
Graduate School ETD Form 9 
(Revised 12/07)       

PURDUE UNIVERSITY 
GRADUATE SCHOOL 

Thesis/Dissertation Acceptance 

This is to certify that the thesis/dissertation prepared 

By  

Entitled

For the degree of   

Is approved by the final examining committee: 

       
                                              Chair 

       

       

       

To the best of my knowledge and as understood by the student in the Research Integrity and 
Copyright Disclaimer (Graduate School Form 20), this thesis/dissertation adheres to the provisions of 
Purdue University’s “Policy on Integrity in Research” and the use of copyrighted material.  

      

Approved by Major Professor(s): ____________________________________

                                                      ____________________________________ 

Approved by:   
     Head of the Graduate Program     Date 

Himadri S. Pal

Device Physics Studies of III-V and Silicon MOSFETs for Digital Logic

Doctor of Philosophy

MARK S. LUNDSTROM

GERHARD KLIMECK

PEIDE YE

SUPRIYO DATTA

MARK S. LUNDSTROM

V. Balakrishnan 09-27-2010



Graduate School Form 20 
(Revised 6/09)  

PURDUE UNIVERSITY 
GRADUATE SCHOOL 

Research Integrity and Copyright Disclaimer 

Title of Thesis/Dissertation: 

For the degree of ________________________________________________________________ 

I certify that in the preparation of this thesis, I have observed the provisions of Purdue University 
Executive Memorandum No. C-22, September 6, 1991, Policy on Integrity in Research.*   

Further, I certify that this work is free of plagiarism and all materials appearing in this 
thesis/dissertation have been properly quoted and attributed. 

I certify that all copyrighted material incorporated into this thesis/dissertation is in compliance with 
the United States’ copyright law and that I have received written permission from the copyright 
owners for my use of their work, which is beyond the scope of the law.  I agree to indemnify and save 
harmless Purdue University from any and all claims that may be asserted or that may arise from any 
copyright violation. 

______________________________________ 
Printed Name and Signature of Candidate 

______________________________________ 
Date (month/day/year) 

*Located at http://www.purdue.edu/policies/pages/teach_res_outreach/c_22.html

Device Physics Studies of III-V and Silicon MOSFETs for Digital Logic

Doctor of Philosophy

Himadri Pal

09-27-2010



 
 

DEVICE PHYSICS STUDIES OF III-V AND SILICON MOSFETS FOR 

DIGITAL LOGIC 

 

A Dissertation 

Submitted to the Faculty  

of 

Purdue University 

by 

Himadri Sekhar Pal 

 

In Partial Fulfillment of the  

Requirements for the Degree 

of  

Doctor of Philosophy 

 

December 2010 

Purdue University 

West Lafayette, Indiana 



ii 
 

 
 

 

 

 

 

 

 

 

 

To my parents and wife, for reinforcing my  



iii 
 

 
 

ACKNOWLEDGMENTS 

My thesis advisor, Prof. Mark Lundstrom, deserves my earnest gratitude for his 

support throughout my graduate studies at Purdue. He is an excellent researcher and 

mentor, and has shaped the course of my work as well as other skills required to excel in 

a professional career. He has instilled in me a deep appreciation for process of scientific 

research, and the importance of applying and communicating my knowledge. I am also 

thankful to Prof. Supriyo Datta, Prof. Gerhard Klimeck and Prof. Peide Ye for the many 

helpful discussions and guidance, and for serving on my committee. 

I would like to express my deep appreciation for my collaborator, Dr. Dmitri 

Nikonov from Intel Corp., who has guided me professionally and on a personal level. I 

also appreciate the guidance of Dr. Titash Rakshit during my summer internship, and Dr. 

Martin Giles and Dr. Mark Stettler for giving me the opportunity to work as an intern at 

collaborations from my fellow researchers. Special thanks to Yang Liu, Dr. Tony Low, 

Raseong Kim, Changwook Jeong, Kurtis Cantley, Dr. Shaikh S. Ahmed for successful 

collaborations. I also appreciate the enlightening and entertaining discussions with my 

other group members and fellow researchers at EE350 and HDLR. I acknowledge the 

sponsors SRC MSD focus center and GRC center for funding my research, and NCN for 

computational support. I am grateful to Cheryl Haines for all the complicated travel 

forms that she prepared on my behalf.  

My deepest appreciation goes to my wife Sweta, 

continue on this journey without her invaluable enthusiasm and support. I am indebted to 

my parents and my brother, who have always had faith in me, and instilled a sense of 

independence that has been an integral part of my life.  



iv 
 
 

 
 

 

 

TABLE OF CONTENTS 

Page 

 

...vii 

ABSTRACT  

1.  INTRODUCTION........................................................................................................1 

2.  QUANTUM CAPACITANCE AND DOS BOTTLENECK IN III-V‟S....................5 

2.1 Introduction...........................................................................................................5 

2.2  Approach...............................................................................................................8 

2.3  Inversion layer capacitance.................................................................................11 

2.4  Ballistic injection velocity and channel resistance.............................................15 

2.5  Conclusion..........................................................................................................19 

3.  NEGF STUDY OF INGAAS SCHOTTKY BARRIER MOSFETS.........................20 

3.1  Introduction.........................................................................................................20 

3.2  Simulation Methodology....................................................................................24 

3.3  Device Evaluation...............................................................................................27 

3.4  Conclusion..........................................................................................................36 

4.  EXPERIMENTAL VERSUS BALLISTIC SIMULATION COMPARISON OF 

SHORT CHANNEL THIN SOI MOSFETS..............................................................37 

4.1  Introduction.........................................................................................................37 

4.2  IBM ETSOI device characterization...................................................................40 

4.3  Comparison to ballistic simulations....................................................................43 

4.4  Analysis using scattering theory.........................................................................47 

4.5  Low temperature analysis...................................................................................50 

4.6  Discussion...........................................................................................................55 

4.7  Conclusion..........................................................................................................57 

 



v 
 
 

 
 

Page 

5.  ELECTRON-PHONON SCATTERING WITH NEGF............................................59 

5.1  ..................................................................................................59 

5.2  .....................................................................................................61 

5.3  .............................................................................................68 

5.4  ...............................................................................................69 

5.5  .....................................................................................................79 

6.  NEGF SIMULATION OF ETSOI MOSFETS WITH SCATTERING.....................81 

6.1  ...................................................................................................81 

6.2  Surface roughness scattering model....................................................................82 

6.3  Surface roughness scat ......................................................85 

6.4  ETSOI simulations with phonon scatte ...................................................88 

6.5  ETSOI simulations with phonons a 90 

6.6  Discussion...........................................................................................................94 

6.7  ....................................................................................................96 

7.  SUMMARY AND FUTURE WORK........................................................................98 

7.1  Analysis of III- ...............................................................................98 

7.2  ...................................................................99 

7.3  .................................................................................................100 

LIST OF REFERENCES.................................................................................................102 

VITA................................................................................................................................113 

 

 

 

 

 

 



vi 
 
 

 
 

 

 

LIST OF TABLES 

Table                Page 

2.1 9 

4.1  39 

4.2  55 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 
 

 
 

 

 

LIST OF FIGURES 

Figure                                                                                                                             Page 

2.1  C-V plot for bulk silicon, DG s .10 

2.2  Valley subband energies vs. surf .......12 

2.3  CQ and Cinv vs. DG thickness at VDD = 1V and 0.5V........................................13 

2.4  /q s vs. channel thickness at VDD .......14 

2.5  GaAs Subband energy levels vs. DG channel thickness at VDD .........15 

2.6  Inversion charge density vs. gate bias....................................................................16 

2.7  Ballistic injection velocity vs. inversion ............16 

2.8  Ballistic injection velocity vs. DG channel thickness at NS = 1×1013 /cm2 .....17 

2.9  Minimum ballistic channel resistance vs. gate bias ........17 

3.1  Drain, source and substrate current vs. gate bias...................................................21 

3.2  Conduction band from drift-diffusion simulations................................................22 

3.3  Transconductance vs. gate bias for different source/drain doping........................22 

3.4  Flow chart of the self-consistent loop implemented in the nanoMOS...................23 

3.5  Device structure and effective masses of In0.53Ga0.47As .. ..24 

3.6  Benchmarking of NiSi/Si Schottky diode IV with NEGF Schottky model 25 

3.7  Subthreshold swing vs. barrier energy for MOSFETs and SBFETs.....................26 

3.8  SBFETs conduction band diagrams with a large and small barriers.....................26 

3.9  Subthreshold swing (SS) vs. TBODY for LG = 20 nm and 10 ....................28 

3.10  dES/dVG as a function of TBODY for SBFETs ........................................29 

3.11  ION for SBFETs as function of TBODY for LG = 20 nm...........................................30 

3.12  Transconductance vs. VG of MOSFETs and SBFETs for LG = 20 nm..................31 

3.13  Position resolved conduction band diagram from off to on-state..........................32 

3.14  Energy-position distribution of local density-of-states for InGaAs SBFET ..33 

3.15  Energy resolved on- ......................................33 

 



viii 
 
 

 
 

Figure               Page 

3.16  Peak transconductance vs. Body thickness for MOSFETs and SBFETs...............34 

3.17  Percentage difference in on-state current of InGaAs SBFET and MOSFET 35 

4.1  Schematic cross section of ETSOI devices............................................................39 

4.2  Measured Subthreshold swing and DIBL vs. gate length......................................40 

4.3  On-state current (ION) and saturation threshold voltage for ETSOI.......................41 

4.4  Total resistance vs. gate length..............................................................................42 

4.5  Capacitance  voltage characteristics (measured) and Schred simulations...........42 

4.6  Subthreshold swing and DIBL vs. channel length.................................................44 

4.7  ID vs. VG and ID vs. VD characteristics and ballistic simulations...........................46 

4.8  Inverse of transmission in the linear regime vs. channel length............................49 

4.9  Inverse of ballistic ratio in the saturation regime vs. channel length.....................50 

4.10  Current (at VD = 0.05 and 1V) vs. temperature for LG ..........51 

4.11  Current vs. temperature for LG = 40 nm................................................................52 

4.12  Transconductance vs. gate bias for LG = 40 nm....................................................54 

4.13  ID vs. VG characteristics and VS model fitting for LG = 40 nm.............................56 

4.14  Output characteristics and VS model fitting for LG = 40 nm................................56 

5.1  Transmission and current distribution vs. energy for linear potential...................69 

5.2  Transmission inverse vs. channel length for linear potential.................................70 

5.3  Current vs. channel length for linear potential with zero electric field.................72 

5.4  Transmission vs. channel length with elastic scattering........................................73 

5.5  Transmission inverse vs. channel length for parabolic potential...........................74 

5.6  Current vs. L from NEGF simulations, ballistic and acoustic phonons.................75 

5.7  Energy resolved current density along the channel for inelastic scattering...........76 

5.8  Transmission vs. channel length for linear potential and inelastic scattering 77 

5.9  Transmission vs. channel length for parabolic potential.......................................78 

6.1  Effect of a shift of the Si SiO2 interface on electron wavefunction......................83 

6.2  Simulated ID vs. VG for LG = 40 nm ETSOI with phonon scattering....................89 

6.3  Simulated ID vs. VG for LG = 40 nm ETSOI with surface roughness....................92 

 



ix 
 
 

 
 

Figure                Page 

6.4  Simulated ID vs. VG for LG = 110 nm ETSOI with surface roughness..................93 

6.5  Simulation of error with approximate surface roughness model...........................95 

 

 

 

 

 

 

 



x 
 
 

 
 

ABSTRACT 

Pal, Himadri S., Ph.D. Purdue University, December 2010.  Device Physics Studies of 
III-V and Silicon MOSFETs for Digital Logic.  Major Professor:  Mark S. Lundstrom. 

III- el 

materials due to their high intrinsic mobility. Several challenges, however, need to be 

overcome before III-  (Si) in extremely scaled devices. The effect 

of low density-of-states of III-V materials is investigated by analyzing the semiconductor 

capacitance for different device structures and scaling. Solid solubility limit of dopants in 

the III-V materials are also significantly lower than that in Si, causing high series 

resistance, and transconductance degradation due to source exhaustion. The metallic 

source/drain Schottky barrier MOSFET is explored as an alternative to effectively 

eliminate these issues. The performance of a Si channel SOI MOSFET fabricated at IBM 

is analyzed and interpreted using ballistic transport. The ballistic ratio and extracted mean 

free paths demonstrate that scattering effects cannot be ignored in modern Si channel 

devices. Scattering has been implemented within the non-

(NEGF) framework to investigate effects of phonon and surface roughness scattering on 

device performance. The computational complexity is greatly reduced by analytically 

integrating over the transverse (width) dimension, making it possible to include scattering 

in planar FETs. The model has been carefully benchmarked with analytical formulas and 

Boltzmann transport calculations (2-D Monte Carlo results) for simple potential profiles. 

The scattering model is used to study the role of phonon scattering on the on-state 

characteristics of Si channel devices. Finally, the role of surface roughness scattering and 

its implementation issues within NEGF is discussed. 
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1. INTRODUCTION 

Since the introduction of the MOSFET, CMOS technology has seen a tremendous 

increase in processing capability due to scaling. The scaling trend predicted by Gordon 

Moore has been accurate for more than 30 years [1]. Both processing speed and device 

density have increased significantly by device scaling and supply voltage scaling. Scaling 

the supply voltage and still maintaining speed and drive current improvements was made 

possible by scaling the threshold voltage, which led to an increase in the subthreshold 

leakage and therefore, leakage power. Due to limits in the heat removal capacity, supply 

voltage scaling has practically stopped in the past decade [2]. Current scaling trends, 

limited by power considerations, require sacrifice in operation speed to increase device 

density [3].  

Many technological barriers have been overcome in the quest for scaling by 

significant engineering advancements. Most notable are lithography with spatial 

resolution smaller than the wavelength of light used, strain engineering for mobility 

enhancement and use of metal gate and high-k gate dielectric for better gate control while 

reducing leakage. Strained Si is unlikely to meet high injection velocities required to 

meet the ITRS projections at the 10 nm gate lengths [4, 5]. Reducing the power 

dissipation by supply voltage scaling and increasing switching speed requires introducing 

alternate channel materials. Many different materials and structures like nanowires, 

nanotubes, graphene and III-V materials are being considered as replacement channel 

materials due to their high intrinsic electron mobility [6]. Most of these materials like 

nanowires and nanotubes show very low drive current in a single element, and suffer 

from placement problems due to their bottom-up processing. These materials might be 

considered in the long run with advances in their fabrication and circuit layout 
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techniques. III-V materials are attractive in the near term due to their top-down 

processing, and they are already commercially used in high-speed applications. 

The mobility advantage of GaAs compared to Si has been known for many 

decades. Si MOSFETs were easier to fabricate due to the existence of a natural, lattice 

matched oxide in the form of SiO2 that enabled an almost defect-free interface by thermal 

oxidation. The main roadblock to fabricating a GaAs MOSFET was developing a stable 

insulator with minimum interface traps. Native oxides to GaAs are not thermally stable, 

had low dielectric breakdown field, and causes Fermi level pinning due to a high density 

of interface states. The first GaAs MOSFETs were fabricated with thermally deposited 

SiO2 insulator in 1965 [7]. Subsequently a lot of research into physical and chemical 

vapor deposition, and plasma deposition of several dielectric materials like oxides, 

nitrides and oxynitrides [8]. The development of metal oxide chemical vapor deposition 

III-V heterostructure research. This led to the development of the GaAs HEMT with 

AlGaAs barrier, which was later commercialized for high speed and low noise 

applications [9]. III-V HEMTs are currently being explored as high speed logic devices 

operating at scaled supply voltages (~0.5V) [10, 11]. Ongoing efforts include scaling 

HEMT devices to meet the ITRS targets for 15nm node and beyond, reduce gate leakage 

and integration on a Si wafer [10]. 

The III-V MOSFET research was focused on surface passivation to improve the 

channel-dielectric interface. Several efforts include passivation using hydrogen and 

nitrogen plasma, and using sulphides or Si as interface passivation layers [8]. A low 

interface trap density was achieved with MBE deposited Ga2O3(Ga2O3) on GaAs, leading 

to a III-V MOSFET with unpinned Fermi level [11, 12]. The advent of atomic layer 

deposition (ALD) technique led to a breakthrough in research on high-k gate dielectrics 

on III- g research includes interface characterization and scaling of InGaAs 

MOSFETs with Al2O3 and HfO2 gate dielectrics [11]. 

The main advantage of III-

amounts to high speed and lower delay [11]. The effective mass of electrons in much 
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lower in III-Vs as compared to Si, which results in a high injection velocity. This low 

effective mass, however, also result in a low density-of-states, which affects the 

semiconductor capacitance and drive current. This is frequently referred to as the density-

of-states bottleneck [12]. Several other issues need to be resolved for III-

as commercially viable technology. III-V devices do not exhibit any improvement in 

subthreshold swing and DIBL over their Si counterparts. As an effect of the lower mass, 

their subthreshold swing would degrade with scaling more than Si due to higher direct 

tunneling. Indium rich compounds also have higher band-to-band tunneling leakage due 

to the lower bandgap. III-Vs also exhibit higher parasitic series resistance and 

transconductance degradation at high gate bias. III-V HEMTs have high gate leakage due 

to the absence of a gate insulator. Higher valley filling in the III-V materials causes 

mobility degradation due to the higher effective masses of these valleys. III-V materials 

could be integrated onto Si wafers for high speed digital logic as these device issues are 

overcome in the near future. Modeling and simulation could probe into some of these 

issues for more insight and might provide viable solutions.  

