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I. ANTIMONY BASED III-V SEMICONDUCTORS 

Since most of the experimental work in this thesis is on antimony (Sb) based compound 

semiconductors this chapter is intended to provide a brief introduction to the key features, 

strengths and challenges of this material system. The introduction provided in this 

chapter is supplemented by introduction provided at the beginning of the rest of the 

chapters in the thesis.   

Sb based compound semiconductors offer the highest electron and hole mobilities 

amongst all III-V semiconductors materials. The electron saturation velocity in InSb is 

the highest amongst all semiconductor materials1. The bandgap of an Sb-channel can be 

easily tuned from 0.18eV for InSb to 0.72eV in GaSb (direct bandgap) to 1.4 eV in AlSb 

(indirect). By combining these antimonides (Sb) binaries in different stoichiometry the 

bandgap can easily be tuned for detecting wavelengths in the 2-8µm range. GaSb in 

particular has a bandgap of 0.72eV at room temperature, very well matched to the loss 

minima in optical fiber lines. In addition to highly tunable bandgap the Sb-based 

materials offer the higher conduction & valence band offsets with lattice matched Al 

containing Sb’s making them suitable for confining carriers in thin 2D quantum wells for 

heterostructure-FET applications and lasing.   

Over the years the state-of-art compound semiconductor technology has moved from 

GaAs channel (lattice constant = 5.64Å) to InxGa1-xAs/InP channels (5.87Å) driven by 

higher saturation velocity in these materials, consequently the next step continuing this 

trend should be 6.1 Å lattice constant system (Figure. 1). 6.1 Å system of semiconductors 

(AlSb/GaSb/InAs ) offers a diverse set of possibilities for band line ups, the most peculiar 

being the InAs-GaSb system with a type-III staggered bandgap lineup. Resonant 
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tunneling diodes (RTD) and resonant interband tunneling diodes (RITD) with various 

heterostructure designs around the 6.1Å lattice constant have been reported1.  
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II. SB-BASED HETEROSTRUCTURE FETs (HFET) 

 

Recently, there has been increasing interest in using Sb-based channels for future logic 

technologies nodes. A team from Intel-QinetiQ demonstrated both enhancement and 

depletion mode n-channel HFETs with InSb channel (Figure. 2)2. The transistors were 

fabricated on a semi-insulating GaAs substrate using a relaxed metamorphic buffer layer 

of AlyIn1-ySb to accommodate lattice mismatch, a compressively strained InSb quantum 

well confined between layers of AlxIn1-xSb and Schottky barrier metal gate. The quantum 

well transistor architecture employs barrier layers with higher bandgap materials to 

mitigate the effect of the narrow bandgap InSb on device leakage and breakdown. An 

enhancement mode InSb QWFET was demonstrated using a novel deep recess etch in the 
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gate region, which shows a peak fT of 305GHz at 0.5V VDS
2. A depletion mode device 

was demonstrated at the same time utilizing a shallow recess gate with a peak fT of 

256GHz at 0.5V VDS
2. As seen in Figure 2, making an enhancement mode device 

requires a gate recess, which increases the gate leakage exponentially limiting the 

performance of the device.    
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InGaSb channel also has the highest hole-mobility amongst all III-V materials, which can 

be further enhanced with the use of strain3 which is the focus of this thesis. Use of biaxial 

compressive strain has been explored to cause splitting between the light and heavy hole 

bands to increase the hole mobility. Room-temperature mobility of 1350cm2/Vs was 

achieved in compressively strained GaSb channel with AlAsSb barrier4. Compressively 

strained InGaSb channels on AlGaSb buffer layers were also explored and achieved Hall 

mobilities as high as 1500cm2/Vs5. p-channel HFET with In0.4Ga0.6Sb channel exhibited a 

maximum transconductance of 133 mS/mm6. For a 200 nm gate length, the cutoff 

frequency, fT, was 19GHz. Intel-Qinetiq investigated p-channel HFETs with InSb-
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channel and InAlSb barriers7. Their devices exhibited a maximum transconductance of 

510mS/mm. For a 40nm gate length, an fT of 140 GHz was obtained. Lower access 

resistance is expected to lead to improvements in both DC and RF performance in these 

devices.  

