23] represent the first changes to the fundamental material composition of electronic 

devices for digital applications in decades. Similar fabrication and materials challenges 

are faced for successful III-V implementation, the most prominent being well-controlled 

high-k dielectrics with high quality interfaces. Techniques to deposit the insulators, such 
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molecular beam epitaxy (MBE) [24] and atomic layer deposition (ALD) [25], are 

currently being used, and the latter is delivering relatively better results. Unfortunately, it 

is difficult to suppress the interface trap density for III-V MOSFETS down to 

1.0×1011/cm2-eV. Therefore, finding high quality and thermodynamically stable insulator 

for III-V materials holds the key to success of realizing III-V CMOS application, and is 

currently a very dynamic topic in both academia and industry [11-19, 26-32]. On the 

other hand, recent research shows that III-V based quantum well FETs, similar to the 

high-electron-mobility transistors (HEMTs) structure, have a potential of being candidate 

for future n-MOSFETs due to their relatively matured device technology, good interface 

quality, and reasonable reliability [33]. It is expected that if III-V were to replace Si 

CMOS, it will be beyond the 15nm node, and it should last at least two technology nodes 

[34]. With such short gate length, the light electron masses in III-V materials make the 

III-V transistors highly susceptible to electron tunneling effects, and therefore achieving a 

small device with acceptable leakage will prove difficult. In the meantime, the external 

resistance due to the contacts, the parasitic capacitance, interconnects will become 

dominant and degrade the whole device performance no matter how good the intrinsic 

performance is.  Finally, III-V materials lack a hole mobility advantage. Thus looking for 

p-type devices (possibly through strain engineering [35] or using Ge [36-42]]) makes it 

another subject for the III-V CMOS technology. 

Because of the challenges for III-V transistors mentioned above, modeling and 

simulation could help predict important guideline and understandings. However, III-V 

materials can be difficult to model. First of all, the effective mass of III-V materials is 

highly non-parabolic. Questions of how accurate it is to use the bulk III-V effective 

masses for nanometer structure is not clear. This has to be examined with full 

bandstructure calculation, which is usually computationally expensive. Secondly, 

quantum effects become important for nanometer III-V MOSFETs, which need to be 

treated self-consistently with the electrostatics. As a result, highly efficient 2D solver is 

needed in the simulation.  
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1.3    Recent Advances in III-V for Logic Applications 
 

In recent years, as the continuous scaling on Si CMOS is becoming more and 

more difficult, pursuit of alternative materials and device structures beyond planar Si 

CMOS is a dynamic area in both academia and industry, which has led people to look at 

the possibility of III-V once again. Historically, there have been several challenges for 

III-V to be realized for logic applications. Breakthroughs in recent research have partially 

solved, or relieved some of the challenges.  

The first III-V MOSFET in history, a GaAs MOSFET, was built by the Radio 

Corporation of America in 1965 [43]. Soon after that it was realized that finding the low-

defect, thermodynamically stale insulator is the key to III-V MOSFETs. Unlike the 

perfect interface between SiO2 and Si, compound semiconductors don’t have an ideal 

native oxide to form a reliable MOSFET structure. In the case of GaAs, its oxide is a 

leaky and defective mixture of Ga2O3, As2O3 and As2O5, which causes pinning of the 

Fermi level and nullifies the device performance by preventing the formation of inversion 

layers through the bending of the surface potential. Since late 1990s, lots of research has 

been carried out to solve this issue and significant progress has been made. Nowadays, by 

using the technique of atomic-layer-deposition (ALD), fairly good interface can be 

formed between high k dielectrics (Al2O3 and HfO2) and InxGa1-xAs channel owing to the 

“self-cleaning” effect in ALD. With this technique, 400 nm surface channel In0.65Ga0.35As 

MOSFETs with record high current of more than 1A/mm have been fabricated, and the 

upper limit on the average interface trap density (Dit) was estimated to be ~ 1.7×1012/cm2-

eV [44]. 

In parallel with the development of surface channel III-V MOSFETs with ALD, a 

quantum well structure with InxGa1-xAs or InAs as channel layer has attracted a lot of 

attention in parallel. Such quantum well III-V FETs are similar to the traditional HEMTs 

structure widely used in RF CMOS, but their potential for digital circuits have been 

studied recently intensively. Different from the surface channel MOSFETs, the InxGa1-

xAs channel layer in the quantum well structure is sandwitched between two 

In0.52Al0.48As on the top of bottom of it, which eliminates the interface issues due to the 

good interface quality between InxGa1-xAs and In0.52Al0.48As. The quantum well structure 
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has been successfully fabricated on Si wafers with GaAs and InxGa1-xAs gradual buffer 

layers [15], and has shown very good I-V characteristics and scaling behavior [11-13, 17, 

45, 46], which is suitable for future post Si CMOS. There are two big issues related with 

the III-V quantum well structure though. Firstly the metal gate is deposited on 

In0.52Al0.48As upper barrier layer which acts as an insulator layer, but such 

metal/semiconductor forms Schottky barrier which leads to large gate leakage current 

under both low and high gate biases. This issue has recently been solved by Intel with a 

high k (TaSiOx) and InP composite layers deposited on top of the In0.7Ga0.3As channel, 

which reduces the gate leakage by a factor of >1000 [18].  Another issue is more serious: 

the series resistance in the III-V quantum well transistors is about 2~3 times larger than 

that in up-to-date Si MOSFETs [16, 47]. Unless significant advances were made in 

reducing the series resistance, the excellent intrinsic device performance will be lost as 

the device will be dominated by large extrinsic resistance with scaling.   

Another historical challenge for the implementation of III-V CMOS logic is to 

look for high mobility III-V p-type MOSFETs. Intel has recently reported high-

performance 40nm gate length InSb p-channel transistors using the quantum well 

structures with compressively strain between the InSb channel and the Al0.4In0.6Sb barrier 

layers [35]. Compared to Si, such p-channel strained InSb quantum well transistors show 

~10 times lower power at the same speed, or ~2 times higher speed at matched power. 

Strain application in III-V therefore, provides a possible solution for p-type transistors in 

the future. 

It was estimated that if III-V were to replace Si CMOS, it would be beyond the 15 

nm node. At this ultra-short gate length, conventional planar structure in surface channel 

or quantum well MOSFETs will not be suitable due to the worse 2D effects. Double-gate 

or multi-gate MOSFETs will be necessary to meet the SCE requirement. Recently, a 

well-behaved enhancement mode (normally off) In0.53Ga0.47As FinFET structure with 

wrap around gate was demonstrated by researchers [29]. The 100nm III-V FinFET 

prototype structure with gate dielectric Al2O3 deposited by ALD shows both low trap 

density and very good sub-threshold swing, which provides a possible direction for future 

beyond 15nm III-V development. 
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In spite of the facts that many serious challenges need to be overcome in 

realization of III-V digital CMOS, recent progress on III-V transistors has demonstrated 

their potential and has encouraged more efforts to be spared on this topic.   

1.4    Thesis Outline 
 

This work studied the III-V and Si transistors at nanoscale with focuses on 

modeling, device physics, and design. The thesis is organized as follows. In Chatper 2, a 

20-band sp3d5s*-SO semi-empirical atomistic tight-binding model is used to study the 

bandstructure effects in the performance projection of both III-V and Si transistors. 

Related contents of this chapter are extracted from Ref. [48, 49]. In this chapter, the 

semiconductor capacitance effect in GaAs MOS capacitor is also studied, and the higher 

electron-associated capacitance observed in experiments was found to be due to the 

semiconductor capacitance effect in III-V. Part of this chapter can be found from [50]. In 

Chapters 3, III-V QWFETs are studied using simulation with focuses on the device 

analysis and careful benchmarking against experimental data at room temperature first, 

and then the temperature dependences are studied to explain the degradation of the 

transconductance at higher temperature observed in experiments. The contents of this 

chapter are extracted from [51, 52]. In Chapter 4, the injection velocities at the top of the 

barrier and at the virtual source are carefully eamined using the 2D nanoMOS simulation. 

The origin of their difference is explained, followed by the discussion of the various 

factos including the source design on the injection velocity at the top of the barrier in 

deeply scaled MOSFETs. Contents of this chapter are extracted from [53]. In Chapter 5, a 

performance assessment study is conducted for hypothetical III-V and Si MOSFETs at 12 

nm and 8 nm nodes. Contents of this chapter are from [54, 55]. Finally conclusions and 

possible future work are presented in Chapter 6. 
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2.   BANDSTRUCTURE EFFECTS: ATOMISTIC SIMULATION OF 
SILICON AND III-V UTB DOUBLE-GATED NANO-MOSFETS 

2.1      Preface 
 

The contents of Chapter 2.3 and 2.4 have been extracted verbatim from the 

following publications: “A tight-binding study of the ballistic injection velocity for ultra-

thin-body SOI MOSFETs,” Y. Liu, N. Neophytou, G. Klimeck, and M. S. Lundstrom, 

IEEE Trans. Electron Devices, vol. 55, no. 3, pp. 866-871, March 2008; “Band structure 

effects on the performance of III-V ultra-thin-body SOI MOSFETs,” Y. Liu, N. 

Neophytou, G. Klimeck, and M. S. Lundstrom, IEEE Trans. Electron Devices, vol. 55, 

no. 5, pp. 1116-1122, May 2008. Part of the results of Chapter 2.5 has been extracted 

from the following publication: “Inversion capacitance-voltage studies on GaAs metal-

oxide-semiconductor structure using transparent conducting oxide as metal gate,” T. 

Yang, Y. Liu, P. D. Ye, Y. Xuan, H. Pal, and M. S. Lundstrom, Applied Physics Letters, 

vol. 92, 252105, 2008. 

2.2      Introduction 
 

The bandstructure effects on performance prediction of Si and III-V nanoscale 

MOSFETs with ultra-thin-body (UTB) and double-gated (DG) structure were studied in 

this chapter. We first examine the validity of the widely used parabolic effective mass 

approximation by computing the ballistic injection velocity of a DG UTB n-MOSFET in 

Si. The energy dispersion relations for a Si UTB are first computed by using a 20-band 

sp3d5s*-SO semi-empirical atomistic tight-binding model coupled with a self-consistent 

Poisson solver. A semi-classical ballistic FET model is then used to evaluate the ballistic 
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injection velocity of the n-type UTB MOSFET based on both a tight-binding dispersion 

relation and parabolic energy bands. The second part of this chapter examines the impact 

of the real band structure on deeply scaled III-V devices by using self-consistent tight-

binding model. The density of states and ballistic transport for both GaAs and InAs ultra-

thin-body (UTB) n-MOSFETs are calculated and compared with the commonly used 

bulk effective mass approximation including all the valleys (-, X- and L-). The results 

show that for III-V semiconductors under strong quantum confinement, the conduction 

band non-parabolicity affects the confinement effective masses and therefore changes the 

relative importance of different valleys. A parabolic effective mass model with bulk 

effective masses fails to capture these effects and leads to significant errors, and therefore 

a rigorous treatment of the full band structure is required. Lastly the bandstructure effects 

and semiconductor capacitance effects are examined in the GaAs MOS capacitors.    

2.3      Tight-binding Study of the Ballistic Injection Velocity for UTB Si MOSFETs 
 

The ballistic limit for device performance has been extensively explored for 

double gate MOSFETs with Si, Ge and alternative channel materials and various 

surface/transport orientations [56-60]. Effective mass models with bulk transport and 

confinement effective masses are assumed in these models. As devices scale down to a 

few nanometers thick, however, the continued use of bulk effective masses may not be 

adequate [61]. Non-parabolicity, which shifts the subband energy levels and changes the 

in-plane effective masses, becomes important for ultra thin body Si. By adopting a 20-

band sp3d5s*-SO semi-empirical atomistic tight-binding (TB) model with a self-consistent 

Poisson solver, we explore in this paper the non-parabolic band structure effects on the 

ballistic performance of a Si ultra-thin-body (UTB) double gate transistor, and compare 

the results with the bulk effective-mass approximation. In contrast to a recent study of 

similar issues [61], we use a tight-binding treatment of the electronic structure, perform 

electro-statically self-consistent simulations, and compute device-relevant metrics such as 

ballistic injection velocity and on-current. Our results support the conclusions of [61] that 
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the parabolic effective mass approximation is an adequate first order approximation for 

silicon. We find, however, the differences are large enough to merit attention. 

2.3.1      Device Structure and Bandstructure Models 
The model device simulated in this work is as shown in Fig.2.3.1. The transport, 

transverse and wafer orientations are along X, Y, and Z axes respectively. The band 

structure of such a thin film is calculated according to the tight-binding approach, where 

20 orbitals, consisting of an sp3d5s* basis with spin-orbit coupling, are used to represent 

each atom along the body thickness in the UTB Hamiltonian [62-64]. The tight-binding 

coupling parameters we use are from [65], which have been optimized to accurately 

reproduce the bandgap and effective masses of bulk Si. At the Si surfaces, a hard wall 

boundary condition for the wavefunction is applied, and the dangling bonds at the 

surfaces are passivated using a hydrogen-like termination model of the sp3 hybridized 

interface atoms. This technique has been shown to successfully remove all the surface 

states from the bandgap [66]. 

 

 
The tight-binding bulk band structure at the  point in the (100) plane (Fig. 

2.3.2(a)) is shown first in Fig. 2.3.2(b). Figure 2.3.2(c) shows the result calculated by 

using an empirical local pseudo-potential methods (EPM) [67]. In both plots very similar 

  

X

Y
Z



 



X

Y
Z

X

Y
Z



 





 



 
Figure 2.3.1   The double-gate, ultra-thin-body (DG-UTB) device structure simulated 

in this work. The transport, width and wafer orientations are along X, Y and Z axes 
respectively. 
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starfruit-like non-parabolic energy contour at high energy levels are observed and show 

qualitative match. Figure 2.3.2(d) shows the bulk E-k dispersion along <100> and <110> 

orientations with both methods for comparison. 

To explore the in-plane effective mass of a UTB, we first calculated the band 

structure of the thin film with infinitely high barriers (hard wall boundary conditions) at 

VG=0. We extracted the effective mass by fitting the dispersion to a parabolic one. We 

make sure that the parabolic E-k gives the best fit to the TB dispersion up to 3kBT. 

Actually, the parabolic dispersion can fit the TB one with high accuracy to even larger 

energy ranges. Figure 2.3.3 shows the change of the in-plane effective mass in 

(100)/<100> orientation orientation as the thin film thickness (tSi) is reduced. For film 

thickness below about 3nm, mt for (100)/<100> is about 10% larger than the bulk value 

(mt,bulk=0.20m0). In [61], this effect was not observed, which suggests that the difference 

in various treatment of bandstructure may be significant from a device perspective.  

Figure 2.3.4(a) plots the 2D-density-of-states for tSi=3nm (23 atomic layers).  The results 

are similar to Figure 9 (a) of [61] and show that for high energies, the parabolic effective 

mass approximation is poor. For real devices, however, only the lowest few subbands are 

occupied. Figure 2.3.4(b) plots the 2D-density-of-states for tSi=3nm on a smaller energy 

scale which is relevant to the energy range that controls the ballistic injection velocity. 

Here, both the non-parabolicity of the 2-fold unprimed valleys and the subband energy 

level change are observed with respect to the bulk effective mass model. These effects 

get smaller as the body thickness increases. Note that the initial very small step for the 1st 

and 2nd subbands of the 2-fold unprimed valleys is due to the valley splitting [68], which 

is also observed in [61]. Figure 2.3.4(c) plots the 2D-density-of-states for tSi=6nm (45 

atomic layers) and less difference from bulk effective mass model is observed. These two 

factors (the change in energy levels or confinement effective mass and the change in the 

in-plane effective mass) combined together will lead to a difference in the current and 

injection velocity compared with the bulk effective mass approximation. 
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Fig. 2.3.2   Band structure calculated for bulk Si at  point (a), in the plane of (100) 
(b), (c) and (d) along <100> and <110> with tight-binding (TB) and local pseudo-

potential (PP) methods. 
 



13 

 

 
 

 

 

 

 

 

 

 

 

 

-X <100>-X <100>-X <100>-X <100>

Fig. 2.3.3   The in-plane effective mass mt for the 2-fold valleys increases up to 10% 
higher than bulk value when the UTB body thickness (tSi) is  3nm. 
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Fig. 2.3.4   The density-of-states for (a, b) tSi=3nm and (c) tSi=6nm. The lower and 
higher steps represent the 2 and 4 valleys respectively. The non-parabolicity 

including both the change of the in-plane effective mass and the shift in subband 
energy levels is more prominent in the thinner body thickness UTB. 
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2.3.2      Ballistic Injection Velocity in Si UTB DG MOSFETs 
The Si UTB n-MOSFET band structure is first calculated self-consistently by 

coupling the tight-binding model and the Poisson equation. Then the ballistic I-V 

characteristic is calculated using a semiclassical FET model based on the tight-binding E-

k relations and parabolic energy bands. The main features of the ballistic FET model [69, 

70] are illustrated in Fig. 2.3.5, where the net current and inversion charge density are 

calculated from the band structure at the top of the barrier. Specifically, the group 

velocity of each state is calculated from the tabulated tight-binding E-k data of the UTB, 

and the carrier density is then evaluated by assuming that the states with a positive 

(negative) group velocity are in equilibrium with the source (drain) reservoir. The drain 

current is then readily obtained by taking the difference between the source and drain 

fluxes, and the inversion charge is determined by summing up the carriers injected from 

the source and drain. The same self-consistent simulation procedures are applied with 

parabolic energy bands for effective mass approximation, and the results are compared. 
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Fig. 2.3.5   Illustration of the essential aspects of the semiclassical ballistic FET 
model. The EC(x) curve represents the lowest electron subband in the device. 

 



16 

 

  
           The symmetric, double-gate intrinsic UTB n-MOSFET device simulated has an 

EOT=0.5nm. Figure 2.3.6 compares the inversion charge density, ballistic current and 

injection velocity for (100)/<100> calculated from the tight-binding 
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Fig. 2.3.6   Self-consistent results of the (a) charge density, (b) current and (c) ballistic 
injection velocity for (100)/<100> UTB with tSi=3nm, calculated by tight-binding 

model and bulk effective mass approximation. The charge matches well for these two 
methods. The current and injection velocity differs due to the change of the in-plane 

effective mass and shift in the subband energy level. 
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model that is obtained from the bulk effective approximation for a body thickness 

tSi=3nm at VD=1V. The bulk effective masses used in this work are ml=0.89m0 and 

mt=0.20m0, which are the target values of the tight-binding parameters [65]. Fig. 2.3.6(a) 

shows that the inversion charge densities calculated by the tight-binding and effective 

mass model are very close, since the charge is mainly controlled by electrostatics. In Fig. 