With the tremendous effort on researching alternate channel devices, it is 

important to compare their performance with Si MOSFETs for current and future 

technology nodes. Quantum effects are extremely important for sub 50 nm channel 

MOSFETs. Studies on Si MOSFETs show that they operate at about 50  60% of the 

ballistic limit [13], so accurate simulations of Si devices should include effects of 

scattering as well. The non-equilibrium Greens function (NEGF) formalism is a widely 

accepted tool for quantum simulation of semiconductor transport [14]. Due to its 

computational complexity, scattering has been included in NEGF using 

phenomenological approaches like Büttiker probes [15, 16]. There is an urgent need to 

incorporate physics based approaches to scattering in NEGF, and develop efficient 

approaches to reduce the computational complexity. 

Chapter 1 has been a brief overview into the need for III-V device, their history, 

current research and challenges. Many of the issues with device physics of III-Vs will be 

addressed in the next two chapters. Chapter 2 looks into the density-of-states bottleneck 
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in III-Vs by analyzing the semiconductor capacitance from a material as well as structural 

perspective. The difference between quantum capacitance and semiconductor capacitance 

is clarified, and their dependence on quantum confinement is analyzed. The problems 

with source/drain doping in III-Vs are discussed in chapter 3. Metallic source/drain 

Schottky barrier FETs are explored, with a design space study presented to illustrate their 

advantage as high-performance devices over doped source/drain. Comparing III-

Si requires an accurate performance evaluation of Si channel devices as well, which is the 

focus of the latter part of this thesis. Chapter 4 includes an analysis of current generation 

extremely thin silicon-on-insulator (ETSOI) devices fabricated at IBM. Comparison with 

ballistic simulations clearly points to the importance of including relevant scattering 

models in device simulations. Chapter 5 introduces the theory of electron-phonon 

scattering as applied to the NEGF framework. Analytical integration over transverse 

modes leads to significant computational efficiency, allowing simulation of devices 

having a large width dimension. The scattering-NEGF framework is rigorously 

benchmarked with conventional Monte Carlo method of solving for Boltzmann transport. 

Device simulation results of the current generation ETSOI device using NEGF with 

scattering models are presented in chapter 6. An approximate way of incorporating 

surface roughness scattering is presented, and the approximations involved and their 

implications are discussed. Summary and possible future works are discussed in chapter 

7. 
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2. QUANTUM CAPACITANCE AND DOS 
BOTTLENECK IN I I I -  

Most of this chapter, except section 2.4, is reproduced with permission from the 

following IEEE publication: 

© 2008 IEEE. Reprinted, with permission, from IEEE Transactions on Electron Devices, 

Influence of Bandstructure and Channel Structure on the Inversion Layer Capacitance of 

H. S. Pal, K. D. Cantley, S. S. Ahmed and M. S. 

Lundstrom. 

 

2.1 Introduction 

There is currently a great deal of interest in the possible use of alternatives to 

silicon for the channel material of a MOSFET [17, 18]. In selecting a channel material, it 

is important to clearly understand how bandstructure affects the performance of a 

nanoscale MOSFET, and several authors have recently addressed this issue [12, 19]. Our 

objective is this study is to show that the channel structure (i.e., bulk versus ultra-thin 

body (UTB) and UTB thickness) also plays a very important role. In addition, the 

minimum channel resistance RMIN (i.e. the so-called quantum contact resistance [20]) is 

also an important device metric that has not been examined for alternative channel 

materials.  We show that RMIN is also bandstructure and channel structure dependent.  We 

will not attempt a comprehensive coverage of all possible channel materials and 

structures, but, rather, limit our attention in this work to silicon bulk and ultra-thin body 

(UTB) double gate (DG) structures and GaAs DG structures to illustrate the key 

considerations. Only n-channel MOSFETs will be considered. 

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.Pal,%20H.S..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.%20Cantley,%20K.D..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.%20Ahmed,%20S.S..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.%20Lundstrom,%20M.S..QT.&newsearch=partialPref
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The on-current of a ballistic MOSFET can be written as 

0 0 OX inv
ON I G T inj

OX inv

C CI Q V V
C C

         (2.1) 

where (0)IQ  is the inversion layer charge density in C/cm2 at the beginning of the 

channel (the top of the potential energy barrier between the source and channel), and 

0  is the average carrier velocity there [21]. In the ballistic limit, 0 inj , 

where inj  is the so-called ballistic injection velocity, which depends on the bandstructure 

and the location of the Fermi level  according to 

 1/ 2

1 0

2 F C i BSi B
inj

i S Ci F C i B

E E k Tn k T
n m E E k T

F

F
                            (2.2) 

where Sin is the inversion layer density in subband i, EC is the bottom of the conduction 

band, i is the bottom of subband i with respect to the conduction band edge at the 

semiconductor-insulator interface, and nS is the total inversion layer density. Parabolic 

bands have been assumed in this study. A light conductivity effective mass, *
Cim , and a 

large inversion layer density (large Sin , which gives a large (EF-EC- i)) lead to high 

injection velocities.  Modern silicon MOSFETs operate at over 50% of the ballistic limit 

on-current [5, 22], so the ballistic on-current is a useful metric for comparing various 

material and device options.   

Current is the product of charge density and average carrier velocity.  According 

to (2.1), the charge density is influenced by the inversion layer capacitance, which has 

been the subject of many studies (e.g. [23-25]). We obtain the inversion layer capacitance 

from the inversion layer density, 

 
*

02
1

i Di
S B F C i B

i

g mn k T E E k TF
h

                               (2.3) 
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where 0F  is the Fermi-Dirac integral of order 0 as defined by Blakemore [26]. By 

differentiating (2.3), we obtain the inversion layer capacitance as 

*
2

12
1

1 1S i Di i
inv F C i B Q

iS S S

qn g mC q E E k T C
q q

F
h

 (2.4) 

The first term in (2.4), CQ, is referred to as the quantum capacitance and is proportional to 

the average density of states at the Fermi level [27, 28]. The second term in (2.4), 

/q s, is determined by self-consistent Schrödinger-Poisson electrostatics and is related 

to the shape of the confining potential and to the confinement effective mass. These two 

terms are frequently referred to as two contributions to the inversion layer capacitance, 

the first arising from the finite density of states and the second related to the centroid of 

the inversion layer charge distribution [29-31]. 

how the channel material and structure affect these two contributions to the inversion 

layer capacitance. 

Equations (2.2) and (2.4) are two factors that contribute to the ballistic on-current 

as given by (2.1). A small effective mass is preferred for high injection velocity, but a 

small effective mass reduces the inversion layer capacitance and, therefore, the inversion 

layer charge.  This density-of-states bottleneck is well known [12]. What is not as well 

appreciated is that the channel structure also has a strong affect on the ballistic injection 

velocity and on the inversion layer capacitance. 

As power supply voltages have decreased, the linear region MOSFET current has 

become increasingly important [32].  The ballistic channel resistance sets a lower limit to 

the channel resistance, and its importance needs to be carefully assessed.  One can show 

that the minimum (i.e. ballistic) channel resistance of a MOSFET is [33] 

 

1

1 2
(min)

02
F C i BSi Ti

ch
i B F C i B

E E k TqnR
k T q E E k T

F

F
                   

(2.5) 
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where 2Ti B Cik T m  is the uni-directional thermal velocity for the ith subband.  The 

minimum channel resistance depends on both the conductivity effective mass (through 

the thermal velocity) and on the density of states effective mass (through the location of 

the Fermi level and the value of the inversion layer density).   It also depends on the 

confinement effective mass and the channel structure, through the location in energy of 

the various subbands.  The behavior of Rch(min) as a function of channel material and 

channel structure should also be considered when assessing various alternative channel 

materials. 

 

2.2 Approach 

The results in this chapter are based on self-consistent simulations of MOS 

structures using an extended version of the SCHRED program. The original program is 

described by Vasileska et al. [34] and extensions to double gate structures are described 

by Ren [35]. Electron wavefunctions and corresponding energy levels are calculated in 

one-dimension, perpendicular to the semiconductor-insulator interface (z-direction). They 

are obtained by solving the Schrödinger and Poisson equations self-consistently in the 

confinement direction, without considering any wavefunction penetration. Exchange-

correlation effects are ignored because our primary interest is the region of strong 

inversion where these effects are minimal [30]. Semiconductors typically have multiple 

valleys with different bandgap and confinement effective masses, Zm , so the energy 

levels (subbands) corresponding to each valley are calculated separately. Other material 

parameters influencing inversion charge and current, i.e. the density-of states effective 

mass Dm  and the conductivity effective mass Cm  also differ for different valleys and 

need to be defined appropriately for the channel material and orientation. 

Bulk silicon has six equivalent constant-energy ellipsoids near the X point, with 

longitudinal and transverse effective masses of 00.92lm m  and 00.19tm m . Due to the 

orientation of these ellipsoids, quantum confinement splits them into two separate 
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valleys, the so-called unprimed and primed valleys. For a (001) surface and [110] 

transport orientation, the two unprimed valleys (X) have their longitudinal axis oriented 

along the confinement direction, so 00.92Zm m , and 00.19D Cm m m . The 

longitudinal axis of the four primed valleys ( ) are oriented perpendicular to the 

confinement direction, so 00.19Zm m , 00.42D l tm mm m  and 

02 0.315C l t l tm mm m m m  [36]. 

 

Table 2.1: GaAs effective masses for different DG channel thickness 

 2 nm 3 nm 4 nm 6 nm 8 nm 10 nm 

 0.119 0.104 0.097 0.087 0.083 0.081 

 0.119 0.104 0.097 0.087 0.083 0.081 

 0.236 0.177 0.142 0.116 0.104 0.099 

L  mx 0.22 0.22 0.231 0.239 0.233 0.234 

L  my 0.55 0.708 0.699 0.744 0.705 0.711 

L  mz 0.31 0.23 0.213 0.187 0.18 0.18 

X  mx 0.181 0.18 0.181 0.183 0.181 0.182 

X  my 0.181 0.18 0.181 0.183 0.181 0.182 

X  mz 2.5 2.4 2.2 2 1.9 1.9 

 1.973 1.533 1.507 1.282 1.3 1.307 

 0.287 0.222 0.207 0.169 0.141 0.118 

 0.3 0.24 0.235 0.215 0.205 0.2 
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For a GaAs channel with an (001) surface, the  valley is isotropic with

Z D Cm m m , and has the lowest bandgap. The L valleys have their longitudinal axis 

along [111], a valley degeneracy of four, and a larger bandgap. Their effective masses 

along [100] transport direction are computed using the transformations

3 2Z t l t lm mm m m , 2 3D t l tm m m m  and 2 2C t l t l tm m m m m m  [37, 

38]. The X valleys are treated like silicon, but GaAs has one unprimed valley and two 

primed valleys, because the valley minima are at the Brillouin zone edge. For [100] 

transport, the conductivity effective mass is given by 
2

0.5 0.5 2
lC tm m m  for the 

 

Tight binding studies using the model of [39] show that the quantum confinement 

can significantly change effective masses. The effects are small for silicon, so we use 

bulk effective masses for both bulk and DG channel structures. For GaAs, the change of 

effective mass with quantum confinement can be substantial. For GaAs DG structures, 

we use the effective masses (Table 2.1) obtained from a non self-consistent tight binding 

calculation. A GaAs bulk structure is not included in this study because a fully self-

consistent tight binding calculation is needed.  

 

 

Fig 2.1: C-V plot for bulk silicon, and DG (Tbody = 4nm) silicon and GaAs MOSFETs 
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We consider both bulk and symmetrical double-gate (DG) n-MOSFETs with 

silicon channels, and GaAs channel DG n-MOSFETs, both with (001) surfaces. Transport 

orientations are [110] for Si and [100] for GaAs respectively. For the bulk structure, an 

oxide thickness of 1nm, a uniform channel doping of NA = 1018 /cm3, and a metal gate are 

used. The metal gate workfunction is adjusted to maintain the same threshold voltage 

(defined by the x-intercept of the linear charge vs. gate bias characteristics) for the 

different devices. To facilitate comparison of the bulk and DG UTB results in Sec. 2.3, 

we use a SiO2 thickness of 2 nm and intrinsic 4 nm thick body. The same device 

structures are used to compare the ballistic injection velocity of bulk and UTB DG 

structures. Because there is interest in using lower supply voltage with the III-V devices, 

we compare device performance at VDD = 1V and at VDD = 0.5V. 

 

2.3 Inversion layer capacitance 

The capacitances of silicon channel bulk and DG MOSFETs and GaAs channel 

DG MOSFETs are compared in fig. 2.1, and the corresponding subband energies vs. gate 

voltage are plotted in fig. 2.2.  As shown in fig. 2.1, the silicon DG device has higher 

inversion capacitance than the bulk device even though both structures have the same 

total insulator capacitance. For the DG structure, the inversion capacitance is Cinv = 

16µF/cm2 at VG = 1V, which is significantly higher than that of the bulk device for which 

Cinv = 9.6µF/cm2. The difference arises from the quantum capacitance, CQ, which is 

strongly dependent on subband occupation. As shown in figs. 2.2a and 2.2b, multiple 

subband occupation for the DG device elevates CQ (bulk: 35µF/cm2, DG: 50µF/cm2) and 

hence Cinv. The similar slopes of the subband energy vs. gate voltage plots show that the 

/q s ~ 0.7 for both devices.  With respect to (2.4), these 

results show that the inversion layer capacitance is significantly reduced by the second 

term in (2.4).  
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(a) 

(b) 

(c) 

Fig 2.2: Unprimed and primed valley subband energies and the Fermi level with 
respect to the surface potential for (a) bulk Si MOSFET, (b) DG Si MOSFET 

and (c) DG GaAs MOSFET. 
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For the GaAs DG structure with VG < 0.6V, CG is low because the only the low 

fig. 2.2c, CG increases at higher VG as 

electrons begin populating the high Dm  L valley. For the GaAs DG device, Cinv = 

11.5µF/cm2 and CQ = 26.5µF/cm2 at VG = 1V, and Cinv = 5µF/cm2 and CQ = 6.8µF/cm2 at 
VG = 0.5V, which are both ~50% lower than the corresponding silicon DG device 
capacitances due to lower density of states 2.4) 

/q s ~ 0.25 at 

0.5V and ~ 0.55 at 1V for GaAs, compared to 0.55~0.7 for Si DG devices. The GaAs 

(a) 

(b) 

Fig 2.3: CQ and Cinv vs. DG channel thickness at (a) VDD = 1V and (b) VDD = 
0.5V.  
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/q s than Si DG device because the shape of the 

confining potential is flatter due to lower charge. 

In figs. 2.3 and 2.4, we examine how the inversion and quantum capacitance (fig. 

/q s (fig. 2.4) vary with UTB thickness. As shown in fig. 2.3a and 2.3b, CQ 

increases with channel thickness for the Si device because more subbands are occupied in 

the thicker device.  It finally saturates as the charge density gets localized close to the 

surfaces and becomes independent of the channel thickness. Note that for the thick body 

(electrostatically like bulk) structure, Cinv is much less than CQ for Si while for very thin 

bodies the two are similar. /q s 

decreases with decreasing body thickness, as the charge centroid gets closer to the 

semiconductor surface (fig. 2.4). /q s is lower for ultrathin body structures but 

saturates to the bulk value with increasing UTB thickness.  For GaAs, Cinv and CQ 

increase with decreasing channel thickness, which is reverse of the Si case. This is 

attributed to the increasing population of the L and X valleys as the channel thickness 

reduces, as evident from the subband energy levels (fig. 2.5). For very low channel 

thicknesses, the GaAs channel DG device shows higher Cinv than Si device.  

 

Fig 2.4: /q s for Si and GaAs DG devices vs. channel thickness at VDD = 
0.5V and VDD = 1V. 
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2.4 Ballistic injection velocity and channel resistance 

The gate capacitances considered above were calculated under equilibrium 

conditions, where all the available states are filled up irrespective of momentum. For 

non-zero drain bias and ballistic transport, the inversion carrier density with positive 

(towards the drain) and negative momentum is given by:  

 
*

2

1 /
2

i Di
S B 0 F C i B

i

g mn k TF E E k T
h

                          (2.6a) 

 
*

2

1 /
2

i Di
S B 0 F D C i B

i

g mn k T E qV E k TF
h

                    (2.6b) 

At high drain bias, Sn is negligible, and only half of the available states with positive 

momentum are occupied at the source end of the channel [33]. Hence, the quantum 

capacitance is smaller under high drain bias, so the ballistic inversion charge density is 

lower than that in equilibrium.  

Fig 2.5: GaAs Subband energy levels vs. DG channel thickness at VDD = 1V. 
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Inversion charge at the on-state is usually given by QI(on) = CG(on)(VDD  VT), 

where CG(on) is the gate capacitance at VG = VDD. The inversion charge may not vary 

linearly with the gate voltage for III-V devices, hence Cavg should be used instead of 

CG(on). The inversion charge variation with gate bias for Si and GaAs DG devices are 

plotted in fig. 2.6. This inversion charge variation is more non-linear for the GaAs device 

due to the increasing L valley population at high gate bias. Cavg is obtained from the 

linear fit of the GaAs inversion charge for VDD = 0.5V, and is ~20% lower than CG(on). 

Fig 2.6: Inversion charge density and linear fit for GaAs DG device, with Si DG 
inversion charge density shown for reference. 

 

Fig 2.7: Ballistic injection velocity vs. inversion charge density for silicon and 
GaAs DG (Tch=4nm) MOSFETs. 
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The ballistic injection velocity (vinj) as computed according to (2.2) is plotted vs. 

inversion layer density in fig. 2.7. The thermal velocity 2T B Ck T m of the carriers 

is inversely proportional to the conductivity effective mass Cm . For the silicon DG 

device, vinj increases at strong inversion due to the increase in the Fermi energy of the X 

valley electrons. The ballistic injection velocity for GaAs DG device is much higher than 

for the Si device due to the lower Cm  and hence higher T  The GaAs 

Fig 2.8: Ballistic injection velocity vs. DG channel thickness for silicon and GaAs 
MOSFETs at NS=1×1013/cm2, with vinj of silicon bulk device shown as reference. 

Fig 2.9: Minimum ballistic channel resistance vs. gate bias for bulk and DG silicon, 
and DG GaAs MOSFETs. 