III. OUR APPROACH  

While excellent fT and fMAX values have been reported in HEMT like Sb-channel devices, 

the ON current of these devices has been limited due to leakage current through the 

Schottky gate and large access resistance. Increasing the transconductance and 

performance will involve bringing the gate contact closer to the channel, which causes an 

exponential increase in current through the Schottky-gate. A MOSFET device with good 

gate dielectric, which will reduce the leakage while having low density of interface states 

(Dit), is direly needed for the Sb’s. Also, the performance is limited by the access 

resistance arising from the large source/drain separation in this HEMT like devices. 

Although devices with gate lengths down to 40nm have been demonstrated, the 

source/drain separation has remained in µm scale due to the use of alloyed contacts. 

Source/drain formed by ion implant will greatly help in scaling the pitch of these devices 

and reducing the access resistance.  

Figure 3 shows the approach we take to fabricate and study transistors on Sb-channel 

transistors. We propose to fabricate and experimentally study quantum well MOSFETs 

using   Sb-based III-V semiconductors with InxGa1-xSb as the channel material. Proposed 

Sb-channel MOSFETs (Figure 3): utilizes a self-aligned process with high-k dielectric 

between the heterostructure and metal gate to cut down the gate leakage while preserving 

the high mobility in the channel. Low resistance source/drain contacts right next to the 
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gate lead to reduction in the access resistance and also enable devices with short-pitch 

suitable for large-scale integration.  

 

!"#$%&'G)'D/0/&7+570%/'0,-'+$%'0>>%+0.A''

Figure 4 lists the strengths and challenges in developing a MOSFET technology with Sb-

channel materials. While buried channel HEMT-like devices with excellent electron and 

hole transport have been demonstrated, realization of an Sb-channel MOSFET has 

remained elusive due to the highly reactive nature of the Sb-surface and not much work 

has been done on development of source/drain technology for Sb-based channels. Sb-

surface reacts with atmosphere and forms a thick layer of native oxides when exposed to 

air (Figure 4(bottom)). In this thesis we discuss our results in overcoming these 

challenges (Figure 4) and demonstrate an InxGa1-xSb pMOSFET with high hole mobility 

(µh): a bottleneck for III-V complimentary logic.  
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Figure. 5 gives a pictorial view of integration of III-V materials from the system 

perspective. As scaling of silicon CMOS is yielding only marginal return, integration of 

newer materials is being explored widely in the Von-Neumann scheme of computing. On 

the memory side, flash memory is filling the gap between DRAM and HDD. 

Chalcogenide based phase change memory is being explored for implementation between 

the DRAM and NAND space. For logic, use of III-V materials can allow high frequency 

operation at substantially lower voltages in transistors where highest performance is 

required. As interconnects are becoming a critical bottleneck there is a big focus on 

introduction of optical interconnect utilizing III-Vs for chip-to-chip and core-to-core 

communication for higher bandwidth, lower energy consumption and lower latency. Also 

there is an increased focus for integrating III-V devices for RF/analog on to a silicon chip 

Exposed to Air  

Strengths 

• µh  = 800-950 cm2/Vs 
(+Strain) 

• µe =8-77×103 cm2/Vs 

• High CBO & VBO with 
lattice matched AlxIn1-xSb  

• Low temp processing 

Challenges 

• Highly reactive surface  

• Need good dielectric on Sb’s              

• Need diode for S/D  

• No MOSFET processing on 
Sb 

RMS = 

0.73nm 

RMS = 

4.01nm 

As Received   
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for SoC applications. Therefore Sb-based devices are uniquely positioned to overcome 

many of these challenges.  With the recent development of high performance III-V 

pMOSFET (discussed in detail in Chapter 5) and the already demonstrated excellent n-

channel properties, Sb-based channels are the only candidates that can demonstrate a 

complimentary technology outperforming silicon at substantially less power.  
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IV. ORGANIZATION OF THESIS  

 

Two most critical challenges in large scale integration of these devices are development 

of a high quality dielectric for Sb’s and development of source/drain technology. The rest 

of this thesis is organized as follows.  