2.3.6(b) and (c), a difference in the current and ballistic injection velocity between the 

tight-binding and effective mass approach is observed. These differences are caused by 

two factors: firstly, in the non-degenerate limit, the injection velocity is related to the 

two-fold valley in-plane effective mass mt as inj 2 /B tv k T mπ= [69]. As discussed in Sec. 

II, mt increases to 0.22m0 for tSi=3nm due to the non-parabolicity of the bulk band 

structure. In Fig. 2.3.6(c) the injection velocity is recalculated with an adjusted 

mt=0.22m0 and plotted in circles, and it matches with TB in the non-degenerate range 

well. The injection velocity and current mismatch under strong inversion is due to the 

lowered subband energy level for the heavier four-fold primed valleys compared with 

bulk effective mass model. Figure 2.3.7 clearly shows these two effects in the density-of-

states plot at VG=0.9V. The heavier four-fold valleys in tight-binding are about 14meV 

lower than those of the bulk effective model. 
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Fig. 2.3.7   The density-of-states plot for the UTB with tSi=3nm at deep inversion. The 
change in confinement mass, increase of the in-plane mass, and in-plane non-

parabolicity account for the difference in injection velocity as calculated by the two 
band structure models. 
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These two factors combined together result in the injection velocity and drain 

current difference between the TB and bulk effective mass approximation. The difference 

of  ~15% is not insignificant. Note also that the bandstructure model of [61] would likely 

produce even larger differences. Device researchers should be aware of the fact that 

various band structure models may produce significantly different predictions of the 

ballistic injection velocity. 

The same device was simulated with a thicker body thickness of tSi=6nm and vinj 

is shown in Fig. 2.3.8. The TB and bulk EMA give closer results due to the reduced 

importance of non-parabolicity for the thicker tSi. There is also a significant decrease in 

vinj compared with tSi=3nm. This occurs because with a thicker body, the energy 

separation between the light two-fold unprimed valleys and the heavy four-fold primed 

valleys becomes smaller; the heavier valleys are therefore important in carriers transport. 

Figure 2.3.9 shows the density-of-states for tSi=6nm at deep inversion where 

Ninv~1.03×1013/cm2 by both TB and EMA. The non-parabolicity effects (both the in-

plane mt and the subband energy level change) are smaller, meanwhile the Fermi level is 

closer to the heavy valleys, leading to the decrease of vinj. Figure 2.3.10(a), (b) plot the 

carrier occupancies for the 2-fold valleys and 4-fold valleys with tSi=3nm and tSi=6nm 

 
tSi=6nm

(100)/<100>

tSi=6nm

(100)/<100>

Fig. 2.3.8   The ballistic injection velocity calculated with TB and bulk EMA for the 
UTB with tSi=6nm plotted in the same scale of Fig. 2.2.6 (c) for comparison. 
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respectively. It is seen that the heavier 4-fold valleys are lightly occupied for tSi=3nm, but 

their occupancy is about 50% for tSi=6nm, which decreases the injection velocity 

substantially.  

 
Next, the empirical tight-binding model was generalized to treat arbitrary 

confinement and transport orientations with self-consistency for a UTB. The injection 

velocities for different orientations were calculated and compared with effective mass 

model. The intrinsic device has the same EOT=0.5nm. For comparison with the effective 

 

tSi=3nm(100)

(a)

tSi=3nm(100)

(a)

 

tSi=6nm(100)

(b)

tSi=6nm(100)

(b)

Fig. 2.3.10   The charge occupancy of the 2-fold and 4-fold valleys for (a) tSi=3nm and (b) 
tSi=6nm. For tSi=3nm, most of the carriers are transported through the 2-fold valleys, while 

for tSi=6nm the heavier 4-fold valleys are as important as the 2-fold valleys, leading to 
decreased injection velocity. 

 

 

tSi=6nm
VG=0.85V

EF

Ninv=1.03 1013cm-2

2

4

tSi=6nm
VG=0.85V

EF

Ninv=1.03 1013cm-2

2

4

Fig. 2.3.9   The density-of-states for tSi=6nm at deep inversion. The energy separation 
between the heavy and light valleys is smaller with thicker body thickness, leading to 

decrease in injection velocity. 
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mass model, the transport, width and confinement effective masses for different crystal 

orientations were obtained as explained in [71, 72]. Table 2.1 lists the effective masses 

used for all orientations in this work. 

 

Table 2.1  
Transport, width and confinement effective masses and subband degeneracies of Si for 

the five different orientations studied in this paper. 
 

(wafer)/[transport] 

/[width] 
mx my mz Deg. 

mt mt ml 2 

mt ml mt 2 (001)/[100]/[010] 

ml mt mt 2 

tm  tm  ml 2 (001) /[110]/[1 10]  

2mt ml /(mt+ml) (mt+ml)/2 mt 4 

ml mt mt 2 (110) /[001]/[110]  
mt (mt+ml)/2 2mt ml /(mt+ml) 4 

mt ml mt 2 (110) /[1 10]/[001]  
(mt+ml)/2 mt 2mt ml /(mt+ml) 4 

(mt+2ml)/3 mt 3mt ml /(mt+2ml) 2 (111) /[112] /[110]  
2mt [(mt+2ml)/(mt+ml)]/3 (mt+ml)/2 3mt ml /(mt+2ml) 4 

 

 

The injection velocities for different wafer/transport orientations were calculated 

and are shown in Fig. 2.3.11(a) with TB and (b) with bulk EMA for tSi=6nm. Both plots 

indicate that (100)/<110> is the best and (110)/<110> is the worst for vinj of the Si UTB 

n-MOSFET. Note that the injection velocity in (100)/<110> orientation is larger than in 

(100)/<100> orientation, this is because the four-fold primed valleys are also important in 

conducting carriers when tSi=6nm. Furthermore, it is interesting to note that the injection 

velocity follows the same trend as the experimental data for the carrier mobility for 

different orientations [73], and we surmise that there is a close correlation between the 
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two physical parameters [74]. These results suggest that the ballistic injection velocity is 

a useful metric in both the ballistic, quasi-ballistic, and diffusive regimes. 

 

 

2.4      Bandstructure Effects on III-V Nano-MOSFETs 
 

The effective mass approximation (EMA) has been widely used to study transport 

in these nanoscale devices with Si, Ge and alternative channel materials and various 

surface/transport orientations, both in the ballistic limit [56-60, 69], as well as in the 

presence of carrier scattering [75]. Recent work and the previous part have shown that 

using the bulk effective masses is reasonably accurate for silicon n-MOSFETs with an 

ultra thin body [49, 61]. It is still not clear, however, whether bulk effective masses can 

still be used for III-V UTB structures. It has long been known for high bias, quantum 

effects dominated devices such as high performance resonant tunneling diodes in III-V 

materials that effective mass calculations cannot lead the accurate performance analysis 

and prediction [76]. A tight-binding model that captures band-non-parabolicities, band-

to-band coupling and states throughout the Brillouin zone was needed to predict and 

explain current flow through room temperature, high current density, high bias RTD’s 

[76]. By adopting a 20-band sp3d5s*-SO semi-empirical atomistic tight-binding (TB) 

Fig. 2.3.11   The ballistic injection velocity for different crystal orientations calculated 
by (a) tight-binding and (b) bulk effective mass approximation. The injection velocity 

follows the same trend of measured mobility data of different orientations. 
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model with a self-consistent Poisson solver, we explore in this part the band structure 

effects on the ballistic performance of GaAs and InAs n-MOSFETs with an UTB 

structure and compare the results with the bulk effective mass approximation. 

2.4.1      Non-parabolicity in III-V UTB Bandstructures 
The simulated device with symmetrical double-gate and intrinsic ultra thin body 

is the same as that studied in section 2.3 and is shown in Fig. 2.3.1. The transport and 

wafer orientations are along the <100> and <001> axes respectively. The two 

dimensional band structures for III-V channel materials of GaAs and InAs are calculated 

using a semi-empirical TB model, where 20 orbitals consisting of an sp3d5s* basis with 

spin-orbit coupling, are used to represent each atom along the body thickness in the UTB 

Hamiltonian [62-64, 77]. The tight-binding coupling parameters have been optimized to 

accurately reproduce the bandgap and effective masses of the bulk material [63, 64]. A 

hard wall boundary condition at the top and bottom interfaces is applied by removing the 

dangling bonds with a technique similar to hydrogen passivation of Si-SiO2 interfaces 

[66]. Two different body thicknesses are chosen for GaAs in this work: tGaAs=5.5nm and 

2.6nm, which are the 2016 and 2020 ITRS technology nodes respectively [4]. For InAs, 

we study only tInAs=2.6nm for which the differences between the TB and bulk EMA 

approaches are large.   

The band structure and density-of-states of III-V UTB with (100) confinement 

direction are first calculated for a thin film at VG=0, i.e., a flat band condition. The tight-

binding parameters and bulk effective masses we use for GaAs and InAs in this work are 

from [64]. The bandgaps for GaAs and InAs are 1.424eV and 0.37eV respectively. For 

comparison, we also calculate the density of states using the parabolic effective mass 

model with bulk effective masses taken from the same tight-binding model. The 

transport, transverse and confinement effective masses (see [71, 72]) with the 

corresponding bulk values for each valley are listed in Table 2.2 and 2.3.    
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Valley g mx my mz 

 1 mΓ  mΓ  mΓ  

X1 1 Xtm  Xtm  Xlm  

1 Xtm  Xlm  Xtm  
X2 

1 Xlm  Xtm  Xtm  
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2
2

Ll Lt
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Lt Ll

m mm
m m

+

+
 2

3
Ll Ltm m+  3

2
Ll Lt
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GaAs InAs 

Valley g mx my mz Valley g mx my mz 

 1 0.0670 0.0670 0.0670  1 0.0239 0.0239 0.0239 

X1 1 0.2300 0.2300 1.3000 X1 1 0.2300 0.2300 1.3000 

1 0.2300 1.3000 0.2300 1 0.2300 1.3000 0.2300 
X2 

1 1.3000 0.2300 0.2300 
X2 

1 1.3000 0.2300 0.2300 

L 4 0.1425 0.6836 0.1109 L 4 0.1425 0.6836 0.1109 

 

 

Table 2.2   
Transport, transverse and confinement effective masses and subband degeneracies of 

(100)/<100> III-V n-MOSFETs from the bulk principal effective masses for each 
valley. 

 

Table 2.3  
Numerical values of the transport, transverse and confinement effective masses and 

subband degeneracies of (100)/<100> n-MOSFETs for GaAs and InAs from the bulk 
principal effective masses for each valley. 
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The computed density-of-states and E-k are shown in Figs. 2.4.1 and 2.4.2 for the 

two GaAs thin films of 5.5nm and 2.6nm, respectively. For the thicker body 

(tGaAs=5.5nm), both the TB and bulk EMA approaches show that the  valley has the 

smallest density-of-states effective mass and lowest energy. For the tGaAs=2.6nm structure 

for which quantum confinement is stronger, the bulk EMA shows that X1 valley is the 

lowest in energy because the  valley subband increases with strong quantum 

confinement. The TB results, however, predict that  valley is still the lowest in energy. 

Similar results are observed in the InAs thin film in Fig. 2.4.3, where the differences 

between the TB and bulk EM approaches are even larger. For tInAs=2.6nm, the  valley is 

the lowest in energy according to TB, but the bulk EMA shows the L valley as the lowest 

in energy. 

 

 

tGaAs=5.5nm

L valley

X2 valley
 valley

 valley

 valley

tGaAs=5.5nm

L valley

X2 valley
 valley

 valley

 valley

Fig. 2.4.1   The density-of-states (TB and bulk EMA) and band structure (TB) 
calculated for tGaAs=5.5nm UTB. Both the TB and bulk EMA show  valley has the 

smallest density-of-states effective mass and lowest energy. The bulk conduction band 
edge is at 1.424 eV. 
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The discrepancy between the TB and bulk EMA results shown in Figs. 2.4.1-2.4.3 

is due to the non-parabolicity of the  valley in GaAs and InAs. The  valley 

confinement effective masses (mz) as deduced from the TB calculations are plotted as a 

function of the thin film thickness in Fig. 2.4.4. For both GaAs and InAs, we observe that 

mz increases as the UTB gets thinner. As a result, the  valley subband energy levels do 

not increase as much as would be expected from a parabolic, effective mass model. The 

confinement effective mass mz converges to the bulk values when the film thickness gets 

to less than 30 nm. The conclusion is that the  valley subbands are the most important 

for even very thin III-V films – in sharp contrast to the predictions of the bulk EMA. 

These results have a substantial effect on the predicted I-V characteristics of III-V 

MOSFETs.  

 

 

 

L valley

X1 valley
X2 valley valley

tGaAs=2.6nm

X1 valley valley

 valley

L valley

X1 valley
X2 valley valley

tGaAs=2.6nm

X1 valley valley

 valley

Fig.2.4.2   The density-of-states (TB and bulk EMA) and band structure (TB) 
calculated for tGaAs=2.6nm UTB. The TB results show that  valley is still the most 
important, while bulk EMA show X1 valley becomes the most important with strong 

quantum confinement. 



26 

 

 

 

 valley valley

Fig. 2.4.4   The confinement effective mass mz of  valley as a function of the thin 
film body thickness for GaAs and InAs. For both semiconductor materials, mz 

increases significantly as the body thickness decreases. 
 

 

L valley

X1 valley
X2 valley

 valley

tInAs=2.6nm

L valley

 valley

L valley

X1 valley
X2 valley

 valley

tInAs=2.6nm

L valley

 valley

Fig. 2.4.3   The density-of-states (TB and bulk EMA) and band structure (TB) 
calculated for tInAs=2.6nm UTB. The TB model shows that the  valley still dominates 
the transport, whereas by the bulk EMA model, the L valley is the most important. The 

bulk conduction band edge is at 0.596eV. 
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2.4.2      Bandstructure Effects on Device Performance 
The effect of conduction band non-parabolicity on the ballistic I-V characteristics 

of III-V UTB SOI (100)/<100> n-MOSFETs is studied in this sub-section. The band 

structure of GaAs/InAs UTB n-MOSFETs is first calculated self-consistently versus gate 

voltage by coupling the tight-binding model and the Poisson equation. The ballistic I-V 

characteristic is then calculated by using a semiclassical FET model at the top of the 

barrier [70]. Specifically, the group velocity of each state is calculated from the tabulated 

tight-binding E-k data of the UTB, and the carrier density is then evaluated by assuming 

that the states with a positive (negative) group velocity are in equilibrium with the source 

(drain) reservoir. The drain current is then readily obtained by taking the difference 

between the source and drain fluxes, and the inversion charge is determined by summing 

up the carriers injected from the source and drain. For comparison, we also calculate the 

ballistic I-V characteristics using a parabolic E-k with bulk effective masses. The 

symmetric, double-gate, intrinsic body III-V UTB n-MOSFET device simulated in this 

work has an EOT=tSiO2=0.5nm, with VDD=0.8V for tGaAs=5.5nm and VDD=0.5V for 

tGaAs/InAs=2.6nm separately. For both body thicknesses, IOFF is adjusted to 0.11µA/µm in 

TB by varying the gate work functions, and the Fermi level in the bulk EMA is fixed the 

same with TB for a direct comparison. All simulations are assumed to be at 300K.  

Figure 2.4.5(a)-(d) display the computed ballistic current, charge density and 

injection velocities for tGaAs=5.5nm. Due to small effect of non-parabolicity in this 

relatively thick body, the use of bulk effective masses gives reasonably accurate results as 

compared with the TB model. A shift in the threshold voltage is observed between TB 

and bulk EMA, which arises from the increase in the confinement effective mass in the  

valley by TB as was observed in Fig. 2.4.4. The computed band structure and density of 

states at VG=0.65V where Ninv=0.98×1013/cm2 by TB model are plotted in Fig. 2.4.6. The 

location of the Fermi level shows that the  valley dominates the device performance, but 

the heavier L valley is also beginning to be populated. For thinner bodies, we expect to 

see more significant difference between the TB and the EM approaches. 
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Figures 2.4.7(a)-(d) show the computed current, charge density and injection 

velocities for the thin body GaAs structure. Very substantial (more than a factor of two in 

some cases) differences between the TB and effective mass models are observed. With a 

bulk effective mass model, the  valley subband energy is higher than the X1 subbands, 

which makes the X1 subbands dominant in transport. The TB model, however, predicts 

that the  valley dominates. The difference between the two models is most clearly 

shown by Fig. 2.4.7(d), which compares the injection velocities vs. charge density. Figure 

2.4.8 plots the valley population vs. charge density for the TB and EM approaches. 

Figure 2.4.8(a) illustrates the importance of X1 subbands for the effective mass model, 

while Fig. 2.4.8(b) shows that in the TB model the  valley dominates until L valleys 

begin to conduct under very strong inversion. This is also shown in Fig. 2.4.9, which 

plots the density of states and band structure at VG=0.5V. 

 
tGaAs=5.5nm

VD=VDD=0.8V

(a)

tGaAs=5.5nm

VD=VDD=0.8V

(a)

 

tGaAs=5.5nm

VG=VDD=0.8V

(b)

tGaAs=5.5nm

VG=VDD=0.8V

(b)

 

tGaAs=5.5nm

(c)

tGaAs=5.5nm

(c)

 

tGaAs=5.5nm

(d)

tGaAs=5.5nm

(d)

Fig. 2.4.5   (a, b) Self-consistent results of the I-V, (c) charge density and (d) ballistic 
injection velocity for tGaAs=5.5nm, calculated by the tight-binding model and bulk 
effective mass approximation. The bulk EMA gives reasonably accurate results 

compared with TB due to small non-parabolicity. 
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Fig. 2.4.6   The band structure and density of states for tGaAs=5.5nm at VG=0.65V. The  
valley is shown to be the most important in transport. At deep inversion, L valleys begin 

to conduct carriers and lead to a decrease in the injection velocity. 
 