18 
 

 
 

ballistic injection velocity drops at high NS due to the filling of heavier mass valleys, and 

hence there is a maximum in the injection velocity vs. inversion layer density plot. For 

DG devices, the ballistic injection velocity is also a function of the channel thickness, as 

shown in fig. 2.8. Injection velocity of silicon channel DG devices at NS = 1×1013 /cm3 

can vary from 1.2×107cm/s for 10 nm channel thickness to 1.7×107cm/s for very thin 

channels, compared to vinj=1.52×107cm/s for the bulk device at the same inversion charge 

density. For thicker channel devices, multiple subbands are filled, and the average carrier 

momentum is low. At low body thicknesses, the subband energy levels get farther apart 

due to higher confinement, and average carrier momentum is higher because only the 

lowest subband is occupied. For GaAs channel DG devices, vinj decreases with decreasing 

body thickness because the L-valley population increases. The vinj drops drastically for 

2nm body thickness as both L and X valleys become populated, while gamma valley 

population drops drastically (see fig. 2.5).  

The low VDS resistance of a device consists of source/drain series resistances that 

add in series to the channel resistance. The channel resistance reaches a minimum in the 

ballistic limit, which is given by (2.5). Note that the source of this minimum channel 

resistance (Rch(min)) is not the ballistic channel, but the thermalization of carriers at the 

source and drain. The variation of Rch(min) with gate bias for different channel materials 

and structures is shown in fig. 2.9. For silicon channel MOSFETs, the ballistic DG 

devices exhibit better switching characteristics because the Rch(min) is about 15% lower 

than the bulk device. The lower Rch(min) can be attributed to the higher inversion charge 

density of the DG device compared to the bulk one. The GaAs channel DG device shows 

30% higher Rch(min) than the silicon DG device. As the supply voltage is scaled down, 

Rch(min) of the GaAs channel device degrades much more rapidly than that for the silicon 

channel devices. This higher Rch(min) of GaAs results from lower density of states of the 

actual channel resistance of bulk Si MOSFETs from the 65nm technology generation is 

-µm, which is close to the ballistic -µm from fig. 2.9 [22].  
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2.5 Conclusion 

A detailed study of the effects of channel material and device structure on the 

semiconductor capacitance, ballistic injection velocity and ballistic channel resistance of 

a MOSFET has been described in this chapter.  As expected, the results show that the 

semiconductor capacitance, which depends on both the confinement and DOS effective 

masses, can be an important factor in channel material selection.  The upper L and X 

valleys can be important for III-V materials, but it is essential to use effective masses 

appropriate for confined structures, not bulk values.  The semiconductor capacitance 

depends on both the quantum capacitance, which is proportional to the average density-

of-states at the Fermi level, and on the variation of the subband energies with surface 

/q s.  For a GaAs channel device, the quantum capacitance is much lower 

than for a silicon channel because of the lower density of states in GaAs. The term, 

/q s, however, is also lower for the GaAs DG device, which makes Cinv closer to the 

CQ limit than for Si devices.  The inversion layer capacitance also depends on the channel 

structure.   For moderately thick DG structures, the quantum capacitance can be larger 

/q s, is also 

lower for DG structures than for bulk structures, but still degrades the Cinv significantly. 

This term can be reduced to a negligible level only for exceedingly thin (~ 1nm) 

channels. 

In addition to considering the semiconductor capacitance, we also examined the 

ballistic injection velocity and the ballistic channel resistance. The ballistic injection 

velocity depends on the conductivity effective mass and is higher for III-V devices due to 

-valley electrons.  We also showed that the ballistic 

channel resistance depends on channel material and structure.  Current generation silicon 

MOSFETs have a channel resistance that is comparable to the ballistic channel 

resistance.  GaAs MOSFETs would have a larger ballistic channel resistance, which 

might limit low voltage applications.  Although we have ignored wavefunction 

penetration in the gate insulator, which could be important for III-V devices, the general 

considerations discussed in this work should apply in practice.      
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3. NEGF STUDY OF INGAAS SCHOTTKY BARRIER MOSFETS 

Most of this chapter, except the introduction, is reproduced verbatim with permission 

from the following IEEE publication: 

© 2008 IEEE. Reprinted, with permission, from IEEE Electron Devices Meeting 

Proceedings NEGF analysis of InGaAs Schottky barrier do H. 

S. Pal, T. Low and M. S. Lundstrom. 

 

3.1 Introduction 

III-V materials are attractive as possible MOSFET channel material due to their 

low transport effective mass, and close to ballistic transport properties [40]. Apart from 

the low density-of-states [12, 41] issue, there are several challenges that need to be solved 

before III-

related to the source/drain region of the III-V device. Some of these issues are illustrated 

in this section, and metallic source/drain Schottky barrier MOSFETs (SBFETs) are 

explored in this chapter as an alternative to circumvent some of these issues.  

 

3.1.1 Junction leakage 

Most current III-V devices are modulation doped, and are fabricated with implant-

free processes. That is because implanting dopants in III-V materials and subsequent 

activation is a huge fabrication challenge. The transfer characteristics of an In0.53Ga0.47As 

channel MOSFET with a Si implanted n+ source and drain regions are shown in fig. 3.1 

[42, 43]. The off-state drain current (ID) is only two orders of magnitude lower than the 

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.Pal,%20H.S..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.Pal,%20H.S..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.%20Lundstrom,%20M.S..QT.&newsearch=partialPref
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on-state current, suggesting that the device cannot be turned off. This was previously 

attributed to Fermi level pinning arising from high interface trap density at the channel 

and gate dielectric interface. Further analysis of the source and the substrate current 

shows that the source-to-drain current (IS) can be modulated up to six orders of 

magnitude, and hence the device has very good gate control. At the off-state, the 

substrate current (ISUB) is much larger than IS, showing a high leakage current at the drain 

to substrate reverse biased p-n junction. This leakage may be trap-assisted due to the 

defects originating from an implanted drain. Much effort is required on optimizing the 

fabrication technique to create a leakage free junction in doped III-  

 

3.1.2 Source exhaustion 

The solid solubility limit of dopants in III-V materials is much lower than that in 

Si. This results in a lower source/drain charge density and a high parasitic series 

resistance at the doped source and drain [44, 45]. The lower carrier density at the source 

also causes transconductance (gm) degradation at high gate bias when the channel charge 

density gets comparable to that at the source. Studies on 60 nm gate length III-V channel 

HEMT devices reveal that they can be modeled as a ballistic channel with external 

source/drain series resistances [46, 47]. The gm degradation of this device occurs at much 

lower gate bias than that caused by series resistance alone, and a possible explanation 

Fig 3.1: Semilog plot of drain current (low and high VD), source current and  
substrate current vs. gate bias. 
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arises from the low source doping [47]. This can be explained from a couple of different 

point of views. One of them points out that since transport in III-V devices is 

-states (those 

aligned to the transport direction). However since the scattering rate in these materials is 

low due to the small effective mass, the source cannot maintain equilibrium distribution 

across all k-states. Hence the gm degrades at high gate bias as carriers with longitudinal k-

states get depleted at the source, te [48]. 

 

Fig 3.2: Conduction band diagram along the transport direction obtained from drift-
diffusion simulations of a Si channel DG MOSFET at high drain bias and various gate 

bias for source/drain doping of NSD = 1×1020 /cm3. 

 

Fig 3.3: Transconductance (gm) vs. gate bias for the LG = 20 nm Si device, for 
different source/drain doping. 
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There is however another explanation for the gm degradation due to low source 

channel carrier density gets comparable to that at the source at gate bias, gm drops as the 

source cannot supply more carriers. This electrostatic effect is independent of channel 

material and transport model used in simulations. To illustrate this, a 20 nm Si channel 

double gate MOSFET is analyzed with drift-diffusion simulations. Figure 3.2 shows the 

conduction band diagram for this device with 1×1020 /cm3 source doping for various gate 

biases, obtained with drift-diffusion simulations. The channel barrier gets comparable to 

the source at 0.6V gate bias, and the gm drops if the gate bias is further increased (fig. 

3.3). The gm degradation starts at lower VG if the source doping is decreased, as is the 

case with III-V channel devices. This phenomenon is purely electrostatic, and is 

independent of the channel material or transport simulation method.  

In this chapter, Metallic S/D Schottky barrier MOSFETs (SBFETs) are being 

explored as an alternative to effectively eliminate these source doping challenges of III-V 

devices. In0.53Ga0.47As is used as a representative III-V channel material in this study to 

compare SBFETs with doped S/D III-V n-channel MOSFETs and also to compare III-V 

and Si n-channel SBFETs. The subthreshold swing, transconductance and on-current are 

compared for various device dimensions and Schottky barrier energy. 

 
Fig 3.4:  Flow chart of the self-consistent loop implemented in the nanoMOS program. 
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3.2 Simulation Methodology 

The non-equilibrium Greens function (NEGF) approach within an effective mass 

treatment is employed in these simulations using the nanoMOS program [49]. The 

Schrödinger equation is solved exactly along the confinement direction while quantum 

ballistic NEGF is used along the transport direction, in conjunction with self-consistent 2-

D electrostatics (fig. 3.4). The channel effective masses of thin film In0.53Ga0.47As are 

interpolated from sp3d5s* tight-binding calculation of GaAs and InAs effective masses 

[39]. The double gate device structure is shown in fig. 3.5a, along with the quantization 

(z) and transport (x) directions. Figure 3.5b shows the extracted quantization and 

transport mass (i.e. mz and mx) as a function of film thicknesses, TBODY. The effective 

masses increase with decreasing channel thickness, an already well-known phenomenon 

attributed to bandstructure non-parabolicities of the III-V materials [50, 51]. The 

effective masses for silicon are assumed to remain constant at the bulk values for all the 

body thicknesses considered here [51]. The metallic source/drain is treated within the 

effective mass formalism, with a large energy gap from the metal conduction band to the 

Fermi level (bandwidth). A finer mesh with a different effective mass is used to describe 

Fig 3.5: (a) Double gate device structure used in the simulations. (b) Quantization and 
transport effective masses of In0.53Ga0.47As for varying body thickness calculated 

based on a Vegard Law approximation of the masses of InAs and GaAs. The masses 
of InAs and GaAs are extracted from a sp3d5s* tight-binding calculation. 

 

 (a)   (b)  
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the metal contacts. The finer position grid is required due to the large bandwidth in the 

metallic source/drains, creating grid non-uniformity in the source/drain to channel 

junction.  

In this work, a finite differencing NEGF scheme with a non-uniform mesh and 

spatially dependent mass is developed for simulating SBFETs. The choice of the metal 

parameters, i.e. metal occupied bandwidth and metal effective mass are unknown 

quantities, which are commonly extracted by calibrating with experimental data on 

Schottky diode. Figure 3.6 shows the excellent corroboration of our model with 

experimental data on NiSi/Si Schottky diode. Using a parasitic resistance Rext = 0.3 cm2, 

metal bandwidth BW = 1.0eV, metal mass of mM = 0.5m0, Schottky barrier height of SB 

= 0.65eV and channel doping of ND = 1x1016cm-3, we obtain a best fit to the experimental 

curve [52] in the forward bias regime. The less satisfactory match in the reverse bias 

regime is due to the full depletion approximation used in our Schottky diode model. SB 

= 0.65eV is the commonly cited value for NiSi/Si. We shall use this set of metal 

parameters for our subsequent study in this work. 

 

Fig 3.6: Benchmarking of experimental NiSi/Si Schottky diode IV characteristics with 
NEGF Schottky model. 
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Fig 3.8: (a) Sample conduction band diagram of a SBFET with a large Schottky 
barrier energy, where subthreshold region transport is modulated by the Schottky 

barrier. (b) Similar diagram for a small Schottky barrier energy, where subthreshold 
region transport is modulated by a thermionic barrier. 

 

 (a)   (b)  

Fig 3.7: Subthreshold swing (SS) vs. Schottky barrier energy ( SB) for an InGaAs 
MOSFET, an InGaAs SBFET and a Si SBFET. 
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3.3 Device Evaluation 

Subthreshold swing (SS) and transconductance (gM) are two important device 

metrics that characterize performance in the subthreshold and overdrive regimes 

respectively. We conduct a systematic study of an InGaAs SBFET, an InGaAs MOSFET 

((001)/[100] surface/transport orientation) and a Si SBFET ((001)/[110]) with a double-

gate (0.7nm EOT insulator) device. We compare devices of channel lengths LG=10, 

20nm for a range of body thicknesses, 2nm < TBODY < 6nm. A Schottky barrier energy 

SB = 0.2, 0.4eV is used for the SBFET simulations, and image force effects are ignored. 

A source/drain doping of 1x1019 /cm3 and series resistance RSD = 200, 500 -um are 

assumed for the InGaAs MOSFET. The gate work-function is adjusted to maintain a 

constant off-current (Ioff) of 1nA/µm for all the devices.  

The variation of subthreshold swing (SS) with varying Schottky barrier energy is 

shown in fig. 3.7

60mV/dec. The SS for the SBFETs are higher than the MOSFET at high SB, and 

decreases at lower SB, suggesting poor subthreshold characteristics. The Si SBFET has 

higher SS than the corresponding InGaAs channel device at high SB, when the transport 

in the subthreshold regime is controlled by a tunneling barrier at the source-channel 

interface (fig. 3.8a). This demonstrates the advantage of lighter effective mass in the III-

V materials in tunneling transport. For low SB, carrier transport is controlled by a 

thermionic barrier just like a MOSFET (fig. 3.8b), and hence all three devices show 

similar SS. As shown in fig. 3.9a, subthreshold swing of the InGaAs MOSFET is nearly 

independent of the body thickness for such thin-body structures. The SBFETs exhibit a 

SS that decreases with TBODY in an approximately linear fashion. This phenomenon has 

been experimentally established [53]. The channel electric field at the source  Schottky 

interface (ES) increases linearly as a function of VG as depicted in fig. 3.10a. Therefore, 

the metric dES/dVG is a measure of the efficiency of VG in modulating ES, which 

essentially is a measure of SBFET performance as a switch. Indeed, fig. 3.10b shows that 

dES/dVG improves with decreasing TBODY, suggesting better electrostatics and therefore 

the better SS. The better SS for the InGaAs SBFET compared to its Si channel 
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counterpart in fig. 3.9a is due to its smaller transport mass, which makes the ION more 

sensitive to changes in ES. The SS for SBFETs increases drastically compared to the 

MOSFET as LG is scaled down to 10nm (fig. 3.9b), suggesting that SBFETs are less 

scalable than MOSFETs in general [54]. Transport in the subthreshold region is 

dominated by thermionic emission at this LG, and tunneling at the top of the barrier 

makes the SS of InGaAs SBFET particularly worse. 

 

  

 (b)   (a)  

Fig. 3.9: (a) Subthreshold swing (SS) for InGaAs SBFET, Si SBFET and InGaAs 
MOSFET versus TBODY for LG = 20nm. For the SBFET devices, we consider SB = 
0.2 (dashed) and 0.4eV (solid). The InGaAs MOSFET has a series resistance RSD = 

500 -um. (b) Same as (a) except for LG = 10nm. 
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 Increasing SB ON 

exponentially. SB is usually set by the composite material system rather than being a 

) results in 

an apparent increase of SB. This effect is especially strong for III-V materials due to the 

smaller quantization mass than Si. Figure 3.11a shows ION as a function of TBODY for 

Fig. 3.10: (a) Channel electric field at the source Schottky interface (ES) as a function 
of VG for InGaAs SBFET, Si SBFET with various TBODY for LG = 20nm. We consider 

SB = 0.2eV. (b) Plot of dES/dVG as a function of TBODY for InGaAs SBFET and Si 
SBFET devices represented by dotted and solid lines respectively. We consider cases 
with LG = 10, 20nm and SB = 0.2eV. Evidently, dES/dVG increases with decreasing 

TBODY. 

 

 (a)   (b)  
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InGaAs and Si SBFETs for SB = 0.2eV. Instead of an improved ION with decreasing 

TBODY as in the case for Si, InGaAs exhibits an opposite phenomena when a constant bulk 

mZ is assumed (dotted line). The apparent increase of SB due to body confinement effect 

completely negates the benefit of improved SS with decreasing TBODY. Accounting for 

the increase of mZ due to non-parabolicity helps to retard the increase of  and result in an 

improved ION with deceasing TBODY (fig. 3.11a). In light of this, we shall define an 

effective Schottky barrier height SB = SB +  to facilitate our subsequent analysis.  

 

  

Fig. 3.11: (a) ION of the InGaAs SBFET and Si SBFET devices as function of TBODY 
for LG = 20nm. We set SB = 0.2eV. The dotted-line considers the case where non-
parabolicity effect is un-accounted for the InGaAs SBFET (b) same as (a) except for 

effective Schottky barrier height SB = 0.2eV. 

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

Fig. 3.12: (a) Transconductance (gM) of InGaAs SBFET and Si SBFET as function of 
VG. We set LG = 20nm, TBODY = 2nm and SB = 0.2, 0.4eV. (b) Transconductance gM 
of InGaAs MOSFET as function of VG. We set LG = 20nm, TBODY = 2nm and consider 
parasitic contacts resistance RSD = 500, 200 -um. In contrast to SBFET, the MOSFET 
gM saturates shortly above threshold, while the former increases exponentially. For all 

the calculations, VD = 0.7V. 
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Figure 3.11b shows the ION as a function of TBODY for InGaAs and Si SBFETs for 

SB = 0.2eV. Based on this comparison, InGaAs and Si SBFETs both exhibit similar ION 

characteristics that increase with decreasing TBODY. The better SS of the InGaAs SBFET 

than its Si counterpart is reflected in its higher ION. The transconductance (gM) for both Si 

and InGaAs SBFETs are similar as depicted in fig. 3.12a. The lower density-of-states of 

InGaAs compared to Si could have lowered the gM, but that is compensated by the lower 

transport effective mass which facilitates tunneling in the InGaAs. Figure 3.12b shows 

the gM of the InGaAs MOSFET for two different series resistances, showing that 

lowering the parasitic series resistance is vital to improving the gM and ION. Lower source 

doping in the MOSFET causes source exhaustion at high gate bias as the channel charge 

density becomes comparable to that at the source (fig. 3.13). The charge density at the top 

of the barrier gets limited by the source charge density, and does not increase much with 

increasing gate bias. This leads to gM degradation in the InGaAs MOSFET, while gM for 

SBFETs increases exponentially with increasing VG. Saturation of gM for SBFET begins 

r lateral confinement of states 

(fig. 3.14).  