Chapter 2 describes the material selection and strain configuration for enhancing the hole 

mobility in III-V semiconductors which is required for development of a high 

performance III-V pMOSFET. Chapter 3 elaborates on the highly reactive nature of the 

Sb-surface and reports on the comparison of several chemical cleans to produce device 

quality Sb-surface. Chapter 4 reports on the optimization of the dielectric on GaSb and 

development of a high mobility GaSb pMOSFET. Chapter 5 discusses the effect of strain 

and heterostructure design to enhance the pMOSFET performance  
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Enhancing hole mobility in III-V semiconductors  
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I.  INTRODUCTION 

 

III-V semiconductors have been used extensively for making high electron mobility 

transistor (HEMT) and heterojunction bipolar transistor (HBT) for analog and high-

frequency applications. Recently, with the development of high quality dielectric on III-V 

surfaces, III-V materials are also been actively investigated for replacing silicon as the 

channel material for making MOSFETs for low power / high performance applications1-3. 

Most of these developments have been driven by the high electron mobilities and 

heterostructure engineering with nearly lattice matched semiconductors possible in III-V 

semiconductors4. In comparison the hole mobility in III-V materials has always lagged 

compared to group-IV semiconductors such as silicon and germanium. This has been a 

limiting factor for reducing base resistance in the p-type base of the HBT and also a 

determinant for obtaining a high performance p-channel transistor in III-V materials.  

In the case of silicon the tremendous enhancement in the hole mobility has been obtained 

with the use of strain. Up to two times enhancement in hole mobility and drive current is 

obtained in p-channel silicon MOS transistors today with the use of uniaxial strain5. 

Theoretical calculations have predicted greater than four times enhancement in the 

future5. III-V systems offer a larger flexibility for strain engineering by engineering the 

lattice mismatch between the channel and the underlying layers.  Transistors based on III-

V systems offer additional flexibility in terms of heterostructure design to create a 

quantum well for holes which can be use advantageously to enhance hole transport. 

Given the large possibilities of material options and strain configurations a modeling 

exercise is warranted to predict the optimum stack and strain for enhancing hole transport 
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in III-V materials.  

!
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In 1983 Osbourn6 proposed the use of strained InxGa1-xAs layer to enhance the hole 

mobility in arsenides and making a p-channel field effect transistor. Laikhtman et al.7  

presented a modeling exercise on the InGaAs/AlGaAs system with the objective of 

discussing the critical parameters in enhancing hole transport. More recently Bennett et 

al. demonstrated the use of biaxial strain in InxGa1-xSb8 & GaSb9 channels to enhance the 

hole mobility and obtained hole mobility of greater than 1000cm2/Vs at sheet charge of 

1!1012/cm2Vs. The key concept behind these schemes for enhancing hole mobility is 

demonstrated in Figure 1, where a narrow bandgap material is inserted between the wide 

bandgap layers creating a quantum well for confining carriers (holes in our case). The 

amount of strain present in the narrow bandgap channel can be varied by engineering the 

lattice mismatch between the channel and barrier layers. The presence of strain and 

confinement splits the degeneracy between the light hole (lh) and heavy hole (hh) bands 

(Figure 1). This increases the occupancy of carriers in the light hole band which has 

Figure 1 ; Valence band offset (VBO), amount of strain, efftctve mass (m*) and 
splitting (ュlh-hh) between the light hole (lh) and heavy hole (hh) offsets are important 
parameters for obtaining high hole mobility in III-V heterostructures. 