Finally, it is interesting to ask whether an effective mass model with appropriate 

body thickness dependent effective masses could be used. From the energy independency 

in the density-of-states in Fig. 2.4.6, we observe that the subband formed from the  

valley is quite parabolic in the kx-ky plane (although the confinement effective mass mz 

changes due to the non-parabolicity in the bulk band structure), which enables us to 

extract fairly accurate in-plane effective masses (mx, my) by fitting a parabola from the 

bottom of the band to the energy at the Fermi level. These extracted effective masses (mx, 

my, mz) for the UTB are then used for recalculating the ballistic I-V characteristics and the 

results are shown in Fig. 2.4.7(a)-(d) in squares. The results match with those by TB quite 

well, indicating that a thickness-dependent effective mass model can be used for device 

analysis of GaAs UTB structures. For each structure, however, one first needs to compute 

the band structure and extract the effective masses.   
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Fig.2.4.7   (a, b) Self-consistent results of the I-V, (c) charge density and (d) ballistic 
injection velocity for tGaAs=2.6nm, calculated by the tight-binding model and bulk 
effective mass approximation. The bulk EMA results differ from those of the TB 

significantly due to large non-parabolicity in  valley in the thin film. 
 

The InAs UTB n-MOSFET was also explored. As discussed earlier, according to 

the effective mass model with bulk effective masses, the  valley energy increases so 

much that it becomes irrelevant. The TB model, however, shows that the confinement 

effective mass increases significantly so that the subbands formed from  valley remains 

the most important even under high injection. Figure 2.4.10(a)-(d) show the ballistic I-V 

results for tInAs=2.6nm. It is seen that the use of bulk effective masses leads to large errors 

as compared with the TB results. The threshold voltage by the EMA is more than 1V 

higher than that by the TB, which is seen in Fig. 2.4.10(a) and (b). According to bulk 

EMA, the device is not even turned on at VG=VDD=0.5V. Furthermore, since the heavy L 

valley dominates the transport in bulk EMA model, the carrier injection velocity is much 

smaller than TB results. We can, however, extract the confinement effective mass (from 

the TB subband energy level with no gate bias) and the in-plane effective masses (by 

fitting the bottom of the TB band structure with a parabola) of the  valley. The results, 

plotted as squares in Fig. 2.4.10(a)-(d), match with TB well, except for divergence of the 
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injection velocity under strong inversion. The smaller injection velocity of the TB model 

is a result of the increased transport mass caused by the in-plane non-parabolicity. This 

effect is also seen in the density of states plot at VG=0.5V as shown in Fig. 2.4.11. 

Therefore, a parabolic effective mass should not be used for InAs.  

  

 

 

 

 

 

Fig.2.4.8   The different valleys occupancy as a function of the channel density by (a) 
bulk EMA and (b) TB model. The  valley subbands remain the most important in 

transport due to large non-parabolicity effects. 
 

 

 

 

 

 

 

 

 

 
Fig.2.4.9   The band structure and density of states for tGaAs=2.6nm at VG=0.5V. The  
valley is shown to be the most important in transport by TB, but bulk EMA predicts X1 

valleys of more importance. 
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Fig. 2.4.10   Self-consistent results of the (a, b) I-V, (c) charge density and (d) ballistic 
injection velocity for tInAs=2.6nm, calculated by TB, bulk EMA and UTB EMA. The bulk 
EMA results lead to large errors due to significant non-parabolicity in the very thin body. 
 

 

 

 

 

 

 

 

 
 
 
Fig. 2.4.11   The density of states and band structure for tInAs=2.6nm at VG=0.5V by TB. 
Large in-plane non-parabolicity is observed in the  valley subbands, with the slope in 

the 2D DOS plot. 
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2.5      C-V Characteristics of GaAs MOS Capacitors 
 

As Si-based CMOS logic is approaching physical scaling limits, III-V materials 

with high electron mobilities and high saturation velocities are being pursued to replace 

Si. The main obstacle to implement III-V as channel materials for CMOS applications is 

the lack of high-quality, thermodynamically stable insulators [78]. With novel process 

techniques such as ALD high- dielectrics, III-V MOSFETs are showing promising 

results [25]  and are currently of great interest to be used as alternative channel materials. 

Capacitance-Voltage (C-V) measurements are widely used to quantitatively study the 

MOS structures. Experimental results from a systematic C-V study have shown that the 

ALD high- dielectrics improve the GaAs MOS characteristics such as dielectric 

constant, breakdown voltage and frequency dispersion [79]. This paper presents a 

theoretical study of the quasi-static C-V characteristics of GaAs MOS structures.  

Simulation of C-V characteristics is a challenge because quantum effects are 

important under inversion, and they must be treated together with electrostatics. We use a 

20-band sp3d5s*-SO semi-empirical atomistic tight-binding (TB) model [64]  to capture 

the non-ideal bandstructure effects, which have been shown important in III-V ultra-thin-

body structures [48]. The treatment of self-consistent electrostatics coupled with the 

tight-binding model demands heavy computational burden since, 2-D bandstructure 

depends on the electrostatic potential at every atomic layer. Our results show that the 

non-parabolicity bandstructure effects are not significant in GaAs MOS structures, and a 

bulk effective mass approach (EMA) provides acceptable accuracy. Consistent with 

quasi-static C-V measurements in dark, our simulations show that the capacitance 

associated with electrons under inversion (accumulation) is smaller than that associated 

with holes under accumulation (inversion), and both are considerably lower than the 

oxide capacitance, which provides evidence that the low density of states of electrons in 

GaAs lowers the semiconductor capacitance and degrades the total gate capacitance. 

This section is organized as follows. Sec. 2.5.1 describes the device structure and 

the self-consistent approach to calculate the quasi-static C-V of GaAs MOS capacitors 

with tight-binding and effective mass bandstructure models respectively. In Sec. 2.5.2, 

the C-V characteristics of dependences on substrate doping, oxide thickness and the 
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capacitance degradation by the small density-of-states effects as well as the upper valley 

filling are then discussed. In Sec. 2.5.3 the role of interface states is briefly examined.  

2.5.1      Bandstructure Effects 
The GaAs MOS capacitor simulated in this paper has a surface orientation along <100> 

direction. The self-consistent approach for the tight-binding model is as follows. For a 

given gate bias, we first assume an electrostatic potential profile for the 1-D Poisson 

equation. From this we then interpolate the potential within the tight-binding domain and 

get the potential energy at each atomic layer. Adding the potential at each atomic layer to 

its on-site energy, we then calculate the 2-D bandstructure over the entire x yk k−  plane. 

Each point in the k-space is then filled with carriers, according to the Fermi level, and the 

charge is multiplied by the modulus square of the tight-binding wavefunction to get the 

spatial charge profile. Sum of all charge profiles over the entire 2-D Brillouin Zone gives 

the charge profile along the thickness. This charge is then used as an input to Poisson 

equation, which calculates the correction needed in the potential profile. The corrected 

potential profile is then used again to calculate bandstructure, and the steps are repeated 

until the charge profile becomes self-consistent with the potential profile. Figure 2.5.1(a) 

shows the self-consistent simulation region under depletion and inversion, which is 

around 50nm thick to capture most of the band bending. The Poisson region starts from 

the gate and extends deep into the substrate to ensure a flat band boundary condition 

there. The self-consistent procedures for the effective mass model are similar, except that 

parabolic bands are used for all valleys. In contrast to some other simulation tools (e.g. 

Schred [80]) where the accumulation is treated semi-classically, confined states in the 

shallow quantum well are captured in both models in this work, this is shown in Fig.2.5.1 

(b). The tight-binding parameters and the effective masses for all the valleys of GaAs in 

this work are taken from [64].        
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The self-consistent GaAs C-V results calculated by the tight-binding and effective 

mass approaches are plot in Fig. 2.5.2 (a). The oxide is 16nm thick Al2O3 (s=9.0), and 

the doping is NA=2.5×1017/cm3. The work function deference is assumed zero in all the 

simulations. The C-Vs under depletion and inversion match very well for tight-binding 

and effective mass approaches, indicating that the parabolic bandstructure is a reasonable 

approximation for GaAs MOS structures. For C-V under accumulation there is some 

difference between two approaches, which is due to the non-parabolicity in the valence 

band. Overall, effective mass is good for holes for the C-V of MOS structures too. Figure 

2.5.2 (b) further demonstrates the similar results from both approaches by plotting the 

surface potential Sψ  vs. the gate bias VG. Again, the depletion and inversion part 

associated with electrons match quite well; there is some difference in the hole 

accumulation results, but it is not large. We conclude that the effective mass 

approximation is accurate enough compared to the tight-binding model but is much more 

efficient in the simulation. 
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Fig. 2.5.1   The simulation region for (a) depletion/inversion and (b) accumulation. 

The quantum states are included in the accumulation regime. 
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2.5.2      Semiconductor Capacitance Effects and Upper Valley Filling 
Figure 2.5.3 (a) and (b) show the GaAs C-Vs with 16nm Al2O3 as dielectric on p-

type and n-type substrate respectively. It is noted that, when the p-type doping is varied 

from 2.5×1017/cm3 to 1.0×1018/cm3, the hole accumulation capacitance is higher than the 

electron inversion capacitance, while it is the opposite (hole inversion capacitance is 

higher than the electron accumulation capacitance) when an n-type substrate is used. In 

all cases, the accumulation and inversion capacitances are lower than the oxide 

capacitance. Similar characteristics in GaAs C-V have also been observed in experiments 

by different groups [50, 81]. Despite many other possible factors, this phenomenon could 

be attributed to the semiconductor capacitance effect as explained below. 

            In a standard MOS capacitor, the total gate capacitance (CG) consists of the oxide 

(Cox) and the semiconductor (CS) capacitances in series. Typically in Si-based MOS 

capacitors, CS is much larger than Cox under accumulation or inversion so that G oxC C≈ . 

However, when CS becomes comparable to Cox, CG  under accumulation or inversion will 

be degraded from Cox, and this is the case for GaAs and other III-V MOS structures 

where the density-of-states effective mass ( *
DOSm ) is very small.  It has been shown [82] 

that when there is only one subband occupied, ( )( ) ( )( )1 11 ; 1 /S Q F SC C f E qε ε ψ= − ⋅ − ∂ ∂ , 

  

(a) (b)(a) (b)

 
Fig. 2.5.2   The self-consistent simulation results from the tight-binding and bulk 
effective mass models for (a) GC V− , and (b) S GVψ − . Results from both models 

match well in spite of small difference under accumulation due to the non-parabolicity 
in the valence band. 
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where 
*

2
2

DOS
Q

mC q
π

=


 is the so-called the quantum capacitance at T = 0K and is an artifact 

of the 2-D density of states [83]. The smaller *
DOSm  for electrons than for holes in GaAs 

results in a lower gate capacitance associated with electrons (inversion on p-type and 

accumulation on n-type substrate) than the gate capacitance associated with holes 

(accumulation on p-type and inversion on n-type substrate). 

  

  
The C-V analysis discussed above is for a thick oxide of 16nm Al2O3 where only 

the  valley subband is occupied under inversion. As the oxide gets thinner, the gate has 

more control of the surface potential of the semiconductor, and higher, heavier valleys 

are expected to be occupied. Consequently, the lowering of the capacitance due to the 

small *
DOSm  in the semiconductor capacitance effect will be alleviated. Figure 2.5.4 (a) 

shows the C-Vs for GaAs on a p-type substrate with oxide thickness varied from 4nm to 

16nm. Firstly, it is observed that as tox decreases, the ratio of ( )( )/ 1/ 1 /G ox ox SC C C C= +  

decreases as well under accumulation due to the increased oxC . The inversion side, 

however, does not change monotonically. From the C-Vs with 4nm and 8nm oxide, it is 

noted that higher valley begins to be occupied where the slope of the C-V changes. This 

is shown in the density of states plot in Fig. 2.5.4 (b), where heavier valleys (X and L) 

subbands are occupied with 4nm dielectric, while only the light  valley is occupied for 

   

(a) (b)(a) (b)

 
Fig.2.5.3   The simulated C-V with varied (a) p-type and (b) n-type substrate doping. 
The capacitance associated with holes under accumulation (inversion) is larger than 

that associated with electrons under inversion (accumulation), and both degrade from 
the oxide capacitance. 
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the 16nm case at the same gate bias. As a result of the larger *
DOSm  of higher valleys, SC  

increases as well as oxC  when oxt  gets smaller, and therefore the semiconductor 

capacitance effect is alleviated.  

 

 

2.5.3      Interface Traps Effects on C-V 
Interface traps are electrically active defects with an energy distribution 

throughout the band gap. They act as generation/recombination centers and contribute to 

leakage current, low-frequency noise, and reduced mobility, drain current, and trans-

conductance. As a matter of fact, one of the main challenges to realize III-V material for 

future high-speed low-power logic application is due to the poor interface between the 

substrate and oxide in III-V MOS capacitors. Researchers are working hard towards 

improving the interface quality be reducing the interface traps density.  

          So far the simulations for III-V C-V characteristics above have not taken into 

account the interface traps, the effects of which can easily be included in the present ideal 

C-V simulations following the description of Schroder et al. [84]. The interface traps are 

divided into two categories by the charge neutrality level (ECNL). The traps distributed 

between ECNL and the valence band edge (EV) in the bandgap are donor-type, and those 

between ECNL and the conduction band edge (EC) are acceptor-type. For each gate bias 

GV , the interface charge itQ  is calculated by summing up the acceptor-type and donor-

   

heavier valleys

(a) (b)

heavier valleys

(a) (b)

 
Fig.2.5.4   (a) The simulated C-V and (b) the 2D DOS with different oxide thickness 

show the upper valley’s occupation as oxide thickness gets thinner. 
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type interface charge according to the traps distribution itD  with the Fermi level at the 

interface and the corresponding surface potential Sψ :  

                        ( )( ) ( )0 1 , ,
CNL C

V CNL

E E

it F IT F IT
E E

Q q f E E D dE f E E D dE
 

= ⋅ − ⋅ − ⋅ 
  
  .            (2.5.1) 

The total gate capacitance is then readily to be calculated as 1 1 1
G ox S itC C C C
= +

+
, where 

S
S

S

dQC
dψ

= −  and it
it

S

dQC
dψ

= −  are the semiconductor and interface traps capacitances 

respectively. Meanwhile the gate bias is shifted by it
G

ox

QV
C

Δ = −  due to the interface 

charge. 

  

  
            Figure 2.5.5 shows the initial results of the interface traps effects on GaAs C-V. 

For simplicity, a constant 12 21.0 10 /(cm eV)itD = × ⋅  in the band-gap is assumed. With the 

low and very simple trap distribute density distribution, the ideal C-V is stretched and 

shifted. The dip at the depletion/beginning of inversion part of the C-V with traps is a 

result of smaller CS than Cit, and might not be physical due to the over-simplified Dit we 

used here. More careful study of the interface traps effects, therefore, will utilize 

measured Dit from experiments in the future.  

 

                               

  


 
Fig. 2.5.5   Interface traps effects on C-V. 
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2.6      Summary 
 

In this chapter, the bandstructure effects on the performance of ultra-thin-body 

double gate MOSFETs are examined with a tight-binding model and bulk effective mass 

model respectively. It is found that the widely used parabolic bulk effective mass 

approximation is reasonably accurate for UTB silicon structures. It is important to realize, 

however, that effective masses in Si generally increase as the body thickness decreases. It 

is also important to note that different band structure models in current use give different 

quantitatively predictions. For the tight-binding model here, the use of bulk effective 

masses overestimates the injection velocity by about 10% ~ 20% as compared with the 

tight-binding results.     

For UTB structures with III-V channel materials, non-parabolicity in  valley 

plays an important role and significantly affects the device performance by changing the 

relative importance of different valleys. The use of bulk effective masses in a III-V UTB 

MOSFET overestimates the importance of X1 and L valleys, whereas a significant  

valley population is in fact observed in TB calculations. Bulk effective masses should, 

therefore, never be used in analyses of III-V UTB. As an alternative, thickness dependent 

effective masses may be used. This works well for GaAs, but in-plane non-parabolicity is 

important for InAs and is not captured by such a model. The use of a rigorous band 

structure may be important to quantitatively assess the performance of III-V MOSFETs.  

Finally in this chapter a capacitance-voltage study has been performed on GaAs 

metal-oxide-semiconductor (MOS) structures with a self-consistent 20-band sp3d5s*-SO 

semi-empirical atomistic tight-binding (TB) model and a self-consistent bulk effective 

mass approach (EMA) respectively. The tight-binding model and the effective mass 

approach results match well. The simulation also shows that the capacitance under hole 

accumulation (inversion) is larger than that under the electron inversion (accumulation), 

and both are considerably smaller than the oxide capacitance, which provides evidence 

that the low density of states of electrons in GaAs degrades the gate capacitance in terms 

of the semiconductor capacitance effect. It is further observed that as EOT scales down, 

higher valleys in the conduction band will begin to be occupied, which reduces the effect 

of the semiconductor capacitance. Finally the surface states are included in the simulation 
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and their effects were examined briefly with a simple constant interface density 

distribution. 
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3.   SIMULATION-BASED STUDY OF III-V HEMTS: DEVICE 
PHYSICS AND BENCHMARKING AGAINST EXPERIMENTS 

3.1    Preface 
 

The contents of Chapter 3.1 have been extracted from the following publications: 

“Simulation of III-V HEMTs for High-speed Low-power Logic Applications,” Y. Liu, 

and M. S. Lundstrom, ECS Transactions, vol. 19, no. 5, pp. 331-342, 2009; “Device 

Physics and Performance Potential of III-V Transistors,” Y. Liu, H. Pal, M. S. 

Lundstrom, D. H. Kim, J. A. del Alamo, and D. A. Antoniadis, in “Fundamentals of III-V 

Semiconductor MOSFETs,”  edited by Peide D. Ye and Serge R. Oktyabrsky, Published 

by Springer in February 2010 (ISBN: 978-1-4419-1546-7). 

3.2    Introduction 
 

Driven by tremendous advances in lithography, the semiconductor industry has 

followed Moore’s law by shrinking transistor dimensions continuously for the last 40 

years. The big challenge going forward is that continued scaling of planar, silicon, CMOS 

transistors will be more and more difficult because of both fundamental limitations and 

practical considerations as the transistor dimensions approach ten nanometers. The issues 

at small gate lengths are many fold. First, transistor scaling increases the number of gates 

on a chip and the operating frequency. To prevent the chip from overheating, the power 

dissipation should be limited, which requires lowering the power supply voltage while 

maintaining the ability to deliver high on-currents for each new generation of technology. 