Fig. 3.13: Position resolved conduction band diagram from off to on-state (VG = 
0~0.5V) for a TB = 5nm and LG = 20nm InGaAs MOSFET. The lowest plot shows the 
onset of source exhaustion, where the top-of-the-barrier is pushed close to the source 
conduction band edge. The source cannot supply more charge if the gate voltage is 

further increased. 
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Fig. 3.15: Energy resolved on-state current distribution showing peaks corresponding 
to the resonances in the local density-of-states. The dotted line shows the conduction 

band at the on-state. 

Fig. 3.14: Energy-position distribution of local density-of-states for InGaAs SBFET at 
on-state, where gM 
source-to-drain confinement of states. The dotted lines show the conduction band at 

off and on-state. 
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The density-of-states demonstrates the standing wave pattern formed by 

reflections at the source-to-channel and the channel-to-drain Schottky barriers. As a 

result, the energy resolved current spectrum (fig. 3.15) also shows distinctive peaks 

corresponding to the peaks of the density of states. The standing wave pattern in the 

density of states and the energy resolved current peaks are characteristic of the ballistic 

transport simulations, and may diminish in the presence of scattering. The peak gM for 

SBFETs improves with body thickness scaling (fig. 3.16a). InGaAs has a lower gM than 

Si at SB = 0.2eV due to lower density-of-states. However, tunneling efficiency is more 

important at SB = 0.4eV, making the InGaAs gM comparable to that of Si. The gM of 

InGaAs MOSFET is fairly independent of the body thickness (fig. 3.16b).  

 (a)   (b)  

Fig. 3.16: (a) Peak transconductance vs. Body thickness of InGaAs and Si SBFET for 
SB = 0.2, 0.4eV and LG = 20nm. (b) Similar plot for InGaAs MOSFET with Rsd = 

200, 500 -um. 
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Fig. 3.17: Color intensity plot of the percentage difference in the on-state current of 
InGaAs SBFET and MOSFET for a TB = 3nm and LG = 20nm device, where a series 

resistance of RSD = 500 and 200 um for MOSFET is employed for (a) and (b) 
respectively. The SBFET uses a SB = 0.2eV. They are plotted as function of on-state 
supply voltages and off-state current. The dotted line indicates the boundary where the 
current for both devices are the same. (c) Similar comparison of InGaAs SBFET and 

Si SBFET on-current. 
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Finally, we conduct a systematic evaluation of the InGaAs SBFET versus its 

InGaAs MOSFET and Si SBFET counterparts. Due to their different device properties 

(i.e. SS and gM) their ION should be evaluated over the device specification space 

stipulated by IOFF and VDD. Figure 3.17a compares the ION of an InGaAs SBFET with an 

InGaAs MOSFET while fig. 3.17c compares the ION of an InGaAs SBFET with a Si 

SBFET. From fig. 3.17a and fig. 3.17c, we see that the ION of an InGaAs SBFET can 

outperform its InGaAs MOSFET as a high performance device, and its Si SBFET 

counterpart in the low power region. Figure 3.17b shows that InGaAs MOSFET will 

perform better than the SBFET if the RSD is low. 

 

3.4 Conclusion 

 InGaAs SBFETs are compared with InGaAs doped source/drain MOSFETs and 

Si SBFETs using quantum ballistic NEGF simulations to evaluate their subthreshold and 

gate overdrive characteristics. We find that the increase in SB as a result of the strong 

body quantization effect is detrimental to its ION. Bandstructure non-parabolicity in III-V 

materials helps to retard the increasing body quantization energy with decreasing TBODY. 

The InGaAs SBFET exhibits better SS than its Si counterpart due to its smaller transport 

mass. Compared with its MOSFET counterpart, it exhibits an exponentially increasing gM 

with VG. We find that SBFETs are less scalable than MOSFETs when the channel length 

is decreased from 20nm to 10nm. The SBFET performance is strongly influenced by the 

Schottky barrier height, while the parasitic series resistance limits the ION of MOSFET. 

We demonstrate that in the IOFF vs. VDD space, one can find a window in which the ION of 

InGaAs SBFET should outperform its InGaAs MOSFET and Si SBFET counterpart.  

   

 

 

 



37 
 

 
 

4. EXPERIMENTAL VERSUS BALLISTIC SIMULATION 
COMPARISON OF SHORT CHANNEL THIN SOI  MOSFETS 

4.1 Introduction 

As silicon MOSFET channel lengths continue to shrink, their performance should 

be assessed against the upper (ballistic transport) limit. One reason is to meaningfully 

compare projected silicon technology against alternative channel material FETs, which 

appear to operate close to the ballistic limit [55-57]. Another reason is to determine 

whether the historical 50-60% ballistic ratio (i.e. the ration of measured drain current to 

the ballistic drain current) is changing as channel lengths decrease below 50nm and 

device structures change from bulk MOSFET to SOI, FinFET, and trigate MOSFETs.  In 

this chapter, we analyze the performance of recently reported extremely thin SOI 

(ETSOI) n-channel MOSFETs [58, 59] and compare measured performance to ballistic 

simulations.  

 Understanding scattering in nanoscale MOSFETs is also important to guide the 

evolution of device modeling and simulation capabilities. The importance of including 

quantum mechanical effects in nanometer scale MOSFETs is widely recognized. In drift-

diffusion simulation, still the workhorse for device simulations in industry, quantum 

effects are included as semi-empirical corrections to the classical solution. Full quantum 

solvers like the non-equilibrium Greens function (NEGF) technique [14, 60, 61] can 

accurately describe quantum transport, but their computational complexity has largely 

limited their use to ballistic simulations. Scattering can be included when the 

computational burden can be accepted [62], or highly simplified approaches can be used 

(e.g.[16]).  So there exists a gap between quantum ballistic simulators that are accurate 

only in the ballistic limit, and drift-diffusion simulators that are accurate in the diffusive 
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limit. A clear understanding of scattering in sub-50nm silicon MOSFETs is needed to 

guide the development of more accurate quantum transport simulators. 

MOSFETs were first assessed against the ballistic limit by Assad [63, 64] who 

found that for 250nm bulk MOSFETs the ballistic ratio under on-current conditions was 

50-60%. Assad compared measured MOSFET characteristics to the ballistic performance 

[65] that treats the semiconductor 

capacitance and 2D electrostatics with an empirical model [66].  Subsequent work for 

subsequent generation MOSFET using a version of what has become known as the 

virtual source model [67] found similar ballistic rations at somewhat small channel 

lengths [5, 13].  A recent analysis of bulk MOSFETs by Jeong et al [68] found similar 

ballistic ratios and also estimated the mean-free-path for backscattering and the critical 

length for scattering as well [69]. Because it is difficult to perform 2D ballistic 

simulations of bulk MOSFETs, Jeong also use Rah -of-the-barrier 

model as the ballistic reference.  In this chapter, we follow an analysis procedure similar 

0nm) 

and an extremely thin SOI structure rather than a bulk MOSFET.  Second, we use as our 

ballistic reference, nanoMOS simulations [49], which can provide 2D simulations of 

quantum transport in the ETSOI structure.  Third, we also examine the temperature-

dependence of the measured characteristics and compare them to ballistic simulations to 

shed light on the underlying scattering mechanisms. 

This chapter is organized as follows. Section 4.2 provides a brief description of 

the SOI devices and presents the room temperature extraction of key device parameters. 

The capacitance-voltage data (measured at IBM) and I-V data (measured at Purdue) are 

used to estimate the charge and velocity at the top-of-the-barrier. In Sec. 4.3, ballistic 

simulations of these devices using the NEGF formalism are then presented. Using the 

measured data presented in Sec. 4.2 and then ballistic simulations discussed in Sec. 4.3, 

scattering theory is used in Sec. 4.4 to estimate the mean free path and critical length in 

these devices. The temperature-dependence is examined in Sec. 4.5, and device data and 

ballistic simulations are compared to clarify the role of the various scattering 



39 
 

 
 

mechanisms. Section 4.6 discusses the charge and velocity at the top of the barrier for 

these devices and compares them to a virtual source (VS) model fitted to the 

experimental data. Finally, conclusions about scattering in Si SOI MOSFETs with 

channel lengths less than 50 nm are presented in Sec. 4.7. 

 

Fig. 4.1: Schematic cross section of the ETSOI devices fabricated at IBM Research [58, 
59]. The dotted line shows the NEGF simulation domain.  The source/drain series 

resistances are added during postprocessing. 

 

Table 4.1: Device geometry and material parameters 

Gate Length (LG) 40 nm and higher 

Effective channel length LG  (1-2 nm) 

Channel thickness 8.6 nm +/- 0 nm 

SiON insulator thickness 1.1 nm 

VDD 1 V 

Gate material n+ Polysilicon 

BOX thickness 145 nm 
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4.2 IBM ETSOI device characterization 

A brief description of the extremely thin channel silicon-on-insulator (ETSOI) 

devices is shown in this section. A schematic cross-section of the devices is presented in 

fig 4.1, with the device geometry parameters shown in table 4.1 [55]. Only the n-channel 

devices are analyzed in this chapter. The devices are fabricated on a SOI wafer with 145 

nm buried oxide (BOX) and 8.6 nm undoped SOI layer. The gate oxide is 1.1 nm of 

silicon oxynitride (SiON), and the gate material is heavily doped polysilicon. The 

source/drain extensions are heavily doped with sheet carrier density greater than 1014 cm-

2 (> 1.2×1020 cm-3). Dopant diffusion from the source/drain extensions is minimized by 

using millisecond laser anneal instead of rapid thermal anneal. There is an overlap of 1 

nm on each side between the source-channel junction and the gate. The metallurgical 

junction is defined as the point at which the source/drain doping drops to 1×1019 cm-3, 

after which the doping falls off at 0.7 nm/decade as estimated by process simulation. 

The measured subthreshold parameters of these devices are presented in fig 4.2. 

The subthreshold swing (SS) and drain induced barrier lowering (DIBL) are measured at 

a drain current (ID) of 1 µA/µm. The devices show good electrostatic integrity, with both 

SS and DIBL below 100 mV/dec and 100mV/V respectively, down to a gate length (LG)  

  

Fig. 4.2: Subthreshold swing (at VD = 1V) and DIBL (between VD = 0.05V and 1V) 
as a function of gate length for the ETSOI devices, computed at a current of ID = 1 

µA/µm. 
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of 40 nm. The output characteristics are shown in fig 4.3(a) for LG = 40 nm, and the 

threshold voltage (VT) and on-state current (ION) scaling behavior in fig 4.3(b). The VT is 

negative for the short channel devices; a negative back gate bias is used to increase the 

VT. Figure 4.4 shows the variation of total resistance with LG, and a linear extrapolation 

yield a source/drain series resistance (RSD) of RSD -µm, which is very close to the 

RSD -µm reported in [58].  

The measured capacitance-voltage (C-V) characteristics for the poly gate, SiON 

insulator and Si channel is shown in fig 4.5. The measured capacitance rolls off at high 

gate bias, which is an artifact of gate leakage. The total, effective insulator thickness in 

inverion includes a contribution of 0.45 nm due to polydepletion, 0.9 nm of equivalent 

oxide thickness (EOT), and 0.5nm from semiconductor capacitance, adding up to a total 

electrical thickness of 1.85nm at high gate bias [70]. The Schrödinger-Poisson 

simulations using the Schred program [30, 71] with polysilicon gate and metal gate are in 

close agreement with these estimates. These simulations used a SiON relative 

1×1020 cm-3. 

 

 

Fig. 4.3: (a) Output characteristics of the ETSOI device, for VG = -0.45V to 0.55V at 
0.1V increment. (b) On-state current (ION) and saturation threshold voltage (VT) as a 
function of gate length. ION is measured at a fixed gate overdrive of VG  VT = 0.7V. 
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Fig. 4.4: Total source to drain resistance measured at VG  VT = 0.7V as a function of 
gate length. The y-intercept yields a source/drain series resistance of   RSD -µm, 

which is very close to the RSD -µm reported in [58]. 

 

Fig. 4.5: Measured capacitance  voltage characteristics of the large area polygate  
insulator  SOI system. The capacitance dropoff at high gate bias is believed to be 

measurement error caused by gate leakage. Schrödinger-Poisson simulation of the system 
performed using Schred is shown with polysilicon gate and metal gate for reference [30, 

71]. 
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The charge on the top of the barrier can be estimated by integrating the C-V 

characteristics, with the integration limit adjusted for DIBL, VT rolloff and series 

resistance [13]. The resulting analysis yields a on-state charge of 8×1012 cm-2 at VG  VT 

= 0.7V. Using this charge density, the channel mobility can then be extracted from the 

slope of the channel resistance vs LG characteristics. This analysis yields a channel 

mobility of 370 cm2/V-s. This mobility value is higher than the 200 ~ 300 cm2/V-s 

mobility values usually observed under high bias in bulk MOS devices with highly doped 

channels. This high mobility is a result of using an undoped channel, although the value 

extracted here is somewhat lower than the value reported by Majumdar et al. [58]. The 

injection velocity at VD = 1.0V and VG  VT = 0.7V as estimated form the measured on-

state current and charge is 7.3×106 cm/s for the LG = 40 nm device. 

 

4.3 Comparison to ballistic simulations 

Ballistic simulations of the ETSOI devices were performed using the nanoMOS 

program on the nanoHUB [49, 72]. NanoMOS solves the Schrödinger equation along the 

confinement dimension for the confined modes, and uses the non-

function (NEGF) method for transport simulation, assuming decoupled modes.  The 

channel material is represented with a parabolic band approximation, with transport, 

width and confinement effective masses of 0.165m0, 0.26 m0 and m0 respectively, which 

are appropriate for strained Si [73]. The subthreshold characteristics of the device and the 

simulation results are shown in fig 4.6. Both the SS and DIBL deteriorate as the channel 

length is scaled down, which is expected due to short channel effects, and observed in 

both measurements and simulations. One way to mitigate the short channel effect is to 

bias the back gate with a large negative voltage, thus pushing the electrons closer to the 

front gate. As show in fig. 4.6, the NEGF simulations show a reasonably close agreement 

with the measured data, particularly for the shorter channel lengths.  
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Fig. 4.6: (a) Subthreshold swing (SS) and (b) drain induced barrier lowering (DIBL) as a 
function of channel length (Lch) for different back gate bias (VB). The nanoMOS 
simulations are in close agreement with measured data, showing that the device 

electrostatics is closely reproduced for the short Lch devices. 
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 The measured transfer characteristics for the LG = 40 nm ETSOI device and the 

NEGF simulations are shown in fig 4.7(a). A very good agreement in the subthreshold 

regime is observed, confirming an accurate treatment of the device electrostatics. Figure 

4.7(b) shows that the ID-VD characteristics for the device at VG - VT = 0.7V and the 

corresponding ballistic simulation. The intrinsic ballistic current at such a large intrinsic 

bias is quite high. The effect of the source/drain series resistance is taken into account by 

postprocessing the simulation results. The resulting extrinsic, ballistic on-state current 

(i.e. the current for a ballistic MOSFET with two series resistances attached) is almost 

twice the measured value, showing that this LG = 40 nm Si channel ETSOI device 

operates at about 50% of the ballistic limit. From the ION = 1.9 mA/µm at an extrinsic VG-

VT = 0.7V, and using RSD -µm, the intrinsic voltages in the on-state are VD = 

0.5V and VG-VT = 0.4V. (To account for the poly depletion, which is not included in the 

nanoMOS simulation, the VG is adjusted by 0.05V, which is the estimated potential drop 

due to polysilicon gate depletion.) The simulation gives a charge at the top-of-the-barrier 

of 9×1012 cm-2 at this intrinsic bias point.  

At high drain bias, the ballistic ION is given by the product of the charge at the 

top-of-the-barrier and the ballistic injection velocity (ION = Qix0vinj), which gives a 

ballistic injection velocity of 1.35×107 cm/s at the given charge and on-state current. Note 

that the charge is somewhat higher than that computed (as discussed in section 4.2) from 

the measured capacitance. The presence of the n+ source very close to the top-of-the-

barrier reduces the barrier energy and induces additional charge, an effect that cannot be 

captured by the simple calculations of the previous sections, and necessitates a full 2-D 

Poisson calculation [74]. Because the charge at the top of the barrier estimated in Sec. 4.2 

was about 11% too low, the corresponding estimate for the injection velocity was about 

9% too high.  Making this correction, the injection velocity is about 6.6×106 cm/s, which 

is about 50% of the simulated ballistic injection velocity, and confirms the ballistic ratio 

obtained from the on-state currents.  Finally it should be noted that the uncertainly in the 

source to channel overlap (1-2nm) introduces some uncertainty into the simulated 

ballistic charge and injection velocity at the top of the barrier. 
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(a) 

 

(b) 

Fig. 4.7: (a) Log ID vs. VG characteristics of the LG = 40 nm ETSOI device (symbols), 
and the ballistic NEGF simulations (line) for VD = 0.05V and 1V. (b) ID vs. VD 

characteristics for the same device and ballistic NEGF simulations (intrinsic) and with the 
effect of series resistance (extrinsic). The measured ION is  50% of that from ballistic 

simulations.  
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4.4 Analysis using scattering theory  

controlled by the charge and velocity at the top-of-the-barrier, or virtual source [65]. 