VB
O ュ
lh
-h
h

lh

hh
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lower transport effective mass and also reduces the number of states available for 

interband scattering of holes in the light holes and heavy hole bands, both of which 

improve hole mobility. Note that we are labeling the lowest occupied hole band as the 

light hole band (Figure 1) which is indeed the band with lighter hole effective mass in the 

transverse plane in our case as discussed later.  

The important parameters for designing the quantum well (Figure 1) to enhance hole 

mobility are: percentage of strain induced in the channel, valence band offset (VBO) 

between the narrow bandgap channel and the wide bandgap buffer which determines the 

maximum number of holes which can be confined in the quantum well, the density and 

effective mass (m*) of the carriers in the light hole (lh) and heavy hole (hh) bands, 

energy split between lh and hh bands ("lh-hh). Also it’s important to identify the dominant 

scattering mechanism, which limits the mobility of this two-dimensional hole gas 

(2DHG). 

In this chapter we first use modeling using 8 band k.p bandstructure calculations to 

identify the optimum channel and strain configuration for high hole mobility in III-V 

semiconductors. Based on the insight gained from modeling, two different heterostructure 

designs with strained antimony (Sb) based channels were fabricated and analyzed. The 

amount of strain present in the channel was quantified using x-ray diffraction (XRD) 

analysis. While x-ray photoemission spectroscopy (XPS) analysis was used to estimate 

the valence band offset. Temperature dependent Hall measurements were performed to 

identify the dominant scattering mechanisms, and mobility spectrum analysis (MSA) was 

used to estimate the number of carriers in light and heavy hole bands. Effective mass and 

the splitting between the light and heavy hole bands are quantified using Shubnikov-de 



! "&!

Haas oscillations observed in these 2DHG at low temperatures and high magnetic field. 

Finally using gated Hall measurement hole mobility was measured as a function of sheet 

charge in InxGa1-xSb channels optimized for hole transport. Hole mobility of 960cm2/Vs 

at a sheet charge of 1!1012/cm2 was measured, the mobility remained more than 3 times 

higher in comparison with uniaxially strained silicon, even at a high sheet charge of 

7!1012/cm2. 

The rest of the chapter is organized as follows. In Section II, we present modeling 

analysis to predict and the optimum material and strain configuration for obtaining high 

hole mobility. Section III, discusses the two heterostructure designs which were 

fabricated and analyzed for hole transport. Section IV, details the experiments which 

were performed on these stacks to measure the amount of strain, the effective masses and 

the splitting of the light and heavy hole bands, valence band offset, identify the dominant 

scattering mechanism etc. Section V, reports on gated Hall bar measurements and 

mobility results obtained. Conclusions are drawn in Section VI. These results 

demonstrate that high hole mobility can be obtained in III-V materials with prudent 

material selection and optimum strain and heterostructure design. These results will serve 

an important step in the development of a high performance III-V pMOSFET and in 

improving the base resistance in III-V based HBT’s.  An underlying theme of the chapter 

is material selection and device design guided by modeling and direct measurement of 

quantum mechanical parameter which determines the transport, which can be applied to 

other material systems as well and should be useful for a broader range of audience.  

II. MODELING  

We use 8 band k.p approach to model the bandstructure for technologically relevant 
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arsenic (As) and antimony (Sb) based III-V compounds.  8x8 Hamiltonian10 with spin 

orbit coupling was used to evaluate strain. Parameters used for simulation were calibrated  

against bulk bandstructure obtained using non-local empirical pseudopotential method 

with and without strain. A self-consistent method was used to calculate the valence 

subband structure11. Use of 8 band model12 which includes the interaction between the 

conduction, light, heavy and split off hole bands matches the results from empirical 

pseudopotential better than 6-band k.p model13 which only accounts for coupling between 

the light, heavy and split off bands. This coupling of the conduction band with valence 

bands is especially important for low bandgap III-V materials such as InAs and InSb. 