Secondly, the drain bias decreases the energy barrier height between the source and 

channel in a transistor due to two-dimensional electrostatics. Degraded short channel 
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effects become more significant as the gate length gets shorter, and the increased off-state 

leakage has pushed the stand-by power to its practical limit. Thirdly, the accompanying 

scaled oxide thickness provides better gate control of the channel potential, but this 

inevitably increases the gate leakage and makes it very difficult to obtain both high on-

currents and low off-currents at lowered supply voltage. Lastly, the parasitic resistance 

and capacitance have become comparable to, or even larger than the continuously 

decreasing intrinsic channel capacitance and resistance, which may provide a practical 

limit to scaling [1]. A 45 nm process based on high-k, metal gate, and strained silicon 

was introduced in 2007 [2]. With such technologies, scaling will continue to the 32 nm 

node and beyond [3]. Conventional silicon-based CMOS scaling will, however, become 

very difficult at the 15 nm node and beyond. Further improvements in transistor speed 

and performance may have to come from new channel materials.  

To address the scaling challenge, both industry and academia have been 

investigating alternative device architectures and materials, among which III-V 

compound semiconductor transistors stand out as promising candidates for future logic 

applications because their light effective masses lead to high electron mobilities and high 

on-currents, which should translate into high device performance at low supply voltage. 

Recent innovations on III-V transistors include sub-100 nm gate-length, high 

performance InGaAs buried channel [31, 32]  and surface channel MOSFETs [85], sub-

80 nm E-mode InGaAs / InAs HEMTs [11-13, 16], and InSb p-channel HEMTs [35] with 

outstanding logic performance at short channel lengths and low supply voltages. At the 

same time, theoretical work has predicted the performance of III-V transistors with 

respect to Si at near future technology nodes with the focus on device design, 

bandstructure effects, source engineering, etc [59, 86-94]. 

In this chapter, we will examine device physics issues of III-V transistors from a 

simulation perspective by addressing a very specific question: how would an In-rich, 

InGaAs MOSFET operate if the technological challenges are solved, such as the 

deposition of a high- dielectric layer on top of the III-V channel, the doping of the 

source and drain contacts, the integration of III-V on a Si substrate, as well as the 

reduction of the parasitic source/drain series resistance. To examine device physics, we 
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will use an InGaAs HEMT structure similar to that being used by the MIT and Intel 

groups [16, 45]. We will begin by examining the device physics using detailed quantum 

mechanical simulations based on the non-equilibrium Green’s function formalism [95, 

96]. Our objectives are three-fold: (1) to elucidate the physics of III-V HEMTs, (2) to 

identify key technology challenges that need to be addressed, and (3) to determine what 

the performance advantage (if any) for III-V transistors would be. Finally in this chapter 

we will study the temperature-dependent device characteristics in III-V HEMTs devices. 

3.3    Quantum Ballistic Simulation of InGaAs HEMTs at Room Temperature 

3.3.1    Device Structure  
The HEMT structure for logic applications studied in this chapter is shown in Fig. 

3.3.1(a) [45]. The high-mobility channel consists of In0.53Ga0.47As /In0.7Ga0.3As / 

In0.53Ga0.47As quantum well of 2 nm /8 nm /3 nm in thickness and is sandwiched between 

two In0.52Al0.48As barrier layers on the top and bottom with thickness of 4 nm and 500 nm 

respectively. The gate length of these devices ranges from 40 nm to 130 nm.  
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A silicon -doped layer of 5×1012/cm2 is placed 3 nm away from the channel in 

the upper barrier layer to provide carriers for the source and drain. In real devices, the 

current flow is two-dimensional from the raised source to the drain through the doped 

heterostructure stack and then laterally to the channel. Rather than attempting to simulate 

the contacts and the associated metal semiconductor contact resistance, we place ideal 

contacts at the two ends of the channel to simplify the structure. The simulated “intrinsic” 

device structure, where quantum ballistic transport is expected to dominate, is indicated 

by the dashed square in Fig. 3.3.1 (a). The effects of the heterostructure contact stack on 

the intrinsic device are approximated by simply adding two series resistance RS and RD to 

both ends. This approach neglects some source design issues such as source access [75]  

and so-called source starvation [87] that may be important in practice. Nevertheless, it is 

a reasonable starting point and should provide us with upper limit projections. The 

comparisons with experiment to be discussed later show that neglecting source design 

issues is acceptable at this stage of technology development. 

 

Fig. 3.3.1   (a) The cross section of the MIT InGaAs HEMTs designed for logic 
applications (after [45]). The simulation domain is indicated by the dashed square 
which is modeled with quantum ballistic transport. The heterostructure is simply 

replaced with two series resistances. (b) The simplified device structure with proper 
boundary conditions. The delta-doped layer is indicated by the white dashed line. 
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3.3.2    Simulation Approach 
The 2D simulation program used for these studies evolved from the nanoMOS 

simulation program [97]. The Poisson equation is first solved with the charge from an 

initial flat band profile as the estimated potential. To compute the carrier density, the 

uncoupled mode space approach is then used to solve the quantum transport problem 

assuming ballistic transport. The resulting spatial charge distribution from the 2D charge 

density weighed by the wavefunction in the quantum well is inserted in the Poisson 

equation, and the new charge distribution leads to a new potential profile. This process 

continues until the desired convergence is achieved (typically when the maximum 

difference in potential for the last two iterations is under 0.1 meV). The quantum ballistic 

current is then readily calculated for each subband within the mode space NEGF 

formalism. Final post-processing steps utilize the two fitting parameters (the metal work 

function and the series resistance) to fit the simulation results to the experimental data. 

The simulation procedure was discussed in detail in [98]. Note that different from [98], 

we adopt an embedded gate structure to capture the fringing effects which become 

important in short gate length devices. Figure 3.3.1 (b) shows the simplified device 

structure in the simulation with the following boundary conditions: 1) the potential of the 

embedded gate region is fixed according to the gate bias and workfunction, 2) the bottom 

layer of the substrate is grounded, and 3) zero normal electrical field boundary conditions 

are applied for the rest of the boundary. Figure 3.3.2 plots the constant potential contour 

and electric field lines in the device. It is clearly seen that the embedded gate simulation 

structure captures the side fringing electric field between the gate and channel through 

the delta-doped layer, the effect of which becomes important as the device’s lateral 

dimensions scale down. 
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3.3.3    Materials Parameters 
Non-parabolicity effects are important in the conduction band of III-V materials, 

and the use of bulk effective masses would lead to significant errors for ultra-thin-body 

structures [48]. Before simulating the HEMTs, we extract the channel effective masses of 

the III-V HEMT devices from atomistic sp3d5s* tight-binding simulations using the 

NEMO-3D program [77]. The bandstructure calculated with the atomistic tight-binding 

model incorporates the non-parabolicity effects as well as the strain effects due to the 

lattice mismatch between the In0.53Ga0.47As /In0.7Ga0.3As layers. The tight-binding 

bandstructure calculation also shows that higher valleys are well above the  valley 

subbands and therefore make a negligible contribution to the carrier and current density. 

The effective mass is extracted from the first subband by fitting a parabola from the band 

bottom to up to 0.1 eV higher. The extracted equivalent effective masses for the quantum 

well channel are 0.053m0 for transport and transverse directions, and 0.067m0 for the 

confinement direction, in contrast with the value of 0.041m0 obtained from a linear 

interpolation of the bulk effective masses of InAs and GaAs [99]. The confinement 

            

 

 

Fig. 3.3.2   Constant potential contour and electric field lines in a HEMT with Lg = 30 
nm. The non-negligible fringing field between the gate and the channel in short gate 
length devices is captured by this embedded gate structure adopted in the simulation. 
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effective mass of In0.52Al0.48As barrier is 0.075m0. The dielectric constant of the InGaAs 

channel used in the simulation is assumed to be  = 14.3 and that of the In0.52Al0.48As 

barrier is 12.7 [99]. The conduction band discontinuity between In0.53Ga0.47As / 

In0.52Al0.48As layers is assumed to be EC = 0.50 eV [100, 101]. 

3.3.4    Simulation vs. Experiments: I-V and gm-V Characteristics 
We compare the simulation results with experimental data by examining the I-V 

characteristics. Two fitting parameters are used: 1) the workfunction of the gate metal 

and 2) the series resistance. The gate workfunction is first determined by tuning its value 

so that the subthreshold regime of the intrinsic logId-VGS overlaps that of the experimental 

data. Below subthreshold, the current is so small that the I-V characteristics are not 

affected by the series resistance. Once we fit the subthreshold regime by determining the 

gate workfunction, we choose an appropriate series resistance to include in the ballistic 

intrinsic I-V and adjust to best match the linear region within the above-threshold Id 

regime (low VDS and high VGS).  

Figure 3.3.3 compares the simulation with the experimental data [46] in logId-VGS, 

linear Id-VDS plots, and gm-VGS for nominal gate lengths of Lg = 40, 60, 80, and 130 nm 

InGaAs HEMTs after tuning the workfunction and including the series resistance. Good 

quantitative agreement is achieved with adjustment of the nominal gate length and 

insulator thickness by about 10%. For example, for the device with a nominal gate length 

of Lg = 40 nm and tins = 4 nm, the best fit was obtained with Lg = 45 nm and tins = 3.6 nm. 

For the device with a nominal gate length of 130 nm a tins = 4 nm, the best fit was 

obtained with Lg = 125 nm and tins = 4.6 nm. These values are within the measurement 

error and reasonable [102]. Table 3.1 summarizes the gate length Lg, upper barrier layer 

thickness tins, S, and DIBL with those from the experimental data. The fitted series 

resistance RS = RD = 220 -µm is identical to the value quoted from the measurement 

[103]. We also observe that the difference in current between experimental data and 

simulation results at high VDS increases as both VGS and Lg increases, which might be due 

to three reasons. First, the assumed constant series resistance used in the simulation might 

not hold when the current becomes large. Second, as the gate length increases from 40 
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nm to 130 nm the device may become less ballistic. Finally the source may not be able to 

supply the desired on-current. Nevertheless, the simulation demonstrates that the ballistic 

model with attached series resistance is a good first order description of the HEMTs’ I-V 

characteristics.  

Note that the series resistance in these transistors is quite large, and it presents a 

significant limit on device performance. This is shown in Figure 3.3.4, where the 

simulated Id-VDS for Lg = 45 nm at VGS = 0.5 V is compared for different assumed values 

of RSD (the square symbols are experimental data for the nominal Lg = 40 nm device). It is 

observed that the predicted on-current could be improved by 100% if the series resistance 

in III-V HEMTs could be reduced to the typical value for good Si transistors (RSD ~ 150 

-µm). Note also that even the fully ballistic simulation displays a channel resistance of 

about 80 -µm. 
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Fig. 3.3.3   Comparison between the simulation results and experimental data as in 
[46] (a) logId-VGS (VD = 0.05, 0.50V), (b) linear Id-VD (VGS = 0~0.5V, VGS = 0.1V) 
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Fig. 3.3.4   Id-VDS of 45 nm HEMTs at VGS = 0.5V with different series resistance; the 
square symbols are experimental data. The on-current is expected to be improved by 

about 100% with reduced series resistance matched to Si transistors. 

 

                   
Fig. 3.3.3   Comparison between the simulation results and experimental data as in 

[46] (c) gm-VGS (VD = 0.5V). 
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Table 3.1 
The nominal gate lengths and upper barrier layer thicknesses are adjusted by about 10% 
in the simulation to best match the experiment data. S and DIBL from experiment and 

simulation are also compared. 
 

 

 

 

 

 

 

 

3.3.5    Gate Capacitance 
The gate capacitance of the HEMTs can be determined from the charge in the 

quantum well channel. Figure 3.3.5 (a) shows the simulated carrier density (half-way 

between the source and drain) vs. the gate bias at VDS = 0 when Lg = 45 nm and tins = 3.6 

nm; the slope of the curve gives a gate capacitance of 1.41 µF/cm2 at VGS = 0.5 V. The 

gate capacitance is the upper barrier layer insulator capacitance in series with the 

semiconductor capacitance:  

                                                          1 1 1
G ins SC C C
= + ,                                                (3.3.1) 

where 23.12 F/cmins
ins

ins

C
t
ε

= = . The semiconductor capacitance SC  can be expressed as 

[82] : 

                          ( ) ( )
2 *

2 ; 1 /S i F i S
i

q mC f E E E ψ
π

= ⋅ ⋅ − ∂ ∂
,                            (3.3.2) 

L0 (nm) 40 60 80 130 

tins0  (nm) 4.0 4.0 4.0 4.0 

S0  (mV/ dec) 83 79 80 71 
Experiment 

DIBL0 (mV/ V) 128 109 99 59 

L (nm) 45 60 74 126 

tins (nm) 3.6 4.0 4.5 4.6 

S (mV/ dec) 81 75 73 67 
Simulation 

DIBL (mV/ V) 142 109 94 53 
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where 2 * 2/QC q m π=   is the so called quantum capacitance at 0 K in a 2D system, 

( );i Ff E E is the Fermi function for subband i, and /i SE ψ∂ ∂  is the change of the ith 

subband energy Ei with respect to the surface potential Sψ . Equation (3.2) may be viewed 

as the product of QC  and a factor that depends on how the shape of the quantum well 

changes with gate bias. The second factor is often interpreted as describing how the 

centroid of the charge changes with gate voltage. At VGS = 0.5 V only 2 subbands are 

occupied in the quantum well, and Fig. 3.3.5 (b) shows the two subband energies as a 

function of Sψ . The semiconductor capacitance is then readily calculated from Eq. (3.3.2) 

as CS = 3.05 µF/cm2, which is, close to the quantum capacitance CQ = 3.53 µF/cm2. 

Using Eq. (3.3.1) we find CG = 1.54 µF/cm2, close to CG = 1.41 µF/cm2 as calculated 

directly from the charge in the quantum well. An independent determination of the gate 

capacitance obtained by de-embedding the capacitance from S-parameter measurements 

yields a somewhat lower value of CG = 1.08 µF/cm2. The reason for this discrepancy is 

still not understood.  

Our calculations show that CS is comparable to Cins for this transistor. We also 

find that CG < Cins. This occurs because of the small density of states effective mass in 

III-V materials [87, 90]. The result is a significant degradation of the total gate 

capacitance. One can describe this effect as an effective increase of the insulator 

thickness according to  

                                               ins
G

ins ins

C
t t
ε

=
+ Δ

.                                                (3.3.3) 

For the device being studied here, tins = 3.6 nm and tins = 4.4 nm, so the low density-of-

states seriously degrades the gate capacitance. This effect is further explained in Fig. 

3.3.6, where the conduction band profile and charge density distribution under the gate 

are plotted. It is observed from this figure that the peak of the charge density under the 

gate is shifted away from the upper barrier layer/channel interface by a distance almost 

the same as the thickness of the upper barrier layer due to the small DOS of the 

semiconductor.   
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Fig. 3.3.6   The charge distribution and conduction band profile under the gate. The 

charge concentration peaks below the upper barrier layer-channel interface due to the 
semiconductor capacitance, and hence effectively increases the insulator thickness by 

tins. 
 

 
Fig. 3.3.5   (a) The charge density in the quantum well gives CG = 1.41 µF/cm2 at VGS 
= 0.5V. (b) The 1st and 2nd subband energy as a function of the surface potential of the 

quantum well. 
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3.3.6    Charge Control in a Nanoscale HEMT 
The current of nanoscale MOSFETs can be accurately described by a virtual 

source model as [1]   

                                         ( )0 0/ ( )D iI W Q x xυ= ⋅                                       (3.3.4a) 

where DI  is the drain current, W is the device width, and 0( )iQ x  is the charge per unit 

area at the virtual source.  In the ballistic limit, the virtual source model becomes the top-

of-the-barrier ballistic model [69, 70]  and for on-current conditions, 

                                            0/ ( )ON i injI W Q x υ= ⋅                          (3.3.4b) 

where ( )0 injxυ υ=  is the so-called ballistic injection velocity and is a key figure of 

merit for nanoscale MOSFETs [1].  

 

 
When analyzing experimental results, the charge at the virtual source (top of the 

barrier) and injection velocity at the same location are estimated. Consider first the 

charge at the virtual source. It can be estimated from experiment C-V (long channel) from 

[104, 105]   

                                 
*

'
0 0(long-chan.)0

( ) gs

ds

V

i gsd gsV
Q x C dV

=
=  ,                                   (3.3.5) 

                  

Fig. 3.3.7   Sheet charge density at the virtual source is determined from the spatial 
sheet charge density at the top of the potential barrier. 
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where *
gs gs T on SV V V I R= +Δ −  accounts for the correction of  VT roll-off, DIBL, and series 

resistance.  

For the 45 nm HEMTs studied here, the simulated on current at VGS = VDS = 0.5 V 

is ION / W = 813 µA/µm, the intrinsic biases are VGS,in = 0.32 V, VDS,in = 0.14 V with RS = 

RD = 220 -µm. Figure 3.3.7 plots the first subband profile vs. position along with the 

electron density vs. position as a function of position along the device channel.  From this 

plot, we find the charge at the virtual source (top of the potential barrier) to be 

1.60×1012/cm2. From Eq. (3.3.5) and the intrinsic simulated C-V of a long channel device 

(Lg = 125 nm), the electron density extracted at VGS = VDS = 0.5 V is about 

1.90×1012/cm2, which is reasonably close to the charge density obtained directly from the 

top of the potential barrier. As will be discussed in later section, the charge at the top of 

the barrier under high drain bias is less than the equilibrium charge because the 

semiconductor capacitance is reduced under high drain bias. 

3.3.7    Velocity at the Virtual Source 

The ballistic injection velocity injυ  is of particular interest in MOSFETs, and can 

be evaluated at the top of the source-channel potential barrier (x = x0): 

                                            0/ ( )D i injI W Q x υ= ⋅                                              (3.3.6) 

where ID, W, and Qi (x0) have the same meaning as in Eq.(3.3.4a). For the 40 nm HEMTs 

studied, the on current at VGS = VDS = 0.5 V is ION / W = 813 µA/µm, the intrinsic biases 

are VGS,in = 0.32 V, VDS,in = 0.14 V with RS = RD = 220 -µm. Figure 3.3.8 plots the first 

subband profile and average velocity as a function of position along the device channel. 