With a single parabolic band approximation under strong inversion, the current is given 

by [22] 

1/2 1 1/2 1

0 1 0 1

1
1

F DS B F
D G T G T

F DS B F

qV k T
I WC v V V

qV k T
F F

F F
      (4.1) 

where 

1/2 1

0 1

F
T T

F
v v F

F
                                             (4.2) 

Here, Tv  is the thermal injection velocity at the virtual source, 2T Bv k T m  is the 

thermal velocity, 1 1F F C BE E k T  is the energy difference between the source 

Fermi level and the virtual source energy, and 1j FF  is the Fermi-Dirac integral of 

order j [75]. Equations (4.1) and (4.2) assume that a single subband is occupied. The 

simulations show that under on-current conditions, 75% of the carriers reside in the first 

subband. Under low drain bias, the ballistic current expression simplifies to 

 1/2 1

0 12
FT

D G G T D
B F

vI WC V V V
k T q

F

F
                     (4.3) 

 

According to scattering theory, the current in the presence of scattering is reduced 

by a transmission factor [69] 

 0

0
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where 0  is the mean free path for backscattering of the channel carriers. A device is 

ballistic if 0 chL , and diffusive in the other limit. Under the single parabolic band 

approximation, the mobility can be expressed as 

 1/2 10

0 12
FT

eff
B F

v
k T q

F

F
              (4.5) 

Under high drain bias, the ballistic ratio is given as [69] 

 
2

sat
sat

ball sat

TIB
I T

                (4.6) 

According to scattering theory, the transport under saturation conditions is still 

determined by the low field mean free path 0 . The current is determined by 

backscattering in a small critical length (l) close to the virtual source, and the 

transmission can be expressed as [69] 

 0

0
satT

l
                          (4.7) 

which is similar to the form used in the linear regime, with the critical length replacing 

the channel length. Since the critical length is linearly proportional to the channel length 

chl L  [68, 76], the ballistic ratio under saturation is given as 

 
0 0

1 2 21 1 ch
sat

l L
B

                  (4.8) 

The linear regime transmission is extracted from the ratio of measured data with 

ballistic NEGF simulations, and is plotted in fig. 4.8. According to (4.4), the slope of a 

linear fit to the 1/Tlin vs Lch plot is 1/ 0, which results in 0 = 19 nm. An alternative way 

of estimating the mean free path is using (4.5) with the mobility extracted from the 

measured data. Using the µeff = 370 cm2/V-s extracted in sec. 4.2, and 1F = 1 (nanoMOS 

shows top-of-barrier at a kBT below the source Fermi level) results in 0 = 18.3 nm. The 
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mean free path extracted from measured data confirms the result obtained using the 

ballistic NEGF simulations. This 0 is higher than the 0 = 14 nm obtained for the LG = 60 

nm bulk MOSFET [68], and can be attributed to the higher mobility resulting from the 

undoped channel in the ETSOI device. 

 The ballistic ratio vs. channel length under saturation conditions (as obtained from 

the ratio of measured current with on-state current from ballistic NEGF) is plotted in fig. 

4.9. A linear fit according to (4.8) using the low field  0 = 19 nm results in a critical 

length that is 14% of the channel length. A ratio of around 10% has been reported for 

other SOI and bulk MOSFETs [68, 77]. The ETSOI devices considered here have 

extremely good DIBL. For low DIBL, the drain has less influence on the virtual source, 

which contributes to the larger critical length to channel length ratio. Finally, we note that 

the mean-free-path and critical length for backscattering cannot be extracted 

independently. We have assumed (following the assumption of scattering theory) that the 

same mean-free-path controls both the low and high VDS current.  The analysis simply 

shows that the resulting numbers are reasonable.    

 

Fig. 4.8: Inverse of transmission in the linear regime vs. channel length, obtained using 
the ratio of measured current and current from ballistic NEGF simulations. Slope of the 

linear fit yields a mean free path of 19 nm.  
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Fig. 4.9: Inverse of ballistic ratio in the saturation regime vs. channel length, obtained 
using the ratio of measured current and current from ballistic NEGF simulations. Slope of 

0.14 chl L .  

 

4.5 Low temperature analysis  

 The room temperature ballistic simulations reveal that these ETSOI devices 

operate under on-current conditions at ~ 50% of the ballistic limit and that scattering has 

a strong effect on the device performance. These devices operate no closer to the ballistic 

limit than did bulk MOSFETs with much longer channel lengths a decade ago [63, 64].  

The temperature dependence of the ETSOI devices is analyzed in this section, in an effort 

to understand the different types of scattering that are important. The measurements were 

performed on a Lake shore 6 arm cryogenic Probe station with magnetic capability and 

temperature controller. Temperature was controlled automatically by varying the flow of 

liquid nitrogen. Data acquisition was done with a HP semiconductor parameter analyzer 

(model 4155B). 
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The temperature-dependent measurements of the long channel ETSOI device are 

plotted in fig 4.10. This long channel data shows that both the linear and the saturation 

regime currents decrease with increasing temperature. The fact that both the linear and 

saturated currents display essentially identical temperature dependence suggests that they 

are controlled by the same scattering processes. A T-1 line is also shown as reference, 

which corresponds to the temperature dependence for acoustic phonon scattering for a 2-

D electron gas [78]. A weaker temperature dependence is observed experimentally 

indicating that acoustic phonons do not control the temperature dependences. The 

expected temperature dependence of surface roughness scattering is rather weak and has 

a exp[-(T/T0)2] dependence, which is determined by fitting mobility data for bulk 

MOSFETs [79]. Indeed such a curve also fits this ETSOI data quite well with the 

parameter T0 = 300K, compared to T0 = 500K as determined for bulk MOSFETs [79]. 

Hence it is concluded that surface roughness is the dominant scattering mechanism and 

should both be taken into effect in device simulations. 

Fig. 4.10: Current in the linear (VD = 0.05V) and saturation (VD = 1V)  regime at high 
gate bias (VG  VT = 0.7 V) for the LG = 1.11 µm ETSOI device as a function of 

temperature (symbols). Both Ilin and Isat show similar temperature dependence for this 
long channel device, which is better fitted by exp[-(T/T0)2] with T0 = 300K than by a 

T-1 curve, both shown for reference. 
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Fig. 4.11: (a) Measured data and (b) ballistic simulation of current in the linear (VD 
= 0.05V) and saturation (VD = 1V)  regime at high gate bias (VG  VT = 0.7 V) for 

the LG = 40 nm ETSOI device as a function of temperature. (c) variation of 
source/drain series resistance (RSD) extracted at different temperatures. 
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The measured temperature-dependent characteristics for the short channel device 

are shown in fig. 4.11. For the short channel device, the temperature dependence is 

greatly reduced, as seen in fig 4.11a. Note, however, from fig. 4.4 that the channel 

resistance is comparable to the series resistance, which make it difficult to separate out 

the temperature dependences of the channel itself.  In fact, the variation in measured Ilin 

corresponds to that from the extracted RSD (fig 4.11c), so the short channel resistance 

seems to have little or no variation with temperature at this low VD regime. The measured 

linear regime current variation with temperature is very close to that from a ballistic 

simulation (fig 4.11b). The saturation drain current is less influenced by series resistance. 

It shows the same trend as seen in the long channel data, but has much weaker 

temperature dependence. The saturation current from ballistic simulations (fig 4.11b) 

does not show any temperature dependence. Surface roughness scattering might be 

expected to dominate both the long channel data and short channel characteirstics. The 

near-equilibrium mobility, however, is expected to affect the saturated current less than 

the linear current [80], which may also explain the weaker temperature dependence of the 

short channel device.  

The short channel transconductance (gm) vs. gate voltage characteristics are 

shown in fig 4.12. In the high gate bias range, the low VD data (fig 4.12a) show no 

temperature dependence at all, while the high VD data (fig 4.12b) still has a small 

temperature dependence. A ballistic calculation of the gm is also plotted alongside the 

measured data. Figure 4.12a shows that although the maximum gm (gm(max)) from ballistic 

simulations is higher than the measured data due to the 50% ballistic ratio, the 

temperature dependence of the gm(max) is very similar. This result shows that for the short 

channel device, the variation of the source/drain Fermi functions with temperature 

explains the temperature dependence of gm(max)) in this device. Hence, the role of acoustic 

phonon scattering in these devices may be very limited. The measured gm at high VD (fig 

4.12b) saturates as the VG increases, which is a clear indication of injection velocity 

saturation. The ballistic current keeps increasing as VG increases because as the top-of-

the-barrier gets pushed down with respect to the source Fermi level, the bands are filled 

to higher levels, which increases the injection velocity. Ballistic simulations cannot 
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reproduce the velocity saturation observed in the measured data or its temperature 

dependence. 

 

 

 

Fig. 4.12: Transconductance (gm) vs. gate bias (VG) for the LG = 40 nm ETSOI device 
and corresponding ballistic NEGF simulations for (a) VD = 50 mV and (b) VD = 1 V. 
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Table 4.2: Parameters used in the VS model 

Input Parameters Extracted Parameters 

CG = 1.9 µF/cm2  

DIBL = 90 mV/V RSD -µm 

SS = 78 mV/dec µeff = 380 cm2/V-s 

Ioff = 0.1 µA/µm vx0 = 0.9×107 cm/s  

LG = 40 nm, Lov = 1 nm Ninv = 6×10
12

 /cm
2
 

  

 

 

4.6 Discussion  

Analysis of the measured data  for the LG = 40nm ETSOI device in section 4.2 

suggested a charge at the top of the barrier of 8×1012 cm-2 and an injection velocity of 

7.3×106 cm/s under high gate and drain bias. The corresponding charge from the 2D 

ballistic NEGF simulation was somewhat higher, 9×1012 cm-2. The calculation of charge 

from the capacitance data assumes that the channel charge is totally modulated by the 

gate. Simulations with 2-D electrostatics, however, suggest that at high gate and drain 

bias in these short channel devices, the close proximity of the source to the top-of-the-

barrier causes significantly higher charge than estimated by simpler models [74]. To 

explore this issue further, we analyze the room temperature I-V characteristics of the LG 

= 40 nm ETSOI device using the virtual source (VS) model. The VS model is a recently 

developed semiempirical model for short channel MOSFETs, based on top-of-the-barrier 

transport [67]. This model has been remarkably accurate in fitting I-V characteristics of 
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bulk Si MOSFETs as well as III-V HEMTs, and is a convenient way of extracting the 

charge and velocity at the top-of-the- ) [67, 68].  

 

 

(a)      (b) 

Fig. 4.13: (a) Log and (b) linear ID vs. VG characteristics of the LG = 40 nm ETSOI 
device (symbols), and the VS model fitting (line), for VD = 0.05V and 1V.   

 

 

Fig. 4.14: Output characteristics of the LG = 40 nm ETSOI device (symbols), and the VS 
model fitting (line), for VG = 0.1V to 0.5V in 0.1V increments. 
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The VS model fits the on-state current ION using the inversion charge density Qix0 

at the VS, and the velocity at the VS vx0. The VS velocity vx0 is considered to be a 

constant, while the charge and hence current varies from linear to saturation regime 

according to  

0 0D ix x SI W Q v F             (4.9) 

where FS DSAT = vx0Leff/µeff 

is approximated by another semiempirical model to imitate the subthreshold and above 

threshold characteristics, using the SS and DIBL, VT  of 

transition from weak to strong inversion) as parameters. In this analysis, the gate 

capacitance (CG), SS, DIBL, Ioff and LG and gate overlap (Lov) are used as input 

parameters, while the RSD, vx0 and µeff are used as fitting parameters to accurately fit the 

measured data. The measured and the fitted ID-VG characteristics for the LG = 40 nm 

ETSOI device at T = 300 K are shown in fig. 4.13, and the ID-VD characteristics in fig. 

4.14. A reasonably accurate fit is obtained using the parameters given in table 4.2. The 

RSD and µeff parameters extracted from the VS model closely match the measured RSD and 

mobility extracted from the capacitance data in section 4.2. The extracted on-state charge 

density at the VS is somewhat smaller than the value estimated in Sec. 4.2 and the 

corresponding injection velocity is somewhat higher. These results illustrate the difficulty 

of extraction the true top of the barrier charge and velocity from measured IV and CV 

data. 

 

4.7 Conclusion  

Comparisons of measured IV characteristics with ballistic NEGF simulations 

using the nanoMOS simulator demonstrates that the Si channel LG = 40 nm ETSOI 

device operates at about 50% of the ballistic limit. This is confirmed by the on-state 

current ratios as well as by the injection velocity ratios. The charge computed from both 

the VS model and the measured C-V characteristics after accounting for VT rolloff and 
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DIBL, is slightly lower that obtained from the 2-D simulation. The difference arises due 

to the presence of the heavily doped source region very close to the top-of-the-barrier, 

which is not taken into account in the simpler calculations. Finally, the linear regime 

transmission and the saturation ballistic ratios extracted from the measured data and 

ballistic NEGF simulations follows the linear variation with channel length. The good 

fitting with a straight line suggests that the simple scattering theory is still valid for the 

ETSOI devices down to 40 nm channel lengths. The low ballistic ratio also points to the 

importance of including scattering in accurate modeling of Si channel devices. The 

temperature-dependent measurements were analyzed in conjunction with ballistic 

simulations to isolate different types of scattering. Ionized impurity scattering is not 

relevant in these devices due to the undoped channel regions. Both elastic phonons and 

surface roughness scattering seem to be relevant from the short and long channel data at 

low VD, while optical phonon scattering is also present at high VD. These represent the 

different types of scattering that should be included within the NEGF formalism to 

accurately simulate realistic Si channel MOSFETs. Both elastic phonons and surface 

roughness scattering seem to be relevant from the short and long channel data at low VD. 

, while optical phonon scattering is also present at high VD. These represent the different 

types of scattering that should be included within the NEGF formalism to accurately 

simulate realistic Si channel MOSFETs. 
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5. ELECTRON-PHONON SCATTERING WITH NEGF 

Some of the figures and text of section 5.4 are reproduced with permission from 

the following IEEE conference proceeding: 

© 2010 IEEE. Reprinted, with permission, from IEEE Silicon Nanoelectronics Workshop 

Electron- H. S. Pal, 

D. E. Nikonov, R. Kim and M. S. Lundstrom. 

 

5.1 Introduction  

Drift-diffusion simulation has been the basis of device transport modeling in most 

industry standard simulators, because it allows a fairly accurate analysis with low 

computational burden. The Boltzmann equation is often solved with the Monte Carlo 

approach to obtain parameters used in the drift-diffusion equations, to gain a deeper 

insight into the device operation, and explore new devices [81-83]. The Monte Carlo 

method can treat different scattering mechanisms, however it is a semiclassical method 

valid only in the long channel limit, with quantum mechanical effects included in a 

phenomenological manner [84]. Quantum mechanical formalisms, like the non-

such as confinement and tunneling in a rigorous manner. So far, however, it was mostly 

used for ballistic transport [14, 28, 85], which is a good approximation only for very 

small devices. As scaling of Si CMOS transistors approaches the 10nm size and 

alternative nanoscale devices are explored, there is an urgent need for an approach that 

treats both quantum mechanics and carrier scattering rigorously and which is universally 

valid independent of the device size. 

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.Pal,%20H.S..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=Authors:.QT.%20Lundstrom,%20M.S..QT.&newsearch=partialPref
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 Applying the NEGF formalism to solve for the ballistic transport in 2-D for a 

realistic device can be computationally intensive, and including scattering makes it 

almost intractable. Scattering can be incorporated in a phenomenological way by using 

Büttiker probes, but the connection between the self-energy and physical scattering 

mechanisms in this case is not straightforward and needs additional study [14-16]. 

Phonon scattering has been included within the self-consistent Born approximation for 1-

D transport simulations in Si nanowires and carbon nanotubes [86-88]. The same 

technique has been used to simulate planar double-gate MOSFETs with extremely thin 

channels [62]. The large width of planar FETs requires solving for a large number of 

transverse modes and poses a computational challenge as compared to 1D structures, 

especially since scattering can couple different transverse modes. In this work, we 

demonstrate that the computational load is significantly reduced by using modified 

in/out-scattering and correlation functions that are integrated over the transverse 

dimension. We present results of rigorous benchmarking of the model with theory and 

Monte Carlo simulations, validating its use with Si channel devices. This allows us to 

rigorously treat the quantum effects as well as phonon scattering within a unified and 

computationally tractable framework for planar FETs. 

 The theoretical framework for including electron-phonon scattering in NEGF 

within the self-consistent first Born approximation is presented concisely in the next 

section, see [89] for a detailed derivation. The form of the in/out-scattering functions are 

derived for elastic (acoustic phonon via deformation potential) and isotropic inelastic 

(non-polar optical phonon) scattering. By elastic scattering we understand processes with 

little change in the carrier energy; the phase is in general randomized in such processes. 

In the derivation, 

function on the transverse momentum. These have been validated by establishing their 

connections with scattering rates used in classical Boltzmann transport theory [89]. The 

appropriate conditions that allow the integration over the unconfined transverse 

dimension are then established. Section III describes the implementation of the approach 

in the NEGF based device simulator, nanoMOS [49, 72], and the benchmarking results 

are presented in Sec. IV. The transport is solved for a fixed (non self-consistent) 



61 
 

 
 

conduction band profile with both NEGF and Monte Carlo simulations, using one band 

and one phonon mode. A linear and a parabolic conduction band profile are used for the 

benchmarking, to mimic a resistive element and a transistor channel. Comparison results 

for both elastic and inelastic scattering process are presented. Simulation of the IBM 

ETSOI device [58] with phonon scattering is presented in section V, followed by the 

conclusions in Sec. VI. 