Bandstructures of tertiary InxGa1-xAs and InxGa1-xSb were calculated using the band 

parameters of binary end points using Bowdin’s interpolation14.  

TABLE I. Bulk hole mobility values in different semiconductor materials. Note that III-Vs 
(antimonides in particular) have lower elasticity constants than silicon.  
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Figure 2 plots the isoenergy surfaces of the upper valence band at 2, 25 and 50 meV for 

silicon, GaAs and InSb. We observe that for GaAs and InSb the valence-band isoenergy 

surface remain relatively isotropic with increasing energy as compared to silicon. In the 

case of silicon the valence bands are warped to start with and the warping reflective of 

the non-parabolicity increases with increasing energy (Figure 2). Figure 3 shows the 

isoenergy surfaces for the upper valence band of GaAs with biaxial and uniaxial-[110] 

compression. For biaxial stress, the energy surface is an ellipsoid with the energy 

contours in the x-y plane being circles (Figure 3(a)), the band is lh-like in the plane of the 

stress and hh-like out-of-plane. Under uniaxial compression (along [110]), the energy 

Si

InSb

GaAs

2meV 25meV 50meV

Upper VB

Figure 2 : Isoenergy surfaces for upper valence band in silicon, GaAs and InSb at 
2meV / 25 meV / 50 meV. 
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contour for the top band in the x-y plane (Figure 3(b)) is an ellipse with the major axis 

along [-110] and the minor axis along [110]. Though qualitatively the effect of strain on 

III-V materials is similar to group-IV elements, the prime differences arise from: (a) 

initial isotropy of the valence bands in III-Vs as compared to Si/Ge (Figure 2), (b) lower 

modulus of elasticity resulting in more strain for the same amount of stress in III-V’s as 

compared to Si/Ge (Table. I) and (c) additional effect due to increased mixing with 

conduction band specially for III-V’s with low-bandgap. 

Table. I lists the low field hole mobility for various III-V binaries. While it is well known 

(a) Biaxial

(b) Uniaxial

Upper VB under compression
Figure 3 : Isoenergy surface (left) and 2D energy  contour along the transport plane 
(right) for upper valence band in GaAs for (a) biaxial compression and (b) uniaxial 
compression. 
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that for electrons in III-V semiconductors, polar scattering is the dominant scattering 

mechanism, as non polar optical phonons do not interact with the electrons due to their s-

like spherical symmetry of conduction band in III-V’s15. In the case of holes however 

both deformation potential and polar scattering mechanisms are important for mobility 

calculations. In Table.I we observe that varying group III element while keeping the 

group V element same (i.e. InAs # GaAs) does not change the hole mobility appreciably 

while a large change in hole mobility is observed when the group V element is varied (i.e. 

InP # InAs # InSb). This is a consequence of the fact that the valence bands in III-V 

materials primarily derive from the p-orbitals of the anion16.  Figure 4 plots the low field 

hole mobility of InxGa1-xAs and InxGa1-xSb at sheet charge density of 1!1012/cm2. We 

observe that the hole mobility for the tertiary III-Vs roughly stays in between those of the 

binary end points. Thus antimonides have significantly higher hole mobilities than 

Figure 4: Hole mobility for varying stoichiometries in InxGa1-xAs and InxGa1-xSb. 
Antimonides have twice high hole mobility compared to arsenides. 