The ballistic injection velocity is readily read from the average velocity at the top of the 

barrier, which gives 73.17 10 cm/sinjυ = × , and is close to the experimental reported value 

[34]. In comparison, the injection velocity extracted with the simulated on-current (813 

µA/µm) and the charge from the integration of the long channel device C-V as in last 

section (1.90×1012/cm2) is 72.67 10 cm/sinjυ = × . Note that the III-V HEMTs have much 

larger ballistic injection velocity than that of the strained Si MOSFETs in spite of the 
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small intrinsic gate and drain biases in III-V HEMTs that result from the large series 

resistance.  

 

 

3.3.8    Ballistic Mobility 
The “ballistic mobility” is a reflection of the ballistic quantum contact 

conductance, and imposes severe limitation on the apparent channel mobility in III-V 

transistors when the gate length scales down to ballistic regime. The apparent channel 

mobility appµ  is defined from the linear region of the Id-VDS as 

                                      ( )d app G GS T DS
g

WI C V V V
L

µ≡ − .                                   (3.3.7) 

Since the current in a ballistic FET is independent of channel length, it is clear that the 

apparent mobility must be a channel length dependent quantity. The apparent channel 

mobility appµ  is the combination of the “ballistic mobility” Bµ and the bulk mobility 0µ  

through the Mathiessen’s rule [106]: 

 

 

                  

Fig. 3.3.8   The ballistic injection velocity is the average velocity at the top of the 
potential barrier. 
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0

1 1 1
app Bµ µ µ

= + .                                              (3.3.8) 

From ballistic theory, Bµ  can be calculated from  

                           
( )
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,                             (3.3.9) 

Where 2 / cT Bk T mυ π= , cm  is the transport effective mass; Lg is the gate length; VDS 

is the intrinsic drain bias; and 1/2 ( )xℑ , 0 ( )xℑ  are the Fermi-Dirac integrals of order 1/2 

and 0, with, , ( ) /FS i FS i BE E k Tη = − . Assuming 0/DS BV k T q , and only one subband 

occupied, Eq. (3.3.9) reduces to [107, 108]:   

                                    ,11/2

0 0 ,1

( )
2 / ( )

gT FS
B

B FS

L
k T q
υ η

µ
η

−⋅ ℑ
= ⋅

ℑ
.                                  (3.3.10) 

In the nondegenerate limit, the ratio of Fermi-Dirac integrals reduces to unity. 

Equation (3.3.8) can well explain the mobility of the transistors in both ballistic 

and diffusive limit; when the gate length Lg is so short that the transistor is in the ballistic 

limit, the apparent channel mobility is just the ballistic mobility. When Lg is much longer 

than the mean-free-path, the device is in the diffusive limit, and Lg in Eq. (3.3.9) is 

replaced with the carrier’s mean free path, 0, so the apparent channel mobility will be 

largely determined by the bulk mobility.     

The ballistic mobility can also be obtained from the simulated linear ballistic Id-

VDS: 

                                           /i gB DSdI Q V Lµ= ⋅ ⋅ ,                                        (3.3.11) 

where iQ  is the charge density at the top of the barrier. Figure 3.3.9 (a) compares Bµ  vs. 

GSV  as obtained from Eq. (3.3.9) and (3.3.11) respectively for the 45 nm and 125 nm 

HEMTs; the two methods give very close results. Note that the gate-length dependent Bµ  

is much smaller than the bulk mobility (~10,000 cm2/V-s), and therefore it degrades the 

apparent mobility significantly. This effect is shown in Figure 3.3.9 (b), where appµ  is 

calculated from Eq. (3.3.8) with 2
0 10,000 cm /V-sµ = , and plotted as a function of VGS 
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for 45 nm and 125 nm HEMTs. The point is that the large bulk mobilities of III-V 

materials will not be reflected in the apparent mobility that describes the linear region of 

a FET.  

 

 

3.3.9    Source Design Issues 
Fischetti and Laux have pointed out the importance of source design 

considerations such as access geometry and source starvation for III-V transistors [87, 91, 

92]. The first issue refers to the fact that the source access geometry may restrict the flow 

of carriers into the channel. Source starvation refers to the condition when the source is 

unable to inject electrons into longitudinal momentum states in the channel – these states 

become depleted, or “starved”. In addition, a third effect may also occur. 

Transistors operate by modulating potential energy barriers [109, 110]. As the 

gate voltage increases, the potential energy barrier decreases, and the charge in the 

channel increases. When the gate voltage increases to the point where the barrier is 

removed and the channel charge is equal to the charge in the source, the transistor drops. 

In other words, there can’t be more charge in the channel than in the source. This effect 

   

Fig. 3.3.9   (a) The ballistic mobilities µB determined from Eq. (3.3.9) and Eq. (3.3.11) 
are almost identical for 45 nm and 125 nm HEMTs respectively. (b) The apparent 
channel mobility µapp is gate length dependent and significantly degraded from the 

bulk mobility µ0 (=10,000 cm2/V-s) due to the small µB. The series resistance is RS = 
RD = 220 -µm. 
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has been called “source exhaustion” [111, 112]. Its effect on the transistor’s IV 

characteristics is similar to that produced by the “source starvation” effect discussed by 

Fischetti [87, 92], but it is simply consequence of electrostatics. 

 

 
Our simulations do not capture the source access and source starvation effects, but 

they do include the possibility of source exhaustion. Source exhaustion is illustrated in 

Fig. 3.3.10 (a), where the first subband profiles along the channel for delta-doping equal 

to 2×1012/cm2 and 5×1012/cm2 at VGS = 0.38 V, VDS = 0.50 V (intrinsic) are compared for 

the Lg = 45 nm HEMT. For lower delta-doping, the barrier in the channel is smaller and 

reaches the same level as the “source” region beyond the gate at VGS = 0.38 V, while for 

the higher doping the barrier still exists. The electron sheet density at the almost flat 

potential barrier is 1.7×1012/cm2, which is very close to the delta doping density, and the 

transistor begins to lose transconductance as the channel barrier vanishes. In ballistic 

simulations, this effect in simulation results in non-convergent results if VGS continues to 

increase (the effect is, however, simply a matter of electrostatics and is observed in 

drift/diffusion simulations as well.). In comparison, with a higher delta-doping of 

5×1012/cm2, the carrier sheet density at the top of the barrier is 2.3×1012/cm2 at the same 

  

Fig. 3.3.10   (a) The first subband profile of the HEMT transistor indicates that the 
potential barrier of the low doping HEMT vanishes at smaller gate bias than the high 

doping HEMT. (b) The Id-VDS plot shows low delta-doping HEMT has smaller current 
than the one with higher delta doping at the same gate bias. 
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VGS = 0.38 V, and the larger barrier in the channel ensures the proper function of the 

transistor at increased gate bias. The doping effect on the HEMT’s Id-VDS characteristics 

is further shown in Fig. 3.3.10 (b), where it is noted that with other conditions remaining 

the same, higher delta-doping HEMT has larger current than that of the lower doping one. 

These simulations illustrate the importance of achieving high carrier densities in the 

source of III-V FETs. 

3.3.10    Role of Source-Drain Tunneling 
Source-drain tunneling degrades transistor performance by increasing the off-

current and sub-threshold swing. It is an important limiting factor in devices with low 

transport effective mass and short gate lengths. The S/D tunneling effect in III-V HEMTs 

is explored by examining the energy-resolved current density for a long (Lg = 125 nm) 

and a short (Lg = 45 nm) gate length HEMT under both off and on states. Figure 3.3.11 

plots the energy-resolved current density for the HEMTs at off (VGS = 0 V, VDS = 0.5 V, 

intrinsic) and on (VGS = VDS = 0.5 V, intrinsic) states. The first subband along the device 

is also shown. The S/D tunneling current component is the fraction of the current 

contributed by carriers with energy below the top of the barrier for each subband. It is 

observed that under on state conditions, S/D tunneling is an insignificant fraction of the 

total current for both HEMTs – the current is mainly contributed by carriers with energy 

larger than the small barrier under high gate bias. Under off state conditions, the S/D 

tunneling current accounts a larger fraction of the total current than in the on state for Lg 

= 45 nm device, and the fractional contribution is more in the Lg = 45 nm device than in 

the Lg = 125 nm device. The tunneling distance in shorter gate length HEMT is further 

reduced under off state conditions due to the larger drain-induced barrier lowering 

(DIBL) in the shorter devices, which is indicated by the Fermi level, top of the potential 

barrier, and the barrier thickness in this energy range in Fig. 3.3.11. For the III-V HEMTs 

being examined here, S/D tunneling is not significant; but it can be foreseen that as a 

target device with superior performance over Si at the 15 nm gate length regime and 

beyond, the III-V compound semiconductor channel transistors will suffer from 
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significant S/D tunneling besides the gate leakage at off-state, and this will be discussed 

in the next chapter.  

 

 

3.3.11    Back of the Envelope Calculations  
As device dimensions continue to scale well into the nanoscale regime, rigorous 

treatment of transport using quantum mechanical simulations is necessary to 

quantitatively predict and benchmark their performance.  Simple theoretical calculations, 

however, often provide a more intuitive understanding of the device operations and 

estimates of key figures of merit like charge, mobility, and velocity at the top of the 

barrier. In this section, we analyze the performance of the Lg = 45 nm intrinsic ballistic 

 

Fig.3.3.11   The S/D tunneling is illustrated by the energy-resolved current density in 
the short and long gate length HEMTs at off and on states. The S/D tunneling effect is 

larger in shorter HEMTs at off state due to short gate length and larger DIBL. 
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HEMT using analytical calculations, and compare them with NEGF simulation results 

discussed in the previous sections. We will use a top of the barrier model with a single 

parabolic band in these equations, and assume temperature T = 0 K to keep the 

mathematics as simple as possible.  

The charge at the top of the barrier can be expressed as ( )i G GS TQ C V V= − , where 

GC  is the gate capacitance. The gate capacitance consists of the insulator (dielectric) 

capacitance ( /ins ins insC tε= ) and semiconductor (channel) capacitance ( /S i sC dQ dψ= − ) 

in series (see Eq. (3.3.1)). The semiconductor capacitance has contributions from the 

density of states (quantum capacitance QC ) and the modulation of subband energies (Eq. 

(3.3.2)). In general, a numerical simulation is required. For our back of the envelope 

estimate, however, we will replace CS by its upper limit QC  which at T = 0 K, can be 

expressed as  

                                             
2 *

2
ins

Q
ins

q mC
t
ε

π
= =

Δ
                         (3.3.12) 

Using the material parameters provided in section 2.3, tins and GC  are calculated to be 

3.2 nm and 1.66 µF/cm2, reasonably close to the tins = 4.4 nm 21.41 F/cmGC =  

obtained from the simulations. The result is actually closer than expected. From 

simulation, we know that two subbands are occupied. But we also know that the subband-

modulation term in Eq. (3.3.2) is approximately 0.5 at high VGS for both subbands from 

Fig. 3.3.5(b). The two factor-of-two errors cancel, which is why the final result is rather 

close to the simulations.  

With this GC  and an estimated threshold voltage VT = 0.057 V (at VDS = 0.05 V), 

the carrier density at the top of the barrier is NS = 4.5×1012 /cm2 at VGS = 0.5V, compared 

with simulation results of NS = 3.1×1012 /cm2 mainly due to the difference in the 

capacitance. Under on-current conditions (VDS = 0.5V), the density of states at the top of 

the barrier is only filled by carriers with positive momentum (going from source to 

drain), thus reducing QC  by half, and the corresponding gate capacitance decreases to 

21.1 F/cmGC = . The threshold voltage is also reduced to VT = –0.008 V due to effects of 
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2-D electrostatics (DIBL = 145 mV/V). The charge under on-state conditions (VGS = VDS 

= 0.5V) is 3.5×1012 /cm2, compared to 3.2×1012 /cm2 from the simulations. The 

conclusion is that estimating the inversion charge in the on state by integrating the 

equilibrium C-V curve as in Eq. (3.3.5) will over-estimate the charge because the 

semiconductor capacitance decreased under high drain bias. 

Although there is no scattering in a ballistic conductor, it has finite conductance, 

and hence a ballistic mobility can be extracted. This ballistic mobility Bµ  is related to the 

ballistic channel resistance as (see Eq. (3.3.7)): 

                                               
0

1
B

CH S

gL
R W q N

µ =                (3.3.13) 

where CHR  is inversely related to the conductance ( 1 /CH CHG R= ). The conductance of a 

ballistic conductor is proportional to the number of transverse propagating modes M, the 

proportionality constant being the quantum of conductance 22 /q h  (with spin). As the 

transverse modes are separated by ( 2 /Wπ ) in the momentum (k) space, the number of 

modes for a maximum transverse wave vector Fk  is given by 

2 / (2 / ) /F FM k W Wkπ π= =  [83]. Here, Fk  is the maximum wave vector filled by 

carriers at T = 0 K, and is determined by the Fermi energy with respect to the top of the 

barrier. For a 2-D electron gas, the density of states in momentum space is given by 
2/ 4A π , hence the carrier density is related to Fk  as 

                                      
2

2
2
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F
S F

kAN k
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π
π π

= × = .                                    (3.3.14) 

For NS = 4.5×1012 /cm2 (back of the envelope calculation at VDS = 0.05 V, VGS = 

0.50 V), the number of transverse propagating modes per unit length is 169 /µm, which 

corresponds to a channel resistance of RCH·W = 76 -µm. For NS = 3.1×1012 /cm2 

(simulation results at VDS = 0.05 V, VGS = 0.50 V), the channel resistance is RCH·W = 92 

-µm. For comparison, the channel resistance extracted directly from the slope of linear 

Id-VDS at the same gate and drain biases at 300 K is RCH·W = 77 -µm, which shows a 

close matching for analytical calculations. The ballistic mobility is then computed from 

Eq. (3.3.13) to be 2822 cm /V-sBµ = , and the corresponding 2760 cm /V-sappµ =  (using 
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2
0 10,000 cm /V-sµ = , as in sec 3.2.8), compared with the simulation results 

21178 cm /V-sBµ =  and 21054 cm /V-sappµ = . 

The injection velocity at the top of the barrier (average carrier velocity) is given 

by 4 / 3inj Fυ υ π= [83], where Fυ  is the maximum carrier velocity corresponding to the 

maximum occupied wave-vector Fk  ( */F Fk mυ =  ). Note that at high VDS, NS at the top 

of the barrier is dominantly from source-injected carriers, therefore 2 4S FN k π= . Using 

the equations above, injυ  can be readily obtained for a given carrier density. Under on-

current conditions, the injυ  at 0 K corresponding to the back of the envelope calculation 

of NS = 3.5×1012 /cm2 is 76.1 10  cm/sinjυ = × , compared to 4.9×107 cm/s obtained with 

the simulations, which agree fairly well (note again that the abnormally high current, 

charge density, and injection velocity here are due to our intrinsic discussion without 

series resistance; in real device all these quantities are substantially lowered by the large 

series resistance as shown in previous sections). 

3.4    Study of the Temperature Dependent Characteristics in III-V HEMTs 
 

The simulation results in previous sections and others work have shown good 

agreement between theory and reported data, indicating that the III-V HEMTs with a gate 

length of around 100 nm or less operate quite close to the ballistic limit. This conclusion 

however, was recently questioned by the temperature (T) -dependent transconductance 

(gm) measurement [17]. It is observed that the peak of gm decreases as the temperature 

elevates under both low and high drain biases, which at first glance appears to be due to 

phonon scattering and surface roughness scattering. In response of this, the temperature 

dependent simulations of the III-V QWFETs was conducted in this section. With a 

quantum ballistic model, our results reproduced the same gm –T dependence as observed 

in experiments. We show in this section that such temperature dependent 

transconductance characteristics can be explained with simple ballistic transport device 
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theories without involving any scattering mechanisms. We also show that gm will be less 

temperature dependent under high VDS as the external series resistance is reduced. 

3.4.1    I-V Characteristics at Different Temperatures 
The modeled device is the same as in section 3.3, with the gate length changed to 

80nm instead for direct comparison with the device and data reported in [17]. The room 

temperature ballistic I-V was shown in Fig. 3.3.3 along with the experimental data. The 

intrinsic logID-VGS and linear ID-VDS under different temperatures are shown in Fig. 3.4.1 

(a) and (b). It is observed that the subthreshold slope is proportional to the temperature as 

expected. Figure 3.4.2 show the extrinsic ID-VDS at the same VGS and the same drive 

voltage VGS-VT respectively. The threshold voltage VT in Fig. 3.4.2 was extracted from 

the linear transconductance peak at VDS = 0.05V: VT = 0.05V at T = -50oC and VT = -

0.04V at T = 200oC. It is observed that at the same drive voltage, the current at lower 

temperature is larger than that at higher temperature.  

 

 

 

 

 

(a)(a)

 
Fig. 3.4.1   Intrinsic (RSD = 0) linear ID-VDS (a) and logID-VGS (b) under different 

temperatures. The subthreshold slope is proportional to the temperature as expected. 

S ~ kBT

(b)
S ~ kBT

(b)
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3.4.2    Transconductance at Different Temperatures 
The transconductance (gm) is extracted from the ballistic I-Vs. Figure. 3.4.3 (a) 

and (b) show the simulated gm as a function of the drive voltage at VDS = 0.05V and VDS 

= 0.5V respectively. The experimental data in [17] are shown in the inset of both figures 

for comparison. Such temperature-dependent effects are usually attributed to phonon 

scattering as well as surface roughness scattering. It is observed that without involving 

any scattering mechanisms, the ballistic model gives the same gm degradation trend as the 

temperature increases as observed experimentally, indicating that the T-dependent 

behavior of gm is due to the intrinsic device physics instead of scattering alone. It should 

be noted that in our simulations we have assumed a temperature independent RSD (RSD = 

440 -µm [47, 103]). Initial measurements seem however to indicate that RSD increases 

by about 20% as the temperature increases by 160 K [113]. Taking this fact into account 

in our simulation would make gm degrade even further at higher temperature and high 

VGS. 