 

5.2  Formalism 

5.2.1 General formalism 

According to the Keldysh non-

the device is described by a Hamiltonian H , and the self-energy c s  represent the 

effects due to semi-infinite source/drain contacts c and all mechanisms of scattering

s  [14, 28, 61]. If these are known

obtained as 

1
( ) ( )G E E i I H E ,             (5.1) 

where  is an infinitesimal positive value and I the identity matrix. Any potential 

variation within the device is implicitly included in the Hamiltonian itself. The in/out 

scattering functions /in out  (they have contributions from contacts as well as scattering 

too) can be used to obtain the electron and hole correlation functions as 

( )n p in outG E G G . The charge distribution within the device is proportional to the 

main diagonal of these correlation functions while the upper and lower diagonals 

correspond to the current distribution. The scattering component of /in out are often 

dependent on /n pG , and hence a self-consistent calculation is required to solve for the 

charge and current in the device. 
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Phonon scattering [28, 61, 89] is described by qM  - the coupling strength of 

electrons with phonons in mode q , ,q qb b - the creation and annihilation operators, and 

the half-amplitude for one phonon in the total device volume V  with density  

 
2q

q
a

V
h

.          (5.2) 

The averages of the operator products in a reservoir at thermal equilibrium are given by 

' 'q q qq qb b n  and ' ' 1q q qq qb b n  (averages of all other products are zero). Here 

qn  is the phonon occupation number of mode q , and is governed by Bose-Einstein 

statistics assuming an equilibrium phonon population. 

1 2 1 2 1 2 1 2 1 2( , , ) ( , , ) 1 ( , , ) ( , , ) ( , , )in n n
q q q qr r E D r r E n G r r E D r r E n G r r E ,(5.3) 

1 2 1 2 1 2 1 2 1 2( , , ) ( , , ) 1 ( , , ) ( , , ) ( , , )out p p
q q q qr r E D r r E n G r r E D r r E n G r r E (5.4) 

The first and second terms in (5.3) and (5.4) denote phonon emission and absorption 

respectively. The coupling strength is incorporated in the electron-phonon coupling 

operator D , which operates on the terms on its right, and is given by 

 
2 2

1 2 1 2( , , ) exp ( )q q
q

D r r E M a iq r r .     (5.5) 

 

5.2.2 Basis transformation 

The above formalism is applied to the case of a planar MOSFET. The directional 

convention is adopted for the nanoMOS simulator [72]: the transport direction is 

designated as x, the confined direction perpendicular to the gate is z, and the unconfined 
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direction along the width of the devices (considered infinite) is y. The grid sizes in these 

directions are , ,x y za a a . Functions of spatial coordinates need to be transformed to the 

new basis using the eigenfunctions  plane waves along y-axis 

 1/ 2( ) expkt y ty N ik y ,      (5.6) 

where tk  is y-directed transverse momentum, and , ,x y zN N N are the numbers of grid 

cells along the length , ,x y zL L L  in each direction used for normalization. The 

eigenfunctions along the confined direction ( )z are obtained by solving the 

Schrodinger equation with the confining potential, where index  corresponds to 

subbands. We assume that different subbands and states with different momenta are 

uncorrelated, i.e. their relative phases are random. In this case the off-diagonal elements 

contradiction with coupling of the modes by transfer of population in scattering 

processes. After the transformation to the new basis, the   

2 2
1 2 1 2

, ,

1 2

( , , , , ) 1 exp ( )

         ( , , , , )F( , ) .

in
t q q q l

ql qt

n
t t q

x x k E M a n iq x x

G x x k q E abs
                  (5.7) 

where lq  and tq  are the longitudinal (x) and transverse (y) projection of the phonon 

abs. self-energy 

(5.7) is general and does not contain assumptions of isotropic scattering. A similar 

expression with substitution of the hole correlation function and the change of sign of the 

energy yields the out-scattering function out . The form-factor [90] for scattering F  

accounts for all possible transitions between subbands  and . 

* *F( , ) ( ) ( ) ( ) ( )
z

z z z z .              (5.8) 
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5.2.3  Optical phonons 

The in/out scattering functions can be simplified for isotropic scattering with 

phonons of constant energy (with constant matrix element 0qM D , the phonon 

frequency 0q , and the phonon occupation number 0qn n ), which is satisfied by 

optical phonons and deformation potential interaction in non-polar crystals. Since 

exp ( )
q

iqr N r  for summation over the Brillouin zone, the in/out-scattering 

functions are diagonal in this case [89]:  

1 1 0 1 1 0
,

( , , , , ) 1 ( , , , , ) , .yin n
t o t t

qty

a
x x k E K n G x x k q E F abs

L   
(5.9) 

This results in a diagonal self-energy term, permitting the use of recursive inversion 

algorithms (applicable for tri-diagonal matrices) for computing the Greens function [90]. 

The optical phonon coupling constant oK  is defined as 

 
2
0

02o
x y z

DK
a a a

.         (5.10) 

 

5.2.4  Acoustic phonons 

The in/out scattering functions can be drastically simplified in the case of acoustic 

phonon scattering by deformation potential in non-polar crystals. Acoustic phonon 

energy is relatively small and this can be considered as elastic scattering, and the phonon 

occupation number is typically very high 1q B qn k T . For such low energy 

phonons, we can use the first linear term of expansion of energy and coupling matrix 

element over momentum ( q aq  and q aM D q ) [91]. Since the summation over 
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longitudinal and transverse phonon momentum does not involve any electron momentum, 

the in-scattering function is given by [89]: 

/ /
1 1 1 1( , , , , ) ( , , , , ) F( , )yin out n p

t a t
y

a
x x k E K G x x k E

L
                (5.11) 

where the acoustic phonon coupling constant aK  is [91]:  

2

2
a B

a
a x y z

D k TK
v a a a

         (5.12) 

The in/out scattering functions are diagonal in this case, and there is no dependence on 

the transverse phonon momentum.  

 

5.2.5 Approximate summation over the unconfined transverse dimension 

Here we make an approximation under which the simulation complexity can be 

greatly reduced. We would like to eliminate the need to treat each value of transverse 

momentum separately. This approximation is often done for ballistic transport simulation 

[72] and is valid for parabolic bands and constant mass across the device, when the 

Hamiltonian is separable into independent longitudinal and transverse part, and there is 

no transverse variation of bias 2 2( ) 2t t t t tH k k m E  or contact self-energy. Here we 

 

1
( , ) ( ) ( , )l t l l c l s l tG E E E i I H E E E            (5.13) 

The specific dependence on the unconfined transverse dimension arises from the 

scattering self-energy s , so if this dependence is eliminated, the transverse 
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momentum summation can be resolved analytically. We define the electron and hole 

correlation functions summed over the unconfined transverse dimension as 

 

/ /( ) ( , )yn p n p
l t l t

kty

a
G E G k E E

L .            (5.14) 

And similar expressions for the summed in- and out-scattering functions / ( )in out
lE . 

Once we justify a posteriori the assumption that the scattering self-energy and thus the 

summed versions are equal to themselves ( ) ( )l lG E G E
 

and ( ) ( )l lE E . 

Therefore the relation of the correlation functions and scattering functions is still valid. 

/ /( ) ( ) ( ) ( )in out n p
l l l lE G E G E G E .              (5.15) 

 

For acoustic phonons, the in/out-scattering functions are proportional to the 

correlation functions (5.11), and have no explicit dependence on transverse momentum. 

The summation is trivial. 

/ /
1 1 1 1( , , , ) ( , , , ) F( , )in out n p

l a lx x E K G x x E             (5.16) 

For optical phonons, the summation is performed by introducing a change of variable 

t t tk q k in the in/out-scattering functions of (5.9). Here we make the approximation 

that the longitudinal energy after scattering does not depend on the transverse energy. 

This approximation works best when the range of interest of longitudinal energies 

exceeds the phonon energy. 

 
1 1 0 1 1 0

0 1 1 0

( , , , ) 1 ( , , , ) ,

( , , , ) ,

in n
l o l

n
o l

x x E K n G x x E F

K n G x x E F
      (5.17) 
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1 1 0 1 1 0

0 1 1 0

( , , , ) 1 ( , , , ) ,

( , , , ) ,

out p
l o l

p
o l

x x E K n G x x E F

K n G x x E F
       (5.18) 

Thus, under the above assumptions we show that the scattering functions and self-energy 

are independent of the transverse energy. Therefore, 

too. The corresponding electron/hole density and current can be computed as transverse 

integrated terms with only the longitudinal energy to be considered in the simulations.  

 

5.2.6  Self consistent loop 

When electron-phonon scattering is included, an added complexity is introduced 

as the in/out scattering energies and self-energy are dependent on electron/hole density, 

making it a non-linear system. The calculation for the correlation functions /n pG  has to 

be computed self-consistently with the in/out-scattering functions /in out . Equations 

(5.16)-(5.18) are used to compute /in out from previous iteration values of /n pG  (The 

initial guess is from a ballistic calculation). In general, 
1
2

in out
sim , and 

sre is obtained from the Hilbert transform of sim . For elastic scattering with a 

constant coupling, it can be shown that sre  also has the same form as (5.16), so 

( , ) ( , ) F( , )s l a lm E K G E m . The sRe  is included in our simulations for the 

sake of completeness, but it does not have an appreciable effect on the device 

characteristics. The Greens function is then computed using (5.1) and the electron/hole 

density ( )n p in outG E G G  are updated accordingly, and the loop is repeated until 

self-consistency is achieved. 
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5.2.7 Relation to Büttiker probes 

 We note that the method described here is essentially different from the Büttiker 

probe method [14]. That method introduces coupling to a fictitious reservoir at every grid 

point. The coupling to the reservoir is proportional to the expected scattering rate. The 

method has adjustable parameters - Fermi levels of each reservoir. They are calculated in 

a self-consistent loop to insure that the total flux of particle from the reservoir for all 

energies is equal to zero. The self-energy in the Büttiker probe method does not depend 

on the occupation numbers of electrons and holes, and does not have a room to account 

for phonon energy. We believe that out method is more rigorous and physically justified. 

 

5.3 Implementation  

Electron-phonon scattering has been implemented within the NEGF framework in 

the effective mass based device simulator nanoMOS [49, 51, 72, 92]. NanoMOS is 

deployed for public use at www.nanoHUB.org, and can simulate ultra-thin body double 

gate MOSFETs using drift-diffusion and ballistic NEGF transport. For quantum transport 

calculations, the 2D electrons in the channel layer are separated into confined subbands 

(decoupled mode-space approach), and transport in each mode is computed using 1-D 

NEGF separately [93]. The confined modes are uncoupled in the ballistic simulations, 

and coupled through phonons in the scattering calculations. The potential drop in the 

device is updated self-consistently using a 2D Poisson solver. Simulations involving 

scattering start with a ballistic calculation of the electron and hole correlation functions,  
/n pG , which serves as the initial guess for computing the in/out-scattering functions. The 

coupling constants are obtained from deformation potentials and other material 

parameters, no fitting parameters are involved in the process. The in/out scattering 

functions and self energies are diagonal for the electron-phonon interactions considered, 

full matrix inversion. A self-consistent loop is implemented for inelastic scattering which 

monitors the convergence of G , /n pG  and , /in out , and another one for elastic 

http://www.nanohub.org/
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scattering. Compared to the ballistic simulations, the two self-consistent loops are the 

only significant addition in terms of computational complexity. A typical simulation 

including scattering is 20~30 times slower than a ballistic simulation due to these self-

consistent loops. 

 

5.4 Benchmarking  

5.4.1 Elastic Scattering 

A very thin channel double-gate device is used as a model for benchmarking the 

phonon scattering formalism. The transport in the channel region is decoupled from the 

electrostatics for benchmarking. A small constant electric field is applied to the channel 

(fixed linear conduction band profile), while the source/drain is assumed to be in 

equilibrium. Si is used as the channel material, and only the lowest unprimed X valleys 

are assumed to be occupied. The elastic scattering parameter used is that for intra-

subband acoustic phonon scattering in bulk silicon [82]. Figure 1a shows the energy 

Fig 5.1: (a) Energy resolved current image with conduction band vs L, and (b) 
transmission and current distribution vs. energy, for a linear potential with ballistic 

transport, and acoustic phonon scattering. 

 

 (a)  (b) 
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resolved current distribution along this resistive channel and the conduction band profile 

for an example simulation. There is no energy relaxation involved, as only elastic 

scattering is the only scattering mechanism here. The energy resolved transmission and 

current for a ballistic channel and with scattering are shown in fig. 1b. Transmission is 

unity above the conduction band in the ballistic case as expected. Scattering reduces the 

transmission from this ideal limit, and the current reduces accordingly. 

 

Fig. 5.2: Plot of transmission inverse vs. channel length for linear conduction band with 
varying electric fields obtained from Monte Carlo and NEGF simulations. The plot is 

0 = 104nm for intra-subband acoustic phonons. 

 

The acoustic phonon scattering formalism is benchmarked with analytical 

calculations and Monte Carlo simulations. Although the Monte Carlo simulator is 

classical, it can accurately model transport for the linear conduction band assumed here, 

except for extremely scaled channels where quantum effects (tunneling, reflection of 

electron waves, metal induced gap states) cannot be ignored. The Monte Carlo simulator 

takes the incident-flux approach, assuming non-degenerate contacts [91]. In the Monte 

Carlo simulations as well as in the NEGF cases compared with them we set the 

Boltzmann distribution of carriers over energy. The simulation begins with a carrier 
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selected at random from the flux injected from the source contact. The injected carrier is 

accelerated by the electric field along the transport direction during the free flight 

between scattering events, and the momentum is randomized in the two-dimensional 

momentum space after each scattering event. The carrier is followed until it comes back 

to the source or reaches the drain contact. We assume that the carriers that reach contacts 

simply exit the channel. When the carrier injection from the drain contact is suppressed, 

the transmission T can be calculated by dividing the number of carriers reaching the drain 

contact by the total number of carriers injected from the source contact. The source Fermi 

level is aligned to the conduction band at the source, while the drain Fermi level is taken 

to be low enough to suppress any injection from the drain. A non-degenerate carrier 

statistics is assumed, as it makes the verification with an analytical calculation easier. 

The transmission T  in a channel under low electric field can be expressed as 

0 0T L , where 0  is the average backscattering mean free path and L  is the 

channel length [20]. This holds when the field is low enough to maintain near-

equilibrium transport inside the channel. The inverse of transmission varies linearly with 

channel length 01 1T L , and its slope can be used to extract the mean free path. 

Figure 2 shows plots of 1 T  vs. L  from Monte Carlo and NEGF simulations for varying 

channel electric fields. The transmission is averaged over the energy. The plots exhibit a 

linear behavior at low field, and deviates at higher field where the linear relationship does 

not hold. Under high electric field conditions, the transmission increases monotonically 

with increasing field [76]. The scattering rate 1  and mobility q m  for 

acoustic phonon scattering in a 2-D electron gas is governed by material parameters like 

deformation potential and the 2-D density of states [20]. The mean free path 0  is 

linearly proportional to the mobility 0 2t B Lq v k T , which is used to compute 0  

analytically. For a Si channel with 3nm thickness in the confined dimension, the 

analytical value of 0  is 104 nm for the acoustic deformation potential of 9.5 eV. The 0  

extracted from Monte Carlo and NEGF simulations of the slope of 1 T  vs. L plots at low 

field closely match this analytically computed value.  
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 [65], the current is 

determined by the positive (source to drain) and negative going fluxes at the top of the 

barrier, and is expressed as BI I I qWn v qWn v . Here, 

2 02D Fn N F  is the carrier population of the positive k-states given by the 

effective 2D density of states 2
2D v DOS B LN g m k T , where vg  is the valley 

degeneracy factor, and F F C B LE E k T  . The injection velocity 

1 2 02 B L y F Fv k T m F F  is the average velocity of the positive going flux. 

The Fermi-Dirac integrals (F ) of order 0 and 1/2 result from analytical integration over 

transverse modes. The corresponding negative-going flux and velocity are obtained by 

replacing  F  with F D B LqV k T . The current in the presence of scattering is simply 

reduced by the transmission 0 0T L , so that BI T I . For 0L  transport is 

ballistic and 1T , while for 0L  transport is diffusive with 0 BI L I . 

 

Fig. 5.3: Current per unit width vs. channel length for linear potential with zero electric 
field, obtained analytically and by NEGF simulations. (a) Low drain bias (10 mV) with 
injection from both source and drain and (b) high drain bias where injection from the 

drain end is suppressed. 

(a) (b) 
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Figure 3 plots the variation of current with channel length obtained using the 

above analytical calculation, and from NEGF simulations. A flat conduction band profile 

(zero electric field) is used in fig 3(a) with a low drain bias of 10 mV, so carriers are 

injected from both source and drain junctions. The results in fig. 3(b) are obtained 

similarly, but with a high drain bias such that any drain side injection is suppressed. The 

analytical results are plotted for the total current, as well as the currents with the ballistic 

and diffusive approximation. The ballistic NEGF simulations as well as those with 

electron-phonon scattering match very closely with the analytical calculations. The 

current computed using NEGF with scattering varies seamlessly from a ballistic limit 

(independent of L ) at low L  to the diffusive limit (1 L dependence) at large L . We 

observe that the ballistic approximation is valid for 10L nm, the diffusive limit is valid 

for 300L nm, while the full quantum result with scattering is universally valid for all 

channel lengths.  

 

 

Fig. 5.4: Plot of transmission vs. channel length with elastic scattering for varying electric 
fields obtained from Monte Carlo and NEGF simulations. Transmission ~ 1 for fields of 

106 V/cm and higher. 
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The scattering at the kBTL-layer near the top of the barrier determines the 

transmission and steady-state drain current of a MOSFET [21]. This is the length where 

the voltage drops by about one kBTL, and is of the order of one mean free path for well-

designed devices. It is imperative to benchmark the phonon scattering model at the 

electric field magnitudes relevant to the kBTL-layer of a nanoscale MOSFET. Figure 4 

plots the transmission as a function of the channel length for low and high electric fields. 

The transmission monotonically increases with electric field, and goes to one for fields 

exceeding 106 V/cm. Transmission decreases with increasing channel length as expected, 

and shows a close match between the NEGF phonon scattering model and Monte Carlo 

simulations.  