5x5µm scan
Roughness = 0.66 nm RMS
Z range = 8.979 nm

5x5µm scan
Roughness = 0.73 nm RMS
Z range = 7.915 nm2X
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arsenides. Note that at higher fields the mobility of the tertiaries is expected to be less 

than that of the end point binaries due to increased alloy scattering. 
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Next we study the effectiveness of strain in enhancing the hole mobility in III-V 

semiconductors. Figure 5 plots the hole mobility enhancement for (001) substrate 

orientation and a fixed 2% percentage strain. The figure represents a polar plot where the 

distance from the origin represents the enhancement in mobility and the direction 

represents the channel direction17. Figure 5(a) plots the enhancement for 2% biaxial 

compression/tension, while Figure 5(b) is for fixed 2% uniaxial compression/tension with 

the uniaxial strain always applied along the channel direction. Results for 
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Figure 5: Polar plot showing hole mobility enhancement for (a) 2% biaxial strain and (b) 
2% uniaxial strain. Hollow/solid symbols represent tension/compression. The substrate 
orientation was (100) while the angle along the plot represents the different directions 
along which the channel of the transistor can be oriented. For uniaxial strain the strain 
was applied parallel to the transport direction. 
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compression/tension are represented with solid/hollow circles, respectively.  We make 

following observations: (a) compressive strain is always better than tensile strain for hole 

mobility enhancement in III-Vs. (b) Enhancement with biaxial strain is approximately 

isotropic while the strain response with uniaxial strain has a large directional dependence 

with [011] channel direction being the optimum for hole mobility enhancement with 

uniaxial strain. This can be related to Figure 3 where the isoenergy surface is isotropic in 

the transport plane for biaxial strain while highly anisotropic for uniaxial strain. (c) We 

can get up to 4.3/2.3 times enhancement with 2% uniaxial/biaxial compression (Figure 

5). Figure 6 plots the result for varying level of biaxial strain which can be introduced by 

engineering the lattice mismatch between the channel and the buffer layers during growth 

of these materials. We note that antimonides have twice higher unstrained hole mobility 

in comparison to arsenides which can be enhanced further with the use of biaxial 

compression. Thus compressively strained antimonide channels are the most promising 

-2 -1 0 1 2
400

800

1200

1600

Compressive Tensile 

Biaxial Strain (%)

! h(c
m

2 /V
s)

GaAs

InSb
GaSb

Figure 6: Mobility enhancement for varying amount of biaxial strain, which can be 
achieved during MBE growth. Positive values represent biaxial compression while 
negative strain represents biaxial tension. 
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candidates to obtain high hole mobility in III-V materials.  
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III. HETEROSTRUCTURE DESIGN 

Figure 7 plots the band energy of different antimony and arsenic containing 

semiconductors vs. their lattice constants. Looking at the valence band vs. lattice constant 

(Figure 7) two approaches are possible for achieving biaxial compression in Sb-based 

channels while having sufficient offset in the valence band for confining the 2DHG. 

5.8 6.0 6.2 6.4

-1.0

-0.5

0.0

0.5

1.0

B

B

A

B
an

d 
E

ne
rg

ie
s 

(e
V

)

AlAs

InSb

AlSb

GaSb

GaSb

AlAs

AlSb

o

o

o

o

o

o

o

 Valence
 Conduction

o
InSb

Lattice Constants (A)

A

AlAsSb

AlAsSb

GaSb

AlGaSb

AlGaSb

InGaSb

Approach  A Approach B

Figure 7: Two different approaches for obtaining compressively strain Sb-channel. 
Approach A uses InGaSb channel and AlGaSb barrier. Approach B utilizes GaSb
channel and AlAsSb barrier. 



! #$!

Approach (A) uses 
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InxGa1-xSb channel and AlyGa1-ySb barrier. Approach (B) uses binary GaSb channel with 

AlAsxSb1-x barrier. In both cases the lattice constant of the channel material (InxGa1-xSb 

for Approach A and GaSb for Approach B) will be slightly higher than the lattice 

constant of the barrier layer to introduce compressive strain in the channel.  