 

 

 

 
Fig. 3.4.2   Extrinsic (RSD = 140 -µm) linear ID-VDS is plotted under different 

temperatures. At the same drive voltage, the current at lower temperature is larger than 
that at higher temperature. 
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3.4.3    Discussion 
The intrinsic transconductance gmi (no series resistance) is related to the carrier’s 

average velocity and the gate capacitance through gmi  ave·CG. From our simulation, the 

gate capacitance CG shows little temperature dependence. The average velocity ave is 

determined by the difference between the source-injected and the drain-injected carriers 

velocity. The one associated with carriers injected from the source is the carrier thermal 

velocity T which is proportional to the square root of T: S = T ~ T1/2; the drain-injected 

carriers see a higher potential barrier and thus have a lower velocity: D = T·exp(-

qVDi/kBT), where VDi is the intrinsic drain bias. Under low VDi, ave = T - T·exp(-

qVDi/kBT)  T·qVDi/kBT, exhibiting a T-1/2 dependence, i.e., ave decreases as T increases, 

so does gmi as explained in Fig. 3.4.4. As the external gate bias VGS increases, at a fixed 

VDS, VDi decreases due to the increasing current and voltage drop over RSD, which further 

degrades ave and gm at high VGS.  

 

(a)(a)

 

(b)(b)

 
Fig. 3.4.3   Simulated temperature dependent transconductance gm for the 80nm 

HEMT at (a) VDS = 0.05V and (b) VDS = 0.5V as a function of VGS – VT. The inset 
shows the experimental data reported in Ref. [17]. For both T = -50oC and 200oC, a 

constant RSD = 440-µm is used. 
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Under high drain bias, the average velocity is the injection velocity of the source-

injected carriers: ave = inj. It can be shown [110] that at the degenerate limit inj is 

proportional to the Fermi velocity F: inj = 4F/3, and is independent of temperature. 

This is shown in Fig. 3.4.5, where inj and F are observed to converge towards each other 

at high carrier’s density, for both T = -50oC and 200oC, i.e., inj = F ~ T0. In the device 

under study, the intrinsic drain biases in the on-state are actually much smaller (VDi  

0.16V when T = -50oC and 200oC) than VDS due to the high RSD (= 440 -µm). In fact 

the device is actually operated close to the linear region, as marked in the intrinsic Id-VDi 

in Fig. 3.4.6. The average velocity at VDS = 0.5V is thus expected to have a T-dependence 

between the two limiting cases discussed above, i.e. ave ~ T (-1<  <0), which leads to a 

similar, but weaker T-dependence for gm compared to the one observed under low VDS. 

To illustrate this effect, Fig. 3.4.7 (a) and (b) plot gm vs. VGS at both T = -50oC and 200oC 

under low and high VDS with different RSD. It is noted that the same T-dependence for gm 

remains for a large range of RSD under low VDS, but under high VDS, gm is less T-

dependent as RSD decreases since the device gets closer to the second limit discussed 

above where ave ~ T0.  
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Fig. 3.4.4   Carrier average velocity under low VDS. A temperature dependence of T-1/2 

is observed, which leads to the temperature dependence of the transconductance gm 
reported in Fig. 3.3.3. 
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Fig. 3.4.5   Injection velocity inj under high VDS. inj is proportional to the Fermi 

velocity F at the degenerate limit, and is independent of the temperature. 
 

Fig. 3.4.6   Intrinsic Id vs. VDi under VGi = 0~0.5V with VGi = 0.1V at T = -50oC and 
200oC. The circle and triangle corresponds to the extrinsic VGS = VDS = 0.5V points in 

Fig. 3.4.3(b), which are close to the linear regime due to the large RSD. 
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3.5    Summary 
 

In this chapter we have investigated the performance as well as the device physics 

of recently reported InGaAs HEMTs by using a self-consistent quantum ballistic NEGF 

model based on effective masses in mode space. Good quantitative agreement between 

simulation and experimental data indicates that the III-V HEMTs with gate length ~100 

nm operate rather close to the ballistic limit. Note that the large series resistance severely 

limits the III-V HEMTs performance; optimizing the source/drain contacts structure to 

minimize the series resistance will be critical for future III-V transistors designing, and 

may amplify the difference between theory and experiment under high gate bias.   

The small effective mass in the III-V compound semiconductors has both positive 

and negative effects on the device performance. The direct positive effect is that the III-V 

HEMTs ballistic injection velocity is as high as ~ 3×107 cm/s, as determined from both 

simulation and experiments. The DOS bottle-neck is a negative effect that degrades the 

(a)(a)

 

(b)(b)

 
Fig. 3.4.7   Temperature dependence of gm as function of RSD (RSD = 440, 220, 110 -
µm) at (a) low VDS, and (b) high VDS. The transconductance becomes less dependent 

on the temperature as RSD decreases since the device operates closer to the degenerate 
limit of Fig. 3.4.5. 
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gate capacitance by effectively increasing the upper barrier layer thickness by almost 

100%. The resulting electron density at the virtual source is comparably small at on-state, 

which limits the drive current.  

We also found that the apparent channel mobility in III-V HEMT devices is 

significantly degraded from its very large bulk mobility due to the comparably very small 

“ballistic mobility”, which becomes important as the device channel length scales down 

to the ballistic limit regime. The -doping effects on the source designing were also 

investigated. Lower -doping will improve S and DIBL, but the current is smaller due to 

the smaller energy range between the source Fermi level and the top of the barrier. 

Besides, the top of the barrier tends to disappear at relatively smaller intrinsic gate bias, 

after which the device will become dysfunctional. Next the S/D tunneling in III-V 

HEMTs was found insignificant at gate length of 40 nm; it is however, foreseen to 

become severe when the gate length approaches 15 nm and beyond. Finally, the intrinsic 

simulation results can be well explained by theoretical calculations with simple device 

physics based on a top-of-the-barrier model, which helps the understanding of the device 

operational mechanism as a reference to the 2D simulation. The next challenge to address 

is the lowering of the series resistance, as shown in Fig. 3.3.4 that if the series resistance 

can be decreased to values typical of silicon MOSFETs, then III-V FETs would offer 

high drive current at power supply of one-half of silicon.  

In Sec.3.4 we showed that the same gm –T dependence as observed experimentally 

can be reproduced using a quantum ballistic transport model. We further demonstrated 

that the gm –T dependence can be fully explained based on simple ballistic transport 

theories, contradicting the common belief that dissipative scattering mechanisms are 

necessarily responsible for such processes. Finally it is pointed out that gm will be less 

temperature dependent under high VDS as the external series resistance is reduced. The 

next step consists in running device simulations including electron-phonon and surface 

roughness scattering to determine their influence on the transport properties of III-V 

QWFETs. 
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4.   ON THE BALLISTIC INJECTION VELOCITY IN DEEPLY 
SCALED MOSFETS 

4.1    Introduction 
 

The challenge of scaling MOSFETs to improve performance has brought 

increasing focus on techniques such as strain engineering and alternative channel 

materials [1]. The thermally injected carrier velocity in the MOSFET channel near the 

source is a key device metric [1, 74, 110, 114, 115], and continues to be closely related to 

the low-field carrier mobility [74, 116]. Hence, the so-called injection velocity will be the 

main driving force for improved transistor performance with scaling [74, 114]. In the 

literature, the injection velocity has been identified either as the average carrier velocity 

at the top of the energy barrier (ToB) between the source and channel [114, 117] or as the 

velocity at the so-called “virtual source” (VS) [104, 105]. While the ToB and VS 

concepts are very often used to describe the same quantity, it will be shown in this 

chapter that they refer to two different locations along the transistor channel characterized 

by sometimes very different carrier injection velocities.  

In spite of its technical significance as a key device metric, the injection velocity 

cannot be obtained via direct measurement. A rigorous simulation approach is, therefore, 

critical to help interpret the velocities derived from experimental data. A common way to 

extract the injection velocity involves estimating the charge density at the on-state using 

the measured C-V data and taking into account the effect of the series resistance and 

threshold voltage shift due to short channel effects [104, 105, 118, 119]. Using this 

method, the injection velocity at the virtual source is obtained. When this procedure is 

applied to III-V HEMTs, the virtual source injection velocity extracted from their on-

current and C-V data agrees very well with the simulated velocity at the top of the barrier 

[12, 51, 88]. Some concerns arise, however, because the injection velocities at the virtual 
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source extracted from short channel Si transistors seem to imply a bandstructure limited 

ballistic velocity at the top of the barrier that is unphysically high.  

This chapter uses numerical simulation to compare the ballistic injection velocity 

at the top of the barrier to the value extracted from the I-V and C-V characteristic (which 

we will denote as the velocity at the virtual source of the device). We will show that these 

two velocities can be different and that they depend on source design as gate lengths 

scale down. We will show that this discrepancy comes from the difficulty in separating 

the source and channel in deeply scaled MOSFETs and will become increasingly 

important as devices are scaled to 10nm and below. We will also explain why this 

discrepancy is less pronounced in III-V HEMTs than in Si MOSFETs. 

This chapter is organized as follows. In Sec. 4.2, we describe the virtual source 

model and the nanoMOS 2-D simulation that will be used to extract the ballistic injection 

velocity in an extremely thin SOI (ETSOI) MOSFET fabricated by IBM [120, 121]. In 

Sec. 4.3, nanoMOS simulation results will be presented and compared to the measured 

data. The ballistic injection velocity extracted from both nanoMOS simulations and the I-

V/C-V data will be compared, and the difference between them will be explained. In Sec. 

4.4, the effects of different factors including the source design on the ballistic injection 

velocity will be discussed by exploring a hypothetical 12nm ETSOI device with 

simulation. The origin of the high value of the extracted injection velocity will be 

explained. Finally this chapter is summarized in Sec. 4.5. 

4.2    Approach and Modeled Device Structure 
 

In a nano-scale MOSFET, the inversion layer carriers at the beginning of the 

channel near the source (or virtual source) are thermally injected into the channel and 

determine the saturation drain current according to [105, 115, 118, 119] 

                                         ( )0 0/Dsat x iI W Q xυ= ⋅ ,                                              (4.1) 
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where 0x  is the position of the virtual source, and 0xυ  and ( )0iQ x  are the virtual source 

velocity and charge density per unit area. The virtual source velocity is extracted from 

Eq. (4.1) with the charge density ( )0iQ x  computed by [104, 105]                      

                                    ( ) '
0 gsd0

GS T on SV V I R

i gQ x C dV
+Δ − ⋅

=  ,                                       (4.2) 

where '
gsdC  is the measured gate capacitance at low VDS. The upper limit of the integral in 

Eq. (4.2) is corrected to account for the series resistances and for the threshold voltage 

shift TVΔ  due to short channel effects.  

When a measured C-V characteristic is not available, the virtual source velocity is 

calculated as follows. Assuming that '
oxinvC  is the gate-to-channel capacitance per unit 

area at inversion, Eq. (4.1) becomes  

                                               ( )'
oxinv/Dsat GS TI W C V V υ= − ⋅ ,                                         (4.3) 

where TV  is the threshold voltage measured from the I-V characteristic at low VDS, and υ  

is the average carrier velocity. The virtual source velocity can then be calculated 

alternatively from Eq. (4.3) by taking into account the correction for GSV  and TV  due to 

the source/drain series resistances ( S DR R= ) and DIBL (δ ) [118] 

                                          
( )0 '

oxinv1 1 2x
SC R
υ

υ
δ υ

=
− +

.                                             (4.4) 

From the argument above it is seen that the virtual source is defined as the point in the 

channel at which the charge density is given by ( )'
oxinv GS TC V V− . In this chapter, we will 

make use of Eqs. (4.1) and (4.2). 
The injection velocity is also often identified as the average velocity at the top of 

the potential barrier [69, 110, 114] 

                                       ToB ,ToB/Dsat iI W Qυ= ⋅ ,                                                 (4.5) 

The top of the barrier injection velocity ToBυ  is related to its ballistic limit, Tυ , through 

the backscattering coefficient r  [110, 114] 

                                                       ToB
1
1 T

r
r

υ υ
− =  + 

 ,                                                     (4.6) 
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where 

                                                 1/2
*

0

( )2
( )
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T
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k T
m

η
υ

π η
ℑ

≡
ℑ

                                                    (4.7) 

is the ballistic thermal injection velocity at the top of the barrier assuming that a single 

parabolic subband is occupied [56, 69]. As the backscattering coefficient, r, decreases 

with shrinking gate length, ToBυ  is expected to approach its ballistic limit Tυ .  

The injection velocities at the virtual source and at the top of the barrier are very 

often assumed to be the same quantity, yet it is not clear that these two definitions are 

equivalent. The objective of this chapter is to investigate this question with simulation. 

The simulation tool to be used in this study is nanoMOS [97], which self-consistently 

simulates transport in devices by coupling a mode space NEGF quantum transport model 

using effective masses with a two dimensional Poisson solver. The nanoMOS program 

has evolved to treat a wide range of device structures and materials, with the capability of 

modeling both ballistic and dissipative transport in nanoscale transistors [75, 122]. 

Recently nanoMOS has been adapted to a III-V HEMT structure designed for logic 

applications. The good agreement between nanoMOS simulations and the measured data 

indicates that the simulator captures the main device physics very well in real devices 

[51, 88, 93, 98, 123].  

The device used for these studies is the IBM extremely thin SOI (ETSOI) 

MOSFET. ETSOI FETs are attractive candidates for high-performance logic applications 

for the 22nm technology node and beyond. They also represent good test devices to 

compare the injection velocity extracted from I-V/C-V data to the value extracted from 

simulations. The device structure is taken from Ref. [120, 121] with a gate length Lg = 

40nm, as shown in Fig. 4.1. The device is composed of an intrinsic body thickness TSOI = 

8.6nm, a 145-nm-thick buried oxide (BOX), and a 1.1-nm-thick SiON gate oxide ( = 

4.8). The structure is depicted in Fig. 4.1 where the nanoMOS simulation domain is 

indicated by the dashed square. The overlap distance between the gate and the 

source/drain extentions (where the S/D doping drops to 1×1019/cm3) is 1nm for the 

nFETs [124]. Taking this point as the beginning of the effective channel, we have LEFF = 

Lg - 2nm. As shown in Fig. 4.2, the doping profile beyond the doping level of 1×1019/cm3 
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is Gaussian-like with a constant slope of 0.7nm/dec. The total series resistance (RSD = RS 

+ RD = 270 -µm) taken from measurement [120, 121] is included in the intrinsic I-V in a 

post-processing step once the simulation is completed.  
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Fig. 4.1   ETSOI device structure considered in this study. The simulation domain is 

indicated by the dashed square for which a 2-D quantum simulator nanoMOS has been 
developed to examine the ballistic injection velocity. 

Fig. 4.2   S/D doping concentration profile and 1nm overlap (Lov) distance in the 
ETSOI FETs. The effective channel length LEFF = Lg – 2nm. 
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4.3    Results 
 

The capacitance of the poly-gate SOI structure is first simulated with nanoMOS 

and compared to the measured data obtained from IBM [125]. As shown in Fig. 4.3, the 

simulated C-V characteristics agree well with the data before the measured C-V starts to 

drop due to the large gate leakage current flowing through the thin SiON gate oxide.  

The ballistic I-V characteristics of the ETSOI FETs are compared with the 

measured data in Fig. 4.4 (a) and (b). Note that the simulation results include the 

measured series resistance (RS = RD = 135 -µm). The ballistic simulation shows that the 

40nm ETSOI FETs operate at about 57% of their ballistic limit at the on-state VGS = 0.6 

V, VDS = 1.0 V (at off-state, VGS = –0.4 V).  The ballistic injection velocity and charge 

density at the top of the potential barrier are obtained from the nanoMOS simulation as 
69.0 10 cm/sTυ = × , 13 -2

ToB 1.2 10 cmn = × , as shown in Fig. 4.5, where the carrier velocity, 

the charge density, and the conduction band profile along the channel are plotted. The 

corresponding intrinsic biases are VGS,i = 0.35 V and VDS,i = 0.50 V (Ion = 1727µA/µm). 

5%

gate 
leakage

5%

gate 
leakage

5%

gate 
leakage

5%

gate 
leakage

 
Fig. 4.3   Comparison between simulated and measured C-Vs. The simulated results 
differ from the measured data by 5% at the maximum gate capacitance before gate 

leakage becomes significant and reduces the gate capacitance. 
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On the other hand, the ballistic injection velocity can be extracted at the virtual source as 

described in Sec. 4.2. Using Eq. (4.4) with the simulated C-V and the same series 

resistance, the charge density at the virtual source is ( ) 13 2
0 0.6 10 /cmiN x = × , hence the 

ballistic injection velocity at the virtual source is ( )( ) 7
0 0/ 1.8 10 cm/sx on iI qN xυ = = × . 

Note that the inversion layer density and the injection velocity extracted from the 

terminal characteristic are significantly different from the corresponding top of the barrier 

results obtained from nanoMOS simulation results. This difference does not occur with 

III-V HEMTs. The objective of this chapter is to explain the reason for this discrepancy. 

 

 
 

 

 

 

 

 

 

 

measured data
ballistic simulation
measured data
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Fig. 4.4   Comparison of the ballistic simulation (RSD = 270-µm) and measured data 
for the Id-VGS at VDS = 0.05V and 1.0V, and Id-VDS characteristics. The ETSOI FET 

under study operates at about 57% of its ballistic limit at on-state. 

measured data
ballistic simulation
measured data
ballistic simulation
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Fig. 4.6   Charge density at the gate and at the ToB in the channel under high and low 
VDS. The higher channel charge at ToB under high VDS indicates that a large amount of 

the charge at ToB is not entirely balanced by the gate charge, but by charge in the 
source/channel junction as well. 

VGSi = 0.35 V, VDSi = 0.50 V

TυToBn

VGSi = 0.35 V, VDSi = 0.50 V

TυToBn

 

Fig. 4.5   Carrier’s density and average velocity along the device at on-state (VGS = 0.6 
V, VDS = 1.0 V). The ballistic injection velocity is the average velocity at the top of the 

potential barrier. 
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The significantly higher charge density at the top of the potential barrier in the 

nanoMOS simulation as compared to the value extracted at the virtual source from the I-

V/C-V analysis leads to a factor of two lower ballistic injection velocity in the simulation. 