The on-current of a FET is dictated by the charge and velocity at the top of the 

barrier, hence scattering at the top of the barrier plays a significant role in determining 

device performance. The NEGF formalism has also been benchmarked using a parabolic 

potential, which mimics the conduction band profile near the top of the barrier. The 

Fig. 5.5: Plot of transmission inverse vs. channel length for parabolic potential with 
varying drain bias obtained from Monte Carlo and NEGF simulations with 

intrasubband acoustic phonons. Mean free path extracted from the slope of low bias 
(1mV) plot yeilds 0 = 100nm for NEGF and 105nm for Monte Carlo, matching 

closely the analytical value of 0 = 104nm. 
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conduction band profile is of the form 2 2
C DE qV x L , where VD is the difference 

between the drain and source conduction band edges and L is the channel length. Figure 5 

shows that for small VD, the inverse of transmission varies linearly with channel length as 

expected 01 1T L . The mean free path extracted via the NEGF ( 0 = 100 nm) and 

Monte Carlo ( 0 = 105 nm) are reasonably close to the theoretically expected 0 = 104 

nm. It is interesting to note that 1/T varies linearly with L even at large VD. Under high 

bias condition, the inverse of transmission can be expressed as 01 1T l , where l  is 

the critical length for backscattering. It is believed that for elastic scattering, l  is 

kT LkT), which is the distance over which the potential drops by 

kBT/q [69]. It has been derived exactly for 1-D transport and is given as 

ln 1D B D Bl L qV k T qV k T  for linear potential and 

1tanD B D Bl L qV k T qV k T  for parabolic potential [76]. l  varies linearly with 

channel length L and monotonically decreases with increase in VD. It is interesting to note 

that the same linear variation of l  with L is observed under high bias in the 2-D transport 

(fig. 5). 

Fig 5.6: (a) Energy resolved current image with conduction band vs L for a typical 
MOSFET conduction band profile, and (b) current vs. L from NEGF simulations with 

ballistic transport and with acoustic phonon scattering. 

(a) 
(b) 
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Finally, acoustic electron-phonon scattering is simulated on a typical MOSFET 

like conduction band profile. The potential profile (fig. 6a) is self-consistently computed 

using ballistic NEGF calculations of a double-gate MOSFET structure with 1nm SiO2 

insulators and 3nm thick Si channel. The current for 20 nm long channel is close to the 

ballistic limit, and it steadily degrades for longer channels (fig. 6b), showing that acoustic 

phonon scattering is not the dominant scattering mechanism for Si MOSFETs with small 

channel lengths. 

 

5.4.2 Inelastic scattering 

As in the previous case, the inelastic scattering formalism is also benchmarked 

with Monte Carlo using a single phonon mode. A fixed linear conduction band profile is 

assumed in the channel region, while the source/drain is assumed to be in equilibrium. Si 

is used as the channel material, and only the lowest unprimed X valleys are assumed to 

be occupied. The longitudinal optical (LO) phonon mode with a deformation potential of 

11×108 V/cm and phonon energy of 62 meV is used in this study as it is the dominant 

mode for Si X valley [82].  

Fig. 5.7: Energy resolved current density along the channel, along with the conduction 
band. 
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Figure 7 shows the energy resolved current distribution along the channel and the 

conduction band profile for an example simulation of inelastic scattering. The 

deformation potential is artificially increased to highlight the scattering process. Both 

source and drain injection is considered, with the Fermi levels at 0.2V above the 

conduction band edge. As there is energy relaxation involved with inelastic scattering, 

carriers can scatter to higher or lower energies, with higher probability of going to lower 

energies. At the source end, the injected carriers do not have available states at lower 

energies, but some scatter to higher energies. Carriers start scattering to lower energies as 

they progress along the channel. It is interesting to note that due to the high drain bias, 

drain injected carriers cannot reach the source. These carriers get injected from the drain 

end at lower energies, get reflected and scattered to higher energies, and go out at the 

drain contact. 

 

 

 

Fig. 5.8: Plot of transmission vs. channel length with inelastic scattering for linear 
potential with varying electric fields obtained from Monte Carlo and NEGF simulations. 

Transmission ~ 1 for fields of 106 V/cm and higher. 
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Figure 8 plots the transmission as a function of the channel length for high electric 

fields, obtained from NEGF and Monte Carlo simulations. Very low electric fields are 

-energy states to scatter to. The mean 

free path is also not extracted as the T in terms of 0  in Sec. IV.1 is valid for elastic 

process under low bias. The transmission monotonically increases with electric field, and 

goes to one for fields exceeding 106 V/cm. The transmission is, however, clearly different 

from the elastic scattering case considered before, where the transmission decreased 

monotonically with increasing channel length. For the inelastic scattering, transmission 

decreases with increasing channel length only when the potential drop across the channel 

is less than the inelastic phonon energy. In this regime, channel carriers can scatter to 

higher energies only, and they can scatter back and exit at the source end. When the 

potential drop across the channel is more than the inelastic phonon energy (62 meV in 

this case), carriers scatter to lower energies, and cannot exit at the source end. In this 

regime, the current and transmission becomes independent of the channel length. Thus, 

the transmission becomes constant for Lch > 620 nm at 103 V/cm, and Lch > 62 nm at 104 

V/cm, as confirmed from the transmission plots. This effect is also confirmed from the 

Monte Carlo simulations, which show a close match to the NEGF results. 

Fig. 5.9: Plot of transmission vs. channel length with inelastic scattering for parabolic 
potential with varying drain bias obtained from Monte Carlo and NEGF simulations. 
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 The variation of transmission with L is also benchmarked with Monte Carlo 

simulations for a parabolic potential, as shown in fig. 9. The characteristics are similar to 

the linear potential case. When the bias is less than 62 meV, much of optical phonon 

scattering is suppressed as carriers do not have sufficient states at lower energies to 

scatter to. The NEGF calculation predicts higher transmissions in such  low bias regimes. 

The discrepancy is larger for low bias. This is caused by the inaccuracy of the 

approximation we made, that the energy after scattering is independent on the transverse 

energy. This approximation discounts scattering events with emission of a phonon when 

the longitudinal energy is less than a phonon energy away from the band edge. In fact 

such events would occur, if the sum of longitudinal and transverse energy exceeds the 

phonon energy. That explains why the Monte Carlo method predicts smaller transmission 

than our version of NEGF. For drain bias greater than 62 meV, the NEGF results agree 

well with Monte Carlo simulations. 

 

5.5  Conclusion 

A computationally efficient formalism for incorporating electron-phonon scattering 

within the NEGF framework is presented. Previously published formalisms have been 

used for 1-D device simulation of nanowires/nanotubes, but pose significant 

computational challenge in the case of 2-D transport due to the large number of 

transverse modes corresponding to the width dimension. The simulation of different 

transverse modes is avoided in this formalism by implicitly integrating over them in the 

expressions in/out scattering functions. This novel approach dramatically reduces the 

computational complexity, making the inclusion of electron-phonon scattering possible in 

planar MOSFETs. This method is 100~1000 times faster than a full simulation with grid 

in the large transverse width dimension. This formalism is incorporated in the widely 

used NEGF simulator nanoMOS, and tested for optical and acoustic phonons in non-

polar materials, which are coupled to electrons via deformation potential interactions. 

The in/out scattering functions and the self-energy involve only local interaction in these 

cases, resulting in diagonal matrices and allowing an exact solution without full matrix 
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inversion. The NEGF-scattering framework is rigorously benchmarked against classical 

Monte Carlo simulations for model channel structures where quantum effects will be 

minimal, with a broad range of channel lengths and biasing conditions. The results show 

an extremely good match between the two methods except for small channel lengths, 

where contacts dominate the device behavior, which is not captured by the classical 

Monte Carlo technique.  
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6. NEGF SIMULATION OF ETSOI MOSFETS WITH 
SCATTERING 

6.1 Introduction  

It was shown in chapter 4 that current generation silicon (Si) channel MOSFETs 

operate at about 50% of their ballistic limit. Hence, scattering is important in these 

devices, even at gate lengths below 50 nm. In order to quantitatively assess these current 

generation Si MOSFETs, it is important to treat both quantum mechanics and scattering 

in a computationally efficient way. A physics based approach of including electron-

phonon scattering in NEGF was demonstrated in chapter 5. For these devices with a large 

width dimension, integration over the transverse modes leads to significant improvement 

in computation time. This new approach was benchmarked with traditional Boltzmann 

transport formalism, showing a very good agreement between the two. The analysis in 

chapter 4 also suggested that surface roughness is an important scattering mechanism in 

the ETSOI devices analyzed in this thesis. In this chapter, we attempt to realistically 

simulate the ETSOI devices with NEGF and scattering. Including surface roughness 

scattering in a realistic way is a major challenge, and an approximate treatment is 

presented. 

The mobile charge density in the on-state for current generation MOSFETs is 

typically about 1×1013 /cm2, with normal electric fields close to 1 MV/cm [94-96]. This 

pushes the mobile charge very close to the channel-insulator interface, and roughness at 

this interface becomes the dominant scattering mechanism. For extremely thin channel 

silicon-on-insulator (ETSOI) devices, confinement leads to discreet energy levels for the 

channel. Surface roughness (SR) typically causes fluctuation to the width of the quantum 
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well, which leads to fluctuation in the electron energy levels that adds to the scattering 

[97, 98].  

In the next section, we provide a brief review of the theory of surface roughness 

scattering as used within the framework of Boltzmann transport. The SR scattering 

matrix element is then adapted to the NEGF framework in section 6.3. SR scattering is 

anisotropic in momentum space, which requires full matrix inversion for solving it with 

NEGF. We explore the feasibility of approximating it with isotropic elastic scattering, 

which produces diagonal self-energies and enables the use of fast algorithms for the 

solution of the Greens function. The NEGF simulations of the ETSOI devices with 

electron-phonon scattering are presented in section 6.4. The result of including surface 

roughness scattering is presented in section 6.5. The error from the diagonal self-energy 

approximation is investigated in section 6.6, and conclusions are presented in section 6.7. 

 

6.2 Surface roughness scattering model 

The effect of surface roughness on the confined channel electrons was studied by 

Prange and Nee [99], and later by Ando [100] in more detail from the viewpoint of 

Boltzmann transport. r) shift of the surface causes the 

wavefunctions to shift accordingly, without any change in their shape (fig. 6.1). The 

resulting matrix element for SR scattering, known as the Prange-Nee term, can be 

expressed as [99, 100] 

 
2 *

2q qV
m z z

               (6.1) 

q denotes the Fourier components of the zero- r), and  is the 

electron wavefunction, with the derivative taken at the interface. Here, q denotes the 

change in electron momentum before and after scattering. Ando introduced another 

component that takes into account the contribution of the change in potential energy due 

to roughness. This effect is usually smaller than the Prange-Nee term and is neglected in 
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most studies due to its complexity [101], although some point out that its not an 

insignificant effect [102]. We will neglect this potential fluctuation term and consider 

only the Prange-Nee effect. 

 

 

Fig. 6.1: Effect of a shift r of the Si SiO2 interface on the electron wavefunction. The 
potential energy at the centroid is approximately raised by Eeff r where Eeff is the 

effective electric field at the charge centroid. 

 

According to the Prange-Nee term, the SR scattering matrix element depends on 

the derivative of the electron wavefunction at the interface, and q. If (r) denotes the 

deviation of the interface from its mean position due to roughness, the roughness profile 

is characterized by its autocorrelation function < (r) (r )>, whose fourier transform 

gives the power spectrum 
2 2

q Y q . Y(q) is 

momentum dependence of the power spectrum. The square of the matrix element can 

then be represented as 2 2
qV M Y q , where the M denotes the strength of scattering. The 

momentum-dependence of the power spectrum is usually characterized by the Gaussian 
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model 2 2( ) exp 4Y q q  [100]  or by the exponential model 
3 22 2( ) 1 2Y q q  

[103, 104]. The RMS roughness 

model Y(q) are the main parameters characterizing SR scattering. 

The scattering rate due to surface roughness is proportional to the square of the 

matrix element according to the Fermi golden rule, and is expressed as  [99] 

 
2

2
' 2

1 1 '
( ) 2 2q k k

d kV E E
k

                                     (6.2) 

Here, k is the in-plane momentum, and -k is the exchange of in-plane momentum. 

The integral over momenta can be changed to the sum over states, which expresses the 

scattering rate as a function of the local density of states (LDOS) 2Dg . 

 2
2 '

'

1 1 ( )
( ) 2 q D k

k
V g E

k
                                            (6.3) 

For bulk MOSFETs, as the wavefunction is shifted by r due to roughness, the average 

potential energy for the carriers change by qEeff r, as illustrated in fig. 6.1 [105]. The 

effective electric field Eeff is often replaced by the surface electric field Fs for 

convenience. According to the Fermi golden rule, the scattering matrix element is 

proportional to the square of the perturbation potential. The Prange-Nee term for bulk 

MOSFETs indeed reduces to [100, 106] 

2 2 2 2 2
sM e F              (6.4) 

As evident from the matrix element, scattering rates for bulk MOSFETs depend 

on the normal electric field. The channel mobility, which is inversely proportional to the 

scattering rate, is popularly modeled as SR sF , with  2 for both electrons and 

holes [107, 108]. In practice, both  and  depend on the fabrication process, and are 

treated as fitting parameters [105]. Analysis of measured data in chapter 4 has shown that 

 has weak temperature dependence. Detailed studies reveal that the normal field 
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dependence  can also vary with the correlation length  [105, 109]. 

The field dependence  also varies with the type of processing (deposited or thermal) and 

with the presence of nitrides [110]. This can lead to significant uncertainties in the 

extraction of correlation length from measured mobility data [104]. Typical parameters 

for SR scattering models are a RMS roughness of =2~7Å and autocorrelation length 

Å [101].  

For ETSOI devices with particularly thin channels Tch, the roughness causes a 

modulation in the channel thickness and hence in the quantized energy levels. The matrix 

element in this case depends on the channel thickness instead of surface electric field 

[111].  

4 4
2 2 2

*2 6
ch

M
m T              (6.5) 

This can be derived simply from the Prange-Nee term for a square well with infinite 

barriers [106]. This 6th power dependence has experimentally observed in low 

temperature mobility measurements of ETSOI devices [96]. The channel thickness 

dependence is typically observed for Tch < 5nm when there is volume inversion in the 

channel. Correlation between the top and bottom interfaces can alter the SR matrix 

element in thin-body devices [102, 112]. For thicker channels, the inversion layer is 

closer to a surface than to the middle of the channel, and the scattering is field dependant, 

just like a bulk MOSFET. As the ETSOI devices considered in this study has a SOI 

thickness of 8.6 nm, the bulk model of the matrix element is used here.  

 

6.3 Surface roughness scattering with NEGF  

6.3.1 Theory 

In this section, we outline a theory of SRS within the NEGF framework as 

developed by D. Nikonov [113]. In the NEGF formalism, the analogous form of (6.3) has 
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the broadening function representing the scattering rate, and the spectral function 

denoting the LDOS, that is [89] 

2

2( , ', , ', ) , ' , , ' ,
2x x y y x x x x y y y y

qx y

Mk k k k E Y q A k q k q k q k q E
L L

    (6.6) 

The transport direction x is converted into real space coordinate system using Fourier 

transform: 

1 2 1 2
, '

1( , ) ( , ')exp 'x x x x
kx kxx

x x k k ik x ik x
N

          (6.7) 

3 4 4 3
3, 4

1( , ') ( , )exp 'x x x x
x xx

A k k A x x ik x ik x
N

            (6.8) 

Substituting (6.7) and (6.8) in (6.6), and using the identity 

1 3 1 3( , ) expx x x
kx

N x x ik x ik x             (6.9) 

The broadening function can be expressed as 

2

1 2 1 2 2 12( , , , ', ) ( ) ( , , , ' , )exp
2y y y y y y x x

qx y

Mx x k k E Y q A x x k q k q E iq x iq x
L L

 (6.10) 

The correlation between different transverse momenta is neglected at this point, and the 

broadening function is represented as 1 2( , , , )yx x k E . The Gaussian form of the power 

spectrum 2 2( ) exp 4Y q q
 
is used here, as it conveniently splits into a product 

( ) ( ) ( )x yY q Y q Y q . Separating the summation of (6.10) into two parts qx and qy, the 

summation over qx yields   
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2 2 2

2exp exp exp
4

x x
x

qx

q L xiq x           (6.11) 

ndependent of 

the transverse momentum (and thus can be taken out of the summation). The summation 

over transferred y-momentum is performed similarly to yield 

 
22

2 1
1 2 1 23 2 2( , , ) exp ( , , )

2
x xMx x E A x x E           (6.12) 

ntains the Gaussian form of the 

correlation function, and this form of scattering is elastic but not isotropic. 

 

6.3.2 Approximate treatment of surface roughness scattering 

As evident from (6.12), the broadening, self-energy matrices, and the whole 

NEGF equations become strongly non-diagonal. Instead of the desired tri-diagonal form, 

the number of non-zero off-diagonal terms is proportional to the ratio of the correlation 

length and the spatial grid size / xa , which can be >30. That would drastically increase 

the computational burden of solving the equations, because it would require full matrix 

explore the feasibility of getting an approximate solution by using a diagonal broadening 

function. In order to approximate the reality by diagonal equations, we make a hard to 

justify but useful assumption that the off-diagonal terms are close to diagonal, i.e. 

1 2 1 1( , , ) ( , , )A x x E A x x E , and sum the off-diagonal terms into the diagonal to obtain 

 
2

1 1 1 15/2( , , ) ( , , )
2 x

Mx x E A x x E
a

                                    (6.13) 
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Thus, the coupling between the density of states and broadening function is through a 

constant term (coupling constant). Although heuristic, this approximation results in a 

convenient expression that may be used to approximately treat SR scattering with 

realistic computational burden. This approximation is valid when most electrons have 

momentum satisfying 1k . The thermal velocity of electrons in Si is vT = 1.2×107 

cm/s, with corresponding k = 0.2 nm-1  [113]. 