Figure  8 : Cross-section showing the different layers in a quantum-well 
heterostructure with (A) InXGa1-XSb and (B) GaSb channel. The AlAsXSb1-X layer is 
composed of AlSb/AlAs short-period superlattice. Also shown are high resolution 
TEM images around the channel region.
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We fabricated and studied heterostructures based on both of these approaches, Figure 8 

shows the different layers for the heterostructures for the two approaches which were 

grown using molecular beam epitaxy (MBE) on semi-insulating GaAs (100) substrate. A 

micron thick buffer layer was employed to absorb the lattice mismatch between the GaAs 

substrate and the channel layers. The AlAsxSb1-x buffer for approach B is grown as 

superlattice of AlAs and AlSb9, as direct mixing of As and Sb is not possible due to the 

large mismatch in the vapor pressures of As and Sb during MBE growth. A 1µm thick 

buffer of the AlAsxSb1-x consisted of 666 periods of the AlAs / AlSb superlattice layers. 

Figure 9: (a) Dislocations and (b) misfit defects in the buffer layer which 
accommodates the large lattice mismatch between the channel and the GaAs
substrate. 
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Modulation doping approach was utilized using Be-doped layers either below or above 
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the channel (Figure 8). Use of modulation doping allows to achieve the desired carrier 

concentration while reducing the Coulomb scattering mechanisms due to dopants. More 

details on the growth are given elsewhere8, 9. Cross sectional transmission electron 

microscope (TEM) analysis was performed on these samples. Figure 9 shows a cross 

section image of the buffer, the threading dislocations and misfit defects at the interface 
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arising due to the lattice mismatch between the substrate and buffer are marked in the 

figure. We observed using TEM analysis that since most of the dislocations/defects are 

contained in the buffer layer, it was possible to observe good crystal quality near the 

channel layers (Figure 8). 

IV. EXPERIMENTS  

In this section we present various experiments conducted on the heterostructures 

discussed in the previous section to quantify the amount of strain present in the channel, 

the VBO, the effective masses and the number of carrier in the light and heavy hole 

bands, splitting between the light/heavy bands, obtained mobility etc. Table. II serves a 

key to the experiments performed and the corresponding figures. The different samples 

studied are listed in Table. III.  

A. Strain  

Compressive strain was introduced intentionally in the channel of our stacks to enhance 

hole mobility. We used high resolution XRD analysis to quantify the strain present in the 

channel and also check for any residual strain present in the metamorphic buffer, which is 

intended to absorb the lattice mismatch with the GaAs substrate. Figure 10 shows the 

rocking curves near the (004) GaAs peak for sample A1 (with In0.41Ga0.59Sb channel) and 

sample B1 (GaSb channel with superlattice of (AlAs)xAlSb1-x). The different peaks in the 

rocking curve for sample A1 (Figure 10(a)) correspond to the peak from GaAs substrate, 

the metamorphic AlGaSb buffer and the peak from the InGaSb channel. For sample B1 

we see the main and satellite peaks from the (AlAs)xAlSb1-x which are characteristics of 

the digital superlattice (n=-1,0,and+1) which was used in the metamorphic buffer, GaSb  
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TABLE II. Parameters measured, technique used and corresponding figures  
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channel peak gets buried in the satellite peak from the superlattice. Thickness for the 

AlSb and AlAs layers are determined by matching the experimental results with 

simulations and AlAsxSb1-x ternary composition is calculated using Vegard’s law. Table 

III summarizes the results. Reciprocal lattice scans were performed on a few samples to 

further quantify the strain present and check for the presence of residual strain in the 

metamorphic buffer. Figure 11, plots the scan around the (004) and (115) reciprocal 

lattice points, the peaks from the metamorphic buffer showed that the buffer was 97% 

relaxed and the channel was pseudomorphically strained with respect to the buffer. The 

epilayer peaks were broadened as a result of a high density of misfit dislocations required 

to relax the high 7-8% lattice mismatch with substrate. 