This is a substantial difference. In the virtual source model, the charge in the channel is 

assumed to be always balanced by the gate charge. The capacitance used to estimate the 

charge density at the virtual source under on-state condition is assumed to be the same as 

the gate capacitance measured at low VDS. Figure 4.6 examines this assumption in 

nanoMOS simulation by comparing the charge density at the top of the barrier in the 

channel ( ToBn ) and at the gate electrode ( gaten ) under low and high VDS. The charge 

density at the gate electrode is calculated by gate ox ox| | /n E qε
→

= ⋅ , where oxε  and oxE
→

 are 

the dielectric constant and normal electric field in the oxide. It is observed that at VDS = 0, 

ToBn  is exactly balanced by gaten , both slopes give the same gate capacitance. At VDS = 

0.5V, gaten is still equal to the charge under low VDS, but ToBn  is much higher, indicating 

that it is not entirely balanced by gaten . Hence, the equivalent gate capacitance for ToBn  at 

high VDS is larger than that at low VDS. Further examination of ToBn  under high VDS 

reveals that the extra charge in excess of gaten  originates from the charge at the 

source/channel junction since the top of the potential barrier moves into the source when 

VDS increases, as was observed by another research group as well [126].  

Figure 4.7 plots the charge distribution and conduction band profile along the 

device at VDS = 0 (dashed) and VDS = 0.5V (solid). It can be seen that the top of the barrier 

moves to the source/channel junction under high VDS, where a significant amount of 

charge was already present before an inversion layer starts to form. In other words, under 

high VDS, ToBn  consists of two parts: 1) the gate-induced charge, which is balanced by 

gaten , and 2) the pre-existing charge at the source/channel junction. It is due to this latter 

part of charge that the ballistic injection velocity at the top of barrier from the nanoMOS 

simulation is much lower than the valued at the virtual source by direct extractions from 

measured I-V/C-V data. In Natori’s theory [69], the ballistic injection velocity at the top 

of barrier in Si MOSFETs under non-degenerate conditions is 
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7
*

2 1.2 10 cm/sB
T

k T
m

υ
π

= = ×  [56], and it increases under degenerate conditions according 

to Eqn. (4.7). Our 2D simulations, which include FD statistics, show that Tυ  at ToB is 

even smaller than 1.2×107cm/s under degenerate conditions due to the movement of the 

ToB into the source under high VDS. 

 

  
The important point to realize from the above discussion is that injection 

velocities extracted at the top of the potential barrier (ToB) from simulation and from the 

measured I-V/C-V data correspond to values at two different locations in the device. The 

latter is usually referred to the virtual source (VS) and is defined at the location 0x , where 

( ) ( )'
0 oxinvi GS TQ x C V V= −  at both low and high VDS. As shown in Fig. 4.8, the position of 

the VS is about 0.6 Bk T  downstream ToB at the on-state for the specific ETSOI device 

under consideration here. Even though they are very close, the rapidly changing charge 

density there leads to significant difference in the TOB and VS injection velocity. The 

                             

VDS = 0.5V
VDS = 0

ToBn

VDS = 0.5V
VDS = 0

ToBn

 

Fig. 4.7   Charge distribution and conduction band profile along the ETSOI FET under 
high and low VDS, VGS = 0.35V. The charge density at the ToB under high VDS 

increases significantly as the ToB moves into the source/channel junction where a 
significant amount of charge is already present before the formation of any inversion 

layer. 
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fact that the ToB and the VS refer to different locations in the channel, and the velocity at 

the VS is smaller than that at the ToB has been pointed out previously [105], but in this 

study the difference between these two velocities is found much larger than previously 

thought. Because this discrepancy is a result of the electrostatics in the device, it is 

expected to be still present when scattering is turned on. 

 

 
 

 

 

 

 

 

 

 

 

 

~ 0.6 kBT~ 0.6 kBT

 

Fig. 4.8   Top of the barrier (ToB) and virtual source (VS) locations. ToB and VS refer 
to different points in the device. 
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4.4    Discussion 
 

The source of the much lower injection velocity at the ToB comes from the 

increased difficulty in separating the source and channel as the channel length scales 

down. The amount of increased charge as the ToB moves to the source/channel junction 

at high VDS is determined by several factors. In this section, we examine the influence of 

these factors on the ToB charge density ( ToBn ), which further influence the determination 

of the injection velocity. Because these effects are expected to be stronger in deeply 

scaled devices, we adopt a hypothetical 12nm gate length ETSOI structure as shown in 

Fig. 4.9. The Si channel is 3nm thick, and the 3nm high-k oxide corresponds to a 0.5nm 

EOT. As VDS increases from 0 to 0.7V, the charge density at ToB in this device increases 

from 5.2×1012/cm2 to 1.0×1013/cm2 at VGS = 0.7V. The factors that control this effect are:  

1) DIBL, 2) the source doping level and source/channel junction grading, and 3) the 

channel material. These effects are discussed separately in the next section followed by 

the examination of the gate-induced charge.  
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Fig. 4.9   Modeled ETSOI device structure with Lg = 12nm to investigate the factors 
that control the charge at ToB. 
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4.4.1    Gate-induced Charge 
As observed in Fig. 4.6, the much lower injection velocity at the ToB than at the 

virtual source is due to the extra charge in the channel that is not entirely balanced by the 

charge at the gate. The total charge density at the ToB therefore consists of the gate 

induced charge and the pre-existing charge at VGS = VT at the source/channel junction. 

This relation can be expressed as:   

                          ( ) ( ) ( )'
oxinv 0ToB ToBGS x x GS T T x xQ V C V V Q V= == ⋅ − + .                     (4.8) 

Note that the position of ToB ( ToBx ) is a function of GSV , so is the pre-existing charge 

density ( ( )0 ToBT x xQ V = ). Therefore by excluding ( )0 ToBT x xQ V =  from ( )
ToBGS x xQ V = , the 

remaining charge density ( )'
oxinv GS TC V V⋅ −  is the net channel charge induced by the gate. 

Figure 4.10 compares the so-defined gate-induced charge density at ToB at VDS = 0.7V 

with that at VDS = 0.01V in the 12nm device. It is seen that the gate-induced channel 

charge under high VDS has the same capacitance as the low VDS, and it is balanced by the 

charge at the gate shown in Fig. 4.6. 
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Fig. 4.10   The gate-induced charge under high VDS gives the same capacitance as low 
VDS after the source/channel junction charge is separated from the total charge at ToB. 
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4.4.2    Influence of DIBL 
The ToB charge density at high VDS is affected by the gate length, oxide 

thickness, and channel thickness through their influence on DIBL. This occurs because 

when DIBL is low, the strong gate control limits the movement of the ToB into the 

source. Figure 4.11 shows ToBn  and DIBL as the gate length shrinks from 80nm to 12nm. 

Shorter channel length leads to a higher ToBn  due to increased DIBL. It should also be 

noted that this effect decreases in a longer device, but doesn’t disappear as long as the 

ToB enters the source/channel junction under high VDS, which is also indicated in Fig. 

4.11. Another factor is the channel thickness. Increasing the channel thickness also 

increases DIBL and ToBn , as shown in Fig. 4.12 where ToBn  in tSi = 3nm and 6nm are 

compared. Another reason for the larger ToBn  with thicker body thickness comes from the 

increased sheet charge density in the source, which increases the junction charge gradient 

and charge density at the ToB. A similar trend is also observed in devices with thicker 

gate oxide accompanying the worse DIBL. In summary, increasing DIBL lowers the ToB 

under high VDS and increases the pre-existing part of the charge density at the 

source/channel junction, which leads to an increased total charge density at the ToB. 

 

 

VGS = VDS = 0.7 VVGS = VDS = 0.7 V

 

Fig. 4.11   DIBL and ToBn  as function of the device gate length. 
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4.4.3    Doping Level and Source/Channel Junction Design 
The source-related factors discussed here include: 1) the source doping level, 2) 

the source/channel doping gradient, and 3) the gate/channel overlap distance.  

The source doping level affects ToBn  under high VDS in a similar way as the body 

thickness; a higher source doping level increases the charge density in the source/channel 

junction where the ToB is, as shown in Fig. 4.13. The influence of this effect on the 

ballistic injection velocities at the ToB ( Tυ ) and at the VS ( 0xυ ) is summarized in Table 

1, where the VS charge density ( )0iN x  is calculated by Eqn. (4.2). It is observed that 

while Tυ  at the ToB changes significantly with varying source doping level due to its 

strong influence on ToBn , 0xυ  at the VS remains almost the same, because the VS charge 

density ( )0iN x  is calculated with the gate capacitance '
gsdC  at VDS = 0, which is not 

affected by the source/channel junction abruptness with varying doping level. It is also 

tSi = 3nm
tSi = 6nm

VGS = VDS = 0.7 V

ToBn

tSi = 3nm
tSi = 6nm

VGS = VDS = 0.7 V

ToBnToBn

 

Fig. 4.12   Influence of the body thickness on ToBn . The source doping is the same in 
both cases ( 20 31 10 / cmSDN = × ). A larger channel thickness leads to a higher ToBn  at 

high VDS. 
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noted that the extra charge induced by the source gets smaller with lower source doping 

level, therefore ( )0iN x  is closer to ToBn  than at higher source doping. 

Figure 4.14 compares the effect of different source/channel doping gradient on 

ToBn . With the same sheet charge density in the source, a less abrupt junction due to 

smaller doping slope (6.0nm/dec vs. 1.2nm/dec) increases ToBn  under high VDS. Note that 

the junction abruptness due to the source doping slope has an opposite effect on ToBn , as 

compared to the channel thickness and source/drain doping level effects discussed above. 

If the source/channel junction abruptness is affected by changing the sheet carrier density 

in the source (e.g. through the change of the channel thickness or doping level), then a 

steeper junction will increase ToBn  under high VDS. On the other hand, if the junction 

abruptness is changed by the doping slope alone, then the junction abruptness effect on 

ToBn  is the opposite. This can be clearly seen in Figs. 4.12-4.14. Figure 4.15 shows that 

the gate/channel overlap distance will also control ToBn . With a larger overlap distance, 

the ToB is lower in energy due to worse DIBL, so ToBn  increases.  

In summary, details of the source doping and source/channel junction design 

affect the ToB charge density ToBn . The VS charge density ( )0iN x , however, is only 

slightly affected by the details of the source design as a result of the change in DIBL and 

the same gate capacitance measured under low VDS to extract the on-state charge density. 

Therefore, the source design effect on the virtual source velocity 0xυ  will only be 

reflected from the measured current and is larger than that at the ToB. The virtual source 

velocity, therefore, is a robust device metric, but its precise relation to the velocity at the 

top of the barrier depends on details of the device design. 
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Table 4.1   Comparison of the source doping level effect on the ballistic injection 
velocities at the ToB ( Tυ ) and VS ( 0xυ ).   

 
VGS = VDS = 0.7V NSD = 5×1019cm-3 NSD = 1×1020cm-3 

DIBL (mV/V) 118 146 

Ion (µA/µm) 2351 2488 

ToBn  (cm-2) 7.2×1012 9.8×1012 

Tυ  (cm/s) 2.0×107 1.6×107 

( )0iN x  (cm-2) 6.8×1012 7.5×1012 

0xυ  (cm/s) 2.2×107 2.1×107 

 

 

 

 

VGS = VDS = 0.7 V

ToBn

NSD = 1 1020cm-3

NSD = 5 1019cm-3

VGS = VDS = 0.7 V

ToBn

NSD = 1 1020cm-3

NSD = 5 1019cm-3  

Fig. 4.13   Source doping level effect on ToBn . A higher source doping leads to a 
higher ToBn . 
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4.4.4    Channel Material 
As mentioned earlier, the injection velocity extracted from the measured data of 

III-V HEMTs agrees very well with the simulation results, and both the charge density 

ToBn  and the gate capacitance under high VDS are observed to be similar to those under 

low VDS in III-V HEMTs nanoMOS simulation. This could possibly be due to the smaller 

effective masses of the channel material. To investigate this hypothesis, we use the same 

12nm SOI structure as in Fig. 4.9, but change the values of the transport/transverse 

effective masses in the channel from Si to those of InGaAs quantum-confined channel, 

where mx = my = 0.079m0. The valley degeneracy factor is also changed to gv = 1. 

Everything else, including the confinement effective mass mz, the dielectric constant and 

the device geometry, remains the same as for the Si FETs. The source doping 

concentration is set to 5×1019/cm3 in both cases. Figure 4.16 shows the simulated ToBn  at 

the top-of-the-barrier under high and low VDS with the reduced effective masses. Unlike 
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6.0 nm/dec

ToBnToBn

VGS = VDS = 0.7 V

1.2 nm/dec
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Lov = -0.8 nm
Lov = 1.2 nm

ToBn
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Lov = -0.8 nm
Lov = 1.2 nm  

Fig. 4.14   A less steeper junction 
abruptness (dashed) increases ToBn . 

Fig. 4.15   A larger gate/channel overlap 
distance (dashed) increases ToBn . 
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the Si FETs, ToBn  is almost the same under different drain biases in the InGaAs device. 

By comparing the charge and band edge profiles of Si and InGaAs under on-state 

condition in Figure 4.17, it appears that the much lower ToBn  in InGaAs can be attributed 

to a smaller shift of the ToB towards the source-channel junction. The smaller channel 

effective masses cause the transition of the band edge from the source to the top of the 

potential barrier less steep than in Si, hence the ToB of InGaAs moves deeper into the 

channel and is 2.5nm to the right of Si, which significantly reduces ToBn .  

The longer source-barrier distance observed in devices with smaller effective 

masses can be qualitatively explained with the presence of screening effects by the 

following argument. In the source-barrier region, the 1-D Poisson equation is 

                                  ( ) ( ) ( )( )
2

2 D
s

d V x q N x n x
dx ε

=− − ,                                       (4.9) 

where ( )V x  is the potential in the transport direction, ( )DN x  and ( )n x  are the doping 

concentration and electron density (at T = 0 K for simplicity) at x, respectively. The 

electron density ( )n x  can be calculated as 

                                       ( )
( )

( )( )
* *

2 2

F

C

E

F
E x

m mn x dE E qV x
π π

= = ⋅ +  
.                            (4.10) 

Inserting Eq. (4.10) into Eq. (4.9), the Poisson equation has a form of 

                                                      ( ) ( ) ( )
2

2 2
D

d V x V x
f x

dx L
− = ,                                        (4.11) 

where 
2

*
s

DL
qm
ε π

=
  is the length characterizing the potential change rate, similar to the 

Debye length [124]. A smaller effective mass *m  results in a longer DL , which leads to 

the ToB being located deeper into the channel, and therefore a smaller ToBn  at high VDS as 

observed above and in III-V HEMTs.  
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4.5    Conclusion 
 

In this chapter, we investigated the injection velocity in the state-of-the-art Si 

ETSOI MOSFETs. For ballistic conditions, it was found that the straightforward 

extraction of injection velocities from measured I-V/C-V data at the virtual source are 

significantly higher than injection velocities simulated at the top of the potential barrier. 

The source of this problem comes from the fact that the top of the barrier enters the 

source itself under high VDS, which requires a higher capacitance to balance the extra pre-

existing charge at the source/channel junction where the top of the barrier sits. The 

velocity extracted at the virtual source with measured I-V/C-V data assumes that the gate 

capacitance under high VDS is the same as that measured under low VDS, which leads to a 

lower charge density at the virtual source than at the top of the barrier, and therefore a 

higher virtual source velocity. We have shown that this effect at the top of the barrier will 

become increasingly important as the channel length shrinks. The top of the barrier 
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ToBn

VDS = 0

VDS = 0.7 V

VGS = 0.7 V

ToBn

VDS = 0

VDS = 0.7 V
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VGS = VDS = 0.7 V
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ToBn
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ToBn

Si

InGaAs

 
Fig. 4.16   The InGaAs FETs have 

similar ToBn  at high and low VDS due to 
the small effective masses. 

Fig. 4.17   The InGaAs FETs have 
smaller ToBn  than Si at high VDS since the 
ToB is located deeper into the channel. 
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injection velocity was shown to be sensitive to DIBL-related factors and the details of the 

source design, while their influence on the virtual source injection velocity is less 

pronounced because the virtual source charge density is calculated using the gate 

capacitance measured under low VDS, which is not affected by the source design. We 

further showed that such effect is not significant in devices with lighter effective mass 

channel materials such as III-Vs. Finally, it is important to realize that due to the 

uncertainties of the velocities extracted with different methods and the effects discussed 

in this study, it will be difficult to extract a physically meaningful “injection velocity” for 

very short channel MOSFETs from measured I-V/C-V data. Nevertheless, we expect that 

the virtual source injection velocity will continue to serve as a useful device metric.   
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5.   DESIGN AND PERFORMANCE ASSESSMENT OF III-V AND 
SILICON MOSFETS BEYOND THE 15 NANOMETER NODE 

5.1    Introduction 
 

This chapter studies the performance potential of III-V and Si n-MOSFETs 

performance beyond the 15nm node. III-V quantum well FETs with 80nm gate lengths 

have been shown to outperform 40nm strained Si with matched Ioff and DIBL, with 

matched series resistance the on-current of III-V quantum well FETs is ~2 times higher 

than strained Si [16, 17]. If III-V transistors are to replace Si, it will be beyond the 15nm 

technology node, and the III-V CMOS should last at least two technology generations 

[127]. This chapter examines the potential performance of III-V vs. Si beyond the 15nm 

node through simulation, and investigates the parameters/factors that control the device 

performance.  

We start by defining the contacted gate pitch length that is directly related to 

scaling. Figure 5.1 is the footprint of 32nm Si CMOS technology, where the contacted 

gate pitch length, i.e., the distance between the center of adjacent nMOS and pMOS 

gates, is 112.5 nm [128-130]. Assuming a less aggressive scaling factor in the future of 

0.8 rather than the standard 0.7 [131], the contacted gate pitch length three generations 

beyond the 32nm node, which is the 12nm node, will be 112.5×0.83 = 57 nm; four 

generations out, the contacted gate pitch will be 112.5×0.84 = 46 nm at the 8nm node. 

The performance of III-V and Si MOSFETs will be compared at these two technology 

nodes with quantum ballistic simulations.  
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5.2    Simulation of III-V and Si nFETs at 12nm Node 
 

The device structures assumed in the study for III-V and Si at the 12nm node are 

single gate structures. For the III-V, it is a quantum well structure similar to that studied 

in the previous chapter. The 3nm thick In0.75Ga0.25As channel is sandwiched between 

In0.52Al0.48As layers on the top and bottom. Another 1nm thick high k ( = 20) layer is 

placed above the top In0.52Al0.48As barrier layer to suppress the gate leakage. The 

equivalent EOT of the In0.52Al0.48As and high k layers is 0.5nm. The -doped layer has a 

doping density of 5×1012 /cm2 and is 3nm away from the channel. For Si, we use an SOI 

structure with the same body thickness. A very thin layer of SiO2 is assumed to exist 

between the channel and the high k layer to maintain a good interface quality. The 

complete device structures for III-V and Si are shown in Fig. 5.2, where the dashed 

squares in both plots indicate the simulation domain.  