 

6.4 ETSOI simulations with phonon scattering 

The theoretical foundation of surface roughness scattering and an approximate 

way of implementation within NEGF has been discussed in the previous sections. The 

approximate treatment ignores any correlation length effects and treats surface roughness 

as point scatterers causing elastic scattering. The theory and implementation of such 

elastic as well as inelastic scattering has been presented in chapter 5 in the context of 

electron-phonon scattering. The scattering-NEGF formalism with integrated transverse 

modes has been thoroughly benchmarked with Monte Carlo solutions of classical 

Boltzmann transport, for model potential profiles. In the subsequent sections of this 

chapter, fully self-consistent solution of the scattering-NEGF coupled with the 2D 

Poisson equation is presented.  

The LG = 40nm ETSOI device is used as the model device structure, with the 

same simulation parameters as specified in chapter 4. The ballistic NEGF simulations for 

this device were presented in chapter 4. In this section, simulation results with acoustic 

and optical phonon scattering is compared to their ballistic counterpart. The dominant 

phonon modes in Si are used for scattering, with a deformation potential of 9.5 eV for 

intra-valley acoustic phonons, and 11×108 eV/cm for inter-valley g-type longitudinal 

optical (LO) phonons with energy of 62 meV. The other phonon modes have much lower 

deformation potential and does not impact the simulation results, as the coupling constant 

(between in/out scattering and electron/hole density functions) varies as the square of the 

deformation potential. Simulation time is 20 ~ 30 times longer than corresponding 
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ballistic simulations due to the additional self-consistent loops introduced by the 

scattering terms. Typical time required to simulate a full ID VDS characteristic of the LG = 

40 nm device with multiple VG and 50 mV step size can be more than 50 hrs on one 

processor node (AMD 2380 2.5 GHz).  

(a)                                                            (b) 

(c)                                                           (d) 

Fig 6.2: (a) Current vs. Drain bias at VG-VT = 0.7V for the LG = 40nm ETSOI device, 
showing the measured data and NEGF simulations without scattering, with acoustic 

phonons only, and with both acoustic and optical phonons. (b) Log ID-VG for simulation 
with acoustic and optical phonons, and measured data at VD = 0.05V and 1V. (c) Linear 

ID-VG D = 0.05V and (d) VD = 1V. 
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The scattering-NEGF results for electron-phonon scattering are compared to the 

ballistic simulation and measured data in fig. 6.2. The ID-VD characteristics at VG - VT = 

0.7V from fig. 6.2a shows the ballistic on-current to be twice that of from measured data, 

as simulated in chapter 4. Inclusion of acoustic phonon scattering reduces the on-state 

current by ~ 15%, and the current reduces by a further 10% with the inclusion of optical 

phonon scattering. Hence, phonon scattering accounts for 25% reduction from the 

ballistic on-current, while the measured data is 50% lower. This points to the importance 

of including a surface roughness scattering model in the NEGF simulations. The log ID

VG characteristics of fig. 6.2b show a very close agreement of the simulation and 

measured data in the subthreshold regime. The inclusion of scattering does not have any 

significant effect on the subthreshold swing and DIBL. The linear ID VG characteristics 

of fig. 6.2c (at low VD) show that the ballistic simulations as well as those with scattering 

are very close to the measured data. The characteristics are mainly dominated by series 

resistance in this regime. The high VD results (fig. 6.2d) show that inclusion of scattering 

is important in simulations to get a closer match to measured data, and the need to 

include a surface roughness scattering model. 

 

6.5 ETSOI simulations with phonons and surface roughness scattering 

Analysis with electron-phonon scattering in the previous section showed that 

surface roughness scattering model needs to be included in the simulations to accurately 

match the measured data. The theoretical derivation of surface roughness scattering 

showed that it is strongly anisotropic and requires full matrix inversions, which is 

extremely computationally challenging for realistic device dimensions. A not so 

physically justified but useful assumption of treating surface roughness as point scatterers 

is proposed in this chapter. The NEGF simulation of the ETSOI devices with surface 

roughness scattering is presented in this section.  
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As the ETSOI devices have a thickness of 8.6nm, which is greater than 5nm and 

so the scattering matrix expression for bulk as given by (6.4) applies in this case. The 

scattering strength for NEGF is expressed by the coupling constant given by (6.13). 

Instead of a normal field dependent scattering strength, a constant scattering strength is 

used. A scattering strength which is two times that for acoustic phonons seems to fit the 

measured data best.  This seems to correspond to a normal field of 106 V/cm, RMS 

for interfaces between Si channel and nitrided insulator [110]. It should be noted that the 

SR coupling constant used here is purely a fitting parameter, and is not calculated from 

any parameters (e.g. r.m.s. roughness or correlation length) measured from the channel-

insulator interface of the ETSOI device. In addition, the fitting is obtained by varying the 
2

combinations of these two parameters.  

The simulation results for the LG = 40 nm ETSOI device are presented in fig. 6.3. 

The NEGF simulations with phonons and SR scattering and experimental data are 

compared in fig. 6.3a. There is a closer match at low gate biases than at higher gate 

biases. The simulations with ballistic, phonons only, and both phonons and roughness is 

compared with the measured data at VG  VT = 0.7V in fig. 6.3b. Inclusion of surface 

roughness scattering does improve the match between simulations and measured data. 

The simulations, however, consistently shows higher output conductance than the 

measured data. The ID-VG characteristics at low VD (fig. 6.3c) show that all the simulated 

currents are close to the measured data. The slight discrepancy between the simulation 

with SR and the measured data may be attributed to overestimation of the series 

resistance. The extra resistance that causes this overestimation arises from the small part 

of the source/drain included in the scattering-NEGF simulation. The ID-VG characteristics 

from scattering simulation at high VD (fig. 6.3d) shows very good match except at high 

gate bias. A better match might be obtained by including the normal field dependence in 

the SR scattering model, instead of a constant coupling constant as used here. 
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(a)                                                           (b) 

(c)                                                           (d) 

Fig 6.3: (a) Current vs. Drain bias at VG = 0  0.7V at 0.1V increment for the measured 
LG = 40nm ETSOI device data and NEGF simulation with phonon and surface roughness 

scattering. (b) Current vs. Drain bias at VG-VT = 0.7V showing the measured data and 
NEGF simulations without scattering, with phonon scattering, and with phonon and 

surface roughness scattering. Similar plots for current vs. gate bias for (c) VD = 0.05V 
and (d) VD = 1V. 
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(a)                                                           (b) 

(c)                                                           (d) 

Fig 6.4: (a) Current vs. Drain bias at VG = 0  0.7V at 0.1V increment for the measured 
LG = 110nm ETSOI device data and NEGF simulation with phonon and surface 

roughness scattering. (b) Current vs. Drain bias at VG-VT = 0.7V showing the measured 
data and NEGF simulations without scattering, with phonon scattering, and with phonon 

and surface roughness scattering. Similar plots for current vs. gate bias for (c) VD = 
0.05V and (d) VD = 1V. 



94 
 

 
 

 

Similar simulations for a longer channel device with LG = 110 nm is presented in 

fig. 6.4. The phonons and SR scattering coupling constants used are the same as that used 

for the shorter channel device. A reasonably good fit is obtained with the measured data, 

showing that the scattering parameters used are independent of the device dimensions. 

The ballistic current is about the same as that for the shorter channel device, which is 

expected because a ballistic calculation is independent of the channel length. The 

measured on-current, however, is lower than that for the short channel device due to 

increased scattering in the longer channel. This increased scattering with a longer channel 

length is accurately represented in the scattering-NEGF simulations. 

 

6.6 Discussion 

The overly simplified diagonal representation of surface roughness scattering 

makes NEGF simulations computationally tractable, and provides a first order fit the 
2

which is used as a fitting parameter. To assess the error due to ignoring the correlation 

length, both the exact form of equation (6.12) and the approximate treatment given in 

equation (6.13) are evaluated for a simple linear potential profile (fig. 6.5a). For this 

simple geometry, the top of the barrier is at the source-channel junction. The source 

Fermi level is assumed to be one kBT above the source conduction band, corresponding 

to a charge of about 5×1012 /cm2. Scattering in a critical length near the top of the barrier 

determines the current, and the potential drop in this critical length is about one kBT [69]. 

The linear channel potential is intended to simulate this critical length, and a drain bias of 

one kBT is used. Critical lengths are around 5  15% of the MOSFET channel length, and 

is about 6 nm for the LG = 40nm ETSOI device studied here. 
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(a)                                                               (b) 

Fig 6.5: (a) Linear conduction band profile used to simulate exact (equation 6.12) and 
approximate (equation 6.13) model for surface roughness scattering. (b) The percentage 
error in the current with the approximate model (equation 6.13) when compared to the 

exact one (equation 6.12) as a function of correlation lengths for various channel lengths. 
The approximate method always results in lower current (overestimation of scattering), 

and the error can vary by ±20% with different charge density and drain bias. 

  

The error with the approximate treatment of surface roughness scattering is 

evaluated for different correlation lengths and channel lengths (fig. 6.5b). Critical lengths 

from 5nm to 30nm corresponding to short and long channel devices are shown. The error, 

expressed as a percentage deviation of the current between the approximate and exact 

method. The magnitude of the current with the approximate method is always lower than 

the exact calculation, suggesting that the strength of scattering is overestimated by the 

approximate method. The error is lower for small correlation lengths as the scattering 

resembles a point scatterer model closely in this regime, and increases almost linearly 

with increasing correlation length. The error is higher for longer channel devices than for 

shorter channel lengths, and can vary by ±20% with different charge density and drain 

bias. For a critical length of 6nm (corresponding to the LG = 40nm ETSOI device), the 

maximum error can be about 50%. The dependence of error on charge density will 

EF  EC = 25mV 

EF(source)  EF(drain) = 25mV 
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translate into an error in reproducing mobility vs. effective field characteristics if 

computed with the approximate method.  

It is important to put to perspective the error from the diagonal approximation 
2, any small 

tly used as tunable fitting 

parameters [103, 110]. Approximating the interface roughness power spectrum with a 

Gaussian or exponential model is another source of error [104]. The formalism discussed 

in this chapter does not include any temperature dependence, which may arise from 

dielectric screening and other effects [102]. 

 

6.7 Conclusion 

The theory of surface roughness scattering and its implementation with the NEGF 

method was explored in this chapter. Previous works have implemented SR scattering by 

physically using a rough channel-insulator interface, which introduces random 

fluctuations in the confined potential in the channel [97, 114]. The drawback of that 

method is that an average over multiple simulations is required to obtain statistically 

accurate results. The approach used in this work is fundamentally different because it 

introduces the SR scattering as a broadening in the device Hamiltonian. This approach 

can be computationally faster as a statistical averaging over multiple simulations is not 

required. The theory of SR scattering reveals that it is fundamentally anisotropic in 

momentum space, requiring spatial coupling of the order of a correlation length. This is a 

significant computational challenge because its exact implementation requires full matrix 

inversions, unlike isotropic momentum scattering which results in tridiagonal matrices 

and can be solved using fast algorithms.  

A crude way to implement SR scattering in NEGF simulation is presented, which 

combines the effect of the off-diagonal elements of the broadening matrix into the 
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diagonal. This approach drastically reduces the computational burden, but it is difficult to 

justify. There might be other ways to approximate the surface roughness scattering matrix 

element that also result in diagonal self-energies, and their relative merits and demerits 

should be explored. Nevertheless, the results presented in this chapter show a surprisingly 

good match with measured device data. The SR scattering strength is chosen as a fitting 

parameter to match the simulation results to measured device characteristics.  

 Additional studies are required to understand how to correctly treat the SR 

correlation length in this type of scattering. Development of alternate ways of solving the 

density functions would be immensely helpful in this regard. Such methods would help 

quantify the error in using the point scatterer approximation used in this work. There may 

also be a possibility of correlating the SR scattering parameters with measured data, 

though similar attempts in the past have been largely inconclusive. Finally, development 

of improved methods to treat anisotropic SR scattering in NEGF simulation would also 

help in accurately solving other types of anisotropic scattering, e.g. piezoelectric acoustic 

phonons and polar optical phonons, which are relevant for III-V semiconductors.  
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7. SUMMARY AND FUTURE WORK 

7.1 Analysis of I I I -V devices  

Since the introduction of the Si MOSFET, both processing speed and device 

density have increased considerably by device scaling and supply voltage scaling. This 

trend has almost stopped due to power dissipation concerns and short channel effects, and 

several alternative options are being explored that will enable reduction in power supply 

voltage without compromising switching speed. III-V channel devices are an attractive 

candidate due to their high intrinsic electron velocity and a mature top-down fabrication 

process. Several issues need to be solved before III-

channel material. Several challenges e.g. integration on Si substrate, integration with 

high-K dielectrics and reducing the source/drain resistance are being actively researched.  

These III-V materials have low density of states, and its effect on the quantum 

and semiconductor capacitance has been pointed out in this thesis. It is shown that the 

semiconductor capacitance and the ballistic channel resistance are material and structure 

dependant. Achieving high source/drain doping is a major problem in III-

result in issues like transconductance degradation at high gate bias due to source 

exhaustion. Metallic source/drain Schottky barrier FETs have been studied as an 

alternative application of III-Vs as channel material. It is observed that III-V SBFETs 

have better subthreshold characteristics due to their smaller transport effective mass, and 

have no transconductance degradation. Although they require very low Schottky barrier 

contacts and have scaling issues, they can outperform MOSFETs for some applications. 

In summary, III- e an order of magnitude improvement in performance, 

but some performance benefit is possible in addition to supply voltage scaling in the near 

term.  
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7.2 Treatment of scattering in NEGF 

In order to compare the performance of III-V channel devices to Si channel 

MOSFETs at current and future technology generations, it is important to have the 

relevant simulation capabilities. Accurate treatment of quantum effects is extremely 

important for sub-50nm channel lengths, and the non-equilibrium Greens function 

(NEGF) technique is a widely used tool for such quantum transport simulations. 

Although III-V channel devices are known to operate close to the ballistic limit, proper 

treatment of scattering is imperative for performance assessment of Si channel 

MOSFETs. To establish this, a current generation sub-50nm channel extremely thin 

channel silicon-on-insulator (ETSOI) MOSFET is analyzed in terms of ballistic ratio, 

mean free path and critical length for scattering. Measured data at various channel lengths 

and temperatures are analyzed to explore the relative importance of phonon and surface 

roughness scattering in these devices. It is concluded that even sub-50nm channel length 

Si MOSFETs only operate at about 50% of their ballistic limit, stressing the importance 

of scattering in these devices. Both phonon and surface roughness scattering contribute to 

the dissipation mechanism, and should be included in device simulations. 

A framework to include a simplified treatment of scattering within the NEGF 

framework has been developed for simulation of MOSFETs with a large width. 

Simulation of such devices requires a grid in the width dimension to account for 

transverse mode mixing due to scattering. This causes a tremendous increase in 

computational burden, and has been a barrier to treating scattering within NEGF for 

MOSFETs with large width dimensions. We have shown that analytical integration over 

the transverse momentum corresponding to the large width dimension can be used with 

good accuracy. This reduction of dimensionality reduces the computational complexity 

enormously, making it possible to include phonon scattering in practical SOI MOSFET 

simulations in NEGF. Devices with arbitrary channel lengths can be simulated with 

accurate quantum effects and practical models for scattering, effectively breaching the 
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gap between quantum ballistic simulators for extremely short channel devices and drift-

diffusion type simulators for long channel devices. The formalism is rigorously 

benchmarked for both elastic and inelastic electron-phonon scattering with Monte Carlo 

simulations of the semiclassical Boltzmann transport.  

The theory of surface roughness scattering (SRS) is explored from a Boltzmann 

transport viewpoint, and is adapted to the NEGF formalism. The theory suggests strongly 

anisotropic scattering due to the correlated nature of the surface roughness, which is 

difficult to implement practically due to huge computational burden. A hard to justify but 

computationally useful approximation of treating SRS as isotropic scattering is explored. 

Simulations of the ETSOI device with NEGF including the simplified scattering models 

show a reasonably good match with measured device data. Two MOSFETs with different 

channel lengths can be fitted with the same scattering parameters, demonstrating the 

possibility of using this for performance evaluation of future generations MOSFETs. 

 

7.3 Future work 

A formalism to include scattering in the NEGF framework is discussed in this 

thesis. It has been benchmarked for electron-phonon scattering in Si channel MOSFETs. 

This formalism is quite general, and can be used to include any form of scattering with 

NEGF. The main implementation challenge arises because many types of scattering are 

anisotropic in nature, and hence result in full self-energy matrices instead of the tri-

diagonal form, which is computationally easier to work with. One example pointed out in 

this thesis is surface roughness scattering, which is anisotropic due to the correlated 

nature of the surface roughness. A more rigorous study of the effects of correlation length 

on the mobility is strongly desirable. The use of Gaussian or exponential model for the 

power spectrum of the surface roughness can introduce errors. Recent studies have 

measured the power spectrum directly and noted that it deviates from both the popularly 

used models [104]. Surface roughness scattering strength is traditionally believed to vary 

as the square of the normal electric field for bulk MOSFETs. This is also not exact, and 
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can change with correlation length and temperature. These effects need to be taken into 

account to have an accurate model of mobility for all normal fields and temperatures. 

 As noted earlier, representing the surface roughness with a model power spectrum 

is an approximation by itself. Still, it should be a better representation than a point 

scatterer model that ignores all correlation effects, as done in this thesis. A faster was of 

solving the NEGF equations that can process full matrices would be immensely helpful. 

This would also enable accurate representation of all other anisotropic scattering 

mechanisms like piezoelectric acoustic phonons and optical phonons in polar materials 

like III- ering, remote 

scattering due to soft-phonons and remote surface roughness may be important for shorter 

channel length devices, and need to be accounted for in future. 
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