The effective masses of the In0.75Ga0.25As channel extracted from the tight-

binding calculation are mx = my = 0.079m0, mz = 0.26m0. For the Si SOI FETs, the 

channel is assumed undoped, and the source/drain doping concentration is 1.0×1013 /cm3 

n+n+ p+p+

Lg LsideLside

contacted gate pitch length = 112.5 nm for 32 nm node

32nm 22nm 15nm ?

n+n+ p+p+

Lg LsideLside

n+n+ p+p+

Lg LsideLside

contacted gate pitch length = 112.5 nm for 32 nm node

32nm 22nm 15nm ?
 

Fig. 5.1   The contacted gate pitch of the 12nm and 8nm nodes is extracted based on 
the length of the 32nm node with a scaling factor of 0.8. 
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with a Gaussian doping profile of ( )
2 2log10/x d

d SDN x N e−= , where SDN  is the source 

doping level, d is the doping slope. In this study d is assumped to be d = 0.1×Lg = 1.2nm 

/dec starting from the source (drain)/channel junction. We further assume that the Si 

channel is under 1% uniaxial tensile strain, which leads to mx = 0.165m0, my = 0.26m0, mz 

= m0 [132]. The power supply voltage for both devices is 0.7V, and the gate 

workfunctions are tuned respectively for the same Ioff = 0.1µA/µm. We also assume the 

same series resistance (RSD = 160 -µm) in both structures. Similar to the approach used 

in Chapter 4, we use the 2D self-consistent quantum ballistic solver to simulate the 

transport in the device, which is accurate for the III-V FETs as was shown in Chapter 3; 

for Si the performance is expected to be degraded by 40~50% from the ballistic limit. 

 

 
One important parameter in the Si SOI structure is the source to channel 

overlap/underlap distance, which affects the SCE. An underlap (longer channel than gate 

length) instead of overlap (channel is shorter than gate length) improves both SS and 

DIBL, as shown in Fig. 5.3. In the simulation, an underlap of 2 nm on each side is used in 

the Si SOI structure, i.e., Lchannel = Lg + 4 nm.  
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Fig. 5.2   Device structures for III-V and Si at the 12nm node. Both devices have the 
same EOT = 0.5 nm, VDD = 0.7 V, Ioff = 0.1 µA/µm, and RSD = 160 -µm. 
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Figure 5.4 shows the ballistic simulation results for both structures with series 

resistance included. It is seen that the III-V FET has better SCE than the Si SOI 

MOSFET. It should be noted that although both structures are single gated, the III-V 

structure does not have a doped source and drain, and the simulated geometry of III-V is 

different from the SOI. The III-V has an embedded gate, while the Si SOI has planar gate 

structure, which degrades its SCE. From the simulation, the III-V FET has higher on-

current than the strained Si. Considering the fact that III-V QWFETs are quite close to 

their ballistic limits while Si MOSFETs operate at about 50~60% of their ballistic limits 

due to phonon scattering, it is expected that III-V FETs will have 2~2.5 times higher on-

current than the strained Si when phonon and surface roughness scatterings are 

considered. It should also be noted that the results are based on the low series resistance 

assumed in our simulation. How to obtain a low series resistance as the transistor 

dimension scales is actually one of the biggest challenges. The series resistance is 

currently about 300 -µm [17] in 30 nm III-V QWFETs, and is about 270 -µm in 40 

nm Si ETSOI [121]. 

overlapunderlap overlapunderlap

 
Fig. 5.3   Effect of overlap/underlap distance on SS and DIBL in the Si SOI. An 

underlap of 2nm was used in the simulation. 
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Figure 5.5 compares the charge density and ballistic injection velocity at on-state 

for both III-V and Si FETs. Because the III-V FETs suffer from low density of states and 

therefore the charge density is small, but they also benefit from the small transport 

effective mass with and result very high injection velocity that overwhelms the DOS 

bottleneck and, therefore, leads to a higher ballistic current than Si FETs. Note that the 

intrinsic gate and drain biases at on-state (VGS = VDS = 0.7 V) are VGS,i = 0.56 V, VDS,i = 

0.43 V for the InGaAs FETs and VGS,i = 0.59 V, VDS,i = 0.49 V for Si respectively due to 

the extra voltage drop across the series resistance.    

Fig. 5.4   Simulated ballistic I-V characteristics (with series resistance included) for 
III-V and Si FETs at 12 nm node. 
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The intrinsic gate delay from both devices is compared next. The unloaded gate 

delay is estimated by  

                                              unload /G effQ Iτ = Δ ,                                                 (5.1) 

where GQΔ  is the difference of the charge density between the two logic states, and the 

effective current effI  is defined by [133]: 

                                          ( ) ( )/2
/2

1
2

G DD G DD

D DD D DD

V V V V
eff d V V d V VI I I= =

= =
 = ⋅ +  .                                   (5.2) 
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Fig. 5.5   On-state carrier density and ballistic injection velocity extracted at the virtual 
source for the III-V and Si FETs at 12 nm node. 
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The effective current effI  calculated from the III-V and Si FETs I-Vs is 811 A/meffI =  

and 639 A/meffI =  respectively. The loaded gate delay is estimated by 

                                                       load load /DD effC V Iτ = ⋅ ,                                               (5.3) 

where the load capacitance load 1 fF/ mC µ=  is assumed. Table 5.1 compares the unloaded 

and loaded gate delay of the III-V and Si nFETs. It can be seen that both the unloaded 

and loaded delay of Si is slower than III-V, and they are expected to be even slower than 

III-V’s when scattering is considered.    

 

5.3    Simulation of III-V and Si nFETs at 8nm Node 
 

At the 8nm node, it is very difficult to obtain acceptable SS and DIBL with a 

single gate structure, hence a multigate structure must be used to maintain the scaling 

with good electrostatics [4]. We adopt a symmetric double gate ultra-thin body structure 

for the III-V and Si with 8nm gate length. The device structure is shown in Fig. 5.6. 

Different from the quantum well structure at 12nm node, the III-V FETs at 8nm node are 

source/drain doped. We did this because the single gated structure with delta-doped layer 

is not able to provide acceptable SS and DIBL. The S/D doping concentration is assumed 

to be 5.0×1019 /cm3 in III-V and 1.0×1020 /cm3 in Si. A Gaussian doping profile of 0.1×Lg 

= 0.8 nm /dec is assumed in both structures. Due to the good electrostatics provided by 

the double-gate, no overlap/underlap is assumed, i.e., Lchannel = Lg. Also we assume that 

                                     

III-V 0.07 0.86

s-Si 0.17 1.10

unload (ps)τ load (ps)τ

III-V 0.07 0.86

s-Si 0.17 1.10

unload (ps)τ load (ps)τ

 

Table 5.1 
Unloaded and loaded gate delay calculated for both III-V and Si FETs at 12 nm node. 
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the interface quality is preserved with a very thin layer of In0.52Al0.48As layer (for III-V 

channel) and SiO2 layer (for Si channel) exist between the channel and the high k 

insulator. The off-current and series resistance are the same as for 12 nm node technology 

(Ioff = 0.1 µA/µm, and RSD = 160 -µm) because it is not clear yet if they can continue to 

be scaled down [131]. The EOT and VDD decreases slightly to 0.45 nm and 0.6 V 

respectively. One also notices that a spacer layer of  = 6 (SiN) is included in the 

simulation domain. The effective masses in III-V and Si used in the simulation are the 

same as the 12 nm node. 

 

 

 
Figure 5.7 is the ballistic I-V characteristic for the III-V and Si FETs at 8 nm 

node. It is first noted that at 8 nm node, Si has slightly higher ballistic on-current than III-

V. This is because the charge density in the Si channel is larger than that in the III-V 

channel, which compensates for the smaller injection velocity in the Si device. It is also 

observed that the double-gate structure improves the electrostatics significantly as 

compared to the 12 nm node.  
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Fig. 5.6   Symmetric, fully depleted, double-gate structure for the 8 nm node III-V and 
Si benchmark study. 
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The off-state leakage current is shown in the energy-resolved current density plot 

in Fig. 5.8. About 90% of the total off-current for the III-V MOSFET, and about 80% for 

Si MOSFET, is from the S/D tunneling due to the extremely short barrier. 
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Fig. 5.7   Ballistic I-V characteristics (with series resistance) for III-V and Si FETs at 

8nm node. 
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The on-state operation is examined in Fig. 5.9, where the ballistic injection 

velocity and the top-of-barrier carrier density are compared between III-V and Si FETs. 

The ballistic injection velocity in III-V under on-state is 3.4×107 cm/s, which is about 2.3 

times higher than that in Si (1.5×107 cm/s). On the other hand the carrier density at the 

top-of-barrier in Si (6.7×1012 /cm2) is about 2.5 times higher than that in III-V (2.7×1012 

/cm2). The difference of the carrier density between the Si and III-V FETs is larger in the 

double gate structure than the single gate structure, which overwhelms the injection 

velocity difference and leads to a higher ballistic current in Si than III-V.  

The unloaded and loaded gate delay for 8 nm node ballistic III-V and Si FETs are 

calculated by repeating the procedures described in Eqn. (5.1)-(5.3), the results are shown 

in Table 5.2. It is observed that even though III-V has slightly lower ballistic on-current 

than Si, it has comparable or better delay than Si.  

Finally, it should be acknowledged that even Si has slightly higher ballistic 

current than III-V at 8 nm node, it is expected that in practice, the performance of Si will 

be far from below ballistic limit, and III-V may still outperform Si eventually. Once 

again, this is all based on the assumption that the small series resistance is achievable for 

both devices in our simulation, which may be very difficult to realize. 
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Fig. 5.8   Energy-resolved current density under off-state shows that significant 
amount of the S/D leakage current is from the S/D tunneling under the extremely short 

barrier. 
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Fig. 5.9   On-state carrier density and ballistic injection velocity extracted at the virtual 
source for the III-V and Si FETs at 8 nm node. 
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5.4    Summary 
 

In this chapter, we investigated the performance potential of III-V and Si 

MOSFETs beyond the 15 nm node. We studied the single gate structure at the 12 nm 

node and double gate structure at the 8 nm node for III-V and Si respectively. With the 

same low series resistance assumed, III-V channel should deliver higher ballistic on-

current and better gate delay than Si at the 12 nm node. It was also shown that double-

gate (or FinFET) structure is necessary to maintain good electrostatics beyond the 15 nm 

node. Although III-V has very high ballistic injection velocity, its ballistic on-current 

could be lower than Si in double-gate structure at the 8 nm node as the carrier density in 

such structures will dominate the current. Finally it is expected that III-V may outperform 

Si for another two technology generations beyond the 15 nm node, if matched low series 

resistance can be achieved. Note that a high performance p-channel device will have to 

be developed in order to use high performance n-channel III-V’s in CMOS circuits. 

 

 

 

 

 

 

 

 

Table 5.2 
Unloaded and loaded gate delay calculated for both III-V and Si FETs at 8 nm node. 

InGaAs 0.05 0.93

s-Si 0.12 0.82

unload (ps)τ load (ps)τ

InGaAs 0.05 0.93

s-Si 0.12 0.82

unload (ps)τ load (ps)τ
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6.   CONCLUSIONS AND FUTURE WORK 

6.1    Conclusions 
 

The focus of this thesis was to investigate issues that will influence the 

performance of III-V and Si nanoelectronic devices with focuses on device physics, 

modeling, and design.  

Bandstructure effects were first investigated for Si and III-V ultra-thin-body SOI 

MOSFETs. The results showed that non-ideal bandstructure effects become increasingly 

important in assessing the device performance when quantum confinement is strong, and 

rigorous treatment of the bandstructure is necessary. 

As III-Vs are getting increasing attention as alternative for post-Si logic 

application, understanding the device physics of III-V MOSFETs is important. The 

quantum ballistic simulation of III-V QWFETs (HEMTs) in this dissertation showed that 

they operate quite close to their ballistic when the gate length is below 100nm. The high 

injection velocity and low gate capacitance were also shown to be related to the small 

effective masses in III-V FETs. The temperature study of ballistic III-V QWFETs 

(HEMTs) agrees well with the experimental data, indicating that the phonon scattering is 

not necessarily responsible for the temperature dependent gm characteristics observed in 

experiment. 

As an important device metric, the injection velocity was investigated in Chapter 

4. By a careful simulation and benchmarking against measured data, the ballistic injection 

velocity from the top of the potential barrier and from the virtual source were found very 

different under certain situations. The lower injection velocity from the top of the barrier 

than at the virtual source in Si MOSFETs comes from the difficulty in separating the 

gate-induced charge from the pre-existing charge at the source/channel junction as the top  
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of the barrier enters the source at on-state. This effect was found sensible to DIBL and the 

source design. The reason that this effect is less pronounced in III-V FETs was also 

explained. We concluded that due to uncertainties in different method to extract the 

injection velocity, and the effect discussed in this work, it will be difficult to extract a 

physically meaningful injection velocity for very short channel MOSFETs in spite of its 

critical importance. 

The last chapter was devoted to a performance assessment of III-V vs. Si beyond 

15nm node. Single-gated structure for 12nm and double gated structure for 8nm nodes 

are compared for Si and III-V. Results show that with the same series resistance assumed, 

III-V and Si have similar ballistic performance. For realistic consideration, Si FETs suffer 

from phonon and surface roughness scattering while III-V FETs are expected to operate 

close to their ballistic limit, hence III-V FETs will outperform Si at 12nm and 8nm nodes 

respectively. It was pointed out that optimizing the contacts and reducing the series 

resistance will be the next main challenge.      

6.2    Future Work 

6.2.1    Density-of-States Engineering in III-V MOSFETs 
III-V MOSFETs benefit from its very high electron mobility due to the small  

valley electron effective mass in the transport orientation. Their performance however, is 

limited by the small charge density at the on-state due to the small density-of-states 

effective mass of the  valley. This issue becomes increasingly important with 

continuously scaling oxide thickness. To conquer the density-of-states (DOS) bottleneck, 

it has been proposed to utilize other valleys in the conduction band of III-V along 

alternative orientations [134]. For example, the (111) surface orientation can make use of 

both the L valleys and the  valley. When the 2D electron gas is formed due to the 

quantum confinement along (111) surface orientation, subbands formed from the L 

valleys with small density of states effective mass will be occupied, besides the 

occupation of the  valley subbands. The 2 half L valley subbands formed from (111) 
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orientation will double the charge density compared with that from (100) orientation as 

the density-of-states effective mass of L valley subbands is small and comparable to the  

valley. At the same time, the transport effective masses remain small, which will boost 

the III-V MOSFETs performance by increasing the charge density. Simulation study on 

this subject will be necessary to capture the bandstructure effects along different 

orientations in III-Vs and provide guidance for the device processing and design.  

 

 

(111)

(100)

(111)

(100)

 
Fig. 6.1   Performance of III-V FETs can be boosted by overcoming the DOS 

bottleneck with different surface orientations. 

 
Fig. 6.2   Components of the source series resistance (from Ref. [47]). The next 

challenge is to reduce the series resistance in III-V FETs. 
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6.2.2    Contact Design 
In Chapter 3 we discussed that the large series resistance in III-V QWFETs has 

significantly limited the device performance. The next big challenge is to reduce the 

series resistance by designing the source/drain contacts [47]. In previous chapters, the 

series resistance was included in the simulation results as a post-processing after intrinsic 

simulation was completed. No efforts were made to simulate the contacts separately. 

Future work on the source/drain contacts design will involve modeling different 

components of the source/drain resistance as shown in Fig. 6.2 to meet the requirement 

for device performance with scaling. 

6.2.3    Fringing Effects in Short Channel MOSFETs 
When simulating III-V FETs in previous chapters, we did not consider the 

fringing effects from the source/drain, which is seen in Fig. 3.3.1, where the source/drain 

contacts were not included in the simulation domain. This is true when LSD is long, and is 

the case for the device under study in Chapter 3. As LSD decreases with the shrinking of 

the gate length, the fringing effects of source/drain on the electrostatics will become 

increasingly important on SS and DIBL [135]. Future work should include the 

source/drain in the simulation domain to capture this effect.    

6.2.4    III-V P-Channel MOSFETs 
III-Vs are attractive for digital applications due to their small  valley electron 

effective mass, but their hole effective mass is not as small as the electron’s. For digital 

CMOS application, it is preferable to have comparable p-channel III-V FETs 

performance with nFETs. This could possibly be achieved from either applying strain to 

the III-V p-channel as reported in Ref.[35], or by choosing a favorable wafer orientation, 

or a combination of both. Realization of III-V pFETs through either methods will benefit 

from and rely on accurate modeling work. As valence bands cannot be treated with 

simple effective masses, sophisticated bandstructure model that can accurately calculate 

the III-V valence band with strain and at different wafer orientations will be crucial to 
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future modeling work. Simulation at this level requires not only accurate device physics 

models, but very sophisticated computation levels. A device simulator, OMEN [136], 

which is capable of coupling the atomistic bandstructure calculation, the 2D electrostatics, 

with the quantum transport will be ideal for exploring future III-V pFETs.   

6.2.5    Circuit Analysis 
The III-V FETs performance will eventually be benchmarked against Si beyond 

15nm node at the circuit level. Traditional circuit metrics such as CV/ION can no longer 

describe how the device characteristics affect circuit performance with the scaling of the 

device dimension. Compact modeling is the most straightforward way of evaluating 

devices’ circuit performance with various circuit geometries, yet its time-consuming 

development makes it less attractive. A newly tool for circuit-level assessment of novel 

devices, called Purdue Exploratory Technology Evaluator (PETE) [137, 138], was 

recently developed to meet this requirement. The inputs to PETE can be numerical I-V 

and C-V (from experimental measurement or device simulation), and the tool can 

numerically evaluate a wide array of circuit/system level metrics pertaining to 

performance and power of logic gates, ring oscillators, and mega-cells. Once the device 

simulations of both n- and p-type III-V and Si MOSFETs beyond the 15nm are available, 

PETE can directly benchmark their circuit performance and provide accurate estimation 

of performance-power trade-off.  
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