B. Valence band offset measurement  
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A good valence band offset (VBO) is needed for confining the 2DHG in the channel 

layer. Also an experimental measurement of the offset is important as it might be affected 

by the quantization and strain in the quantum well channel. We used low energy XPS 

analysis which is the most accurate method to measure the valence band offset18. A timed 

etch was used to etch various layers in the heterostructure shown in Figure 8. VBO was 

calculated by taking the difference between valence band spectrum from channel and 

barrier layers (Figure 12 & Figure 13). The signal from the channel vs. the buffer is 

differentiated by detecting the element which is different between the channel and buffer 

layer, for e.g. indium in the InGaSb/AlGaSb stack in approach A (Figure 12) and gallium 

GaAs

AlSb
(004)

AlSb

GaAs
(115)

SuperLattice 
peaks

Figure 11: Reciprocal lattice scan on sample B1 around GaAs (004) and (115). 
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in the GaSb/AlAsySb1-y channel in approach B (Figure 13).  The valence band offset is 
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Figure 12: VBO for sample A1 (approach A1) is calculated by taking the difference 
in the valence band spectrum from the InxGa1-xSb channel and AlyGa1-ySb buffer. 
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the valence band spectrum from the GaSb channel and AlAsySb1-y buffer. 
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estimated to be ~0.3eV for Sample A1 (Figure 12) and 0.6eV for Sample B2 (Figure 13). 

Approximately twice higher VBO is achieved using the AlAsxSb1-x barrier (approach B) 

as compared to AlyGa1-ySb (approach A), which was also expected from the bulk band 

lineup in Figure 7. Both the band offsets are sufficient to confine the 2DHG and 

comparable or higher then the numbers obtained in Si1-xGex/Si systems19, 20.   

C. Transport measurements  
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Figure 14 : Hole mobility (µh) and sheet charge (Ns) are measured as a function of 
temperature using Hall measurements for samples : A1, A2, A3 (top) and B1, B2 
(bottom). 
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Since the 2DHG in our structures is confined in strained and narrow quantum well 

channel it is important to quantify the mobility in our samples and identify the scattering 

mechanisms, which may be limiting the mobility. It is especially important to check 

whether the mobility is limited by phonon related effects, which are inherent to the 

semiconductor, or by scattering at the interface. Fortunately the interface and phonon 

related scattering mechanisms have different temperature dependence. Temperature 

dependent Hall measurements are performed on the samples varying the temperature 

from 2K-300K. Figure 14 plots the hole mobility (µh) and sheet charge (NS) values 

measured from these measurements. For samples A1, A2 and B1 a T-3/2 temperature 

dependence of hole mobility characteristic of polar optical phonon scattering is seen in 

temperature range of 150-300K. Polar optical phonon scattering is known to be dominant 

scattering mechanism limiting hole mobility in III-V semiconductors15, 21. Also the sheet 

charge remains nearly constant as a function of temperature in these samples as expected 

in modulation doping scheme. For samples A3 and B2, strain relaxation occurs due to 

either channel thickness exceeding critical limit (A3) or lattice mismatch exceeding the 

possible maximum at that particular thickness (B2). We observe that the temperature 

dependence drops to T-1, characteristic of mobility limited by interface defects15. Also 

there is significant drop in the low temperature mobility in these samples, which is more 

sensitive to interface quality. Sample A3 and B2 also exhibit a slight freezeout of sheet 

charge at low temperature again suggesting poor interface and presence of dislocations as 

a result of strain relaxation in these samples. Thus it appears the room temperature 

mobility in our samples is limited by phonon based scattering mechanism when the strain 

is confined in the channel and limited by interface related scattering when there is 
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relaxation of strain. We measured a maximum hole mobility of 960cm2/Vs at sheet 

charge of ~1!1012cm2/Vs. To further corroborate our theory a high temperature anneal 

(600°C/60s) was performed on one of the sample during MBE just before the channel 

growth, which results in improvement of channel/barrier interface. This lead to higher 

low-temperature hole mobility (Figure 15) but only a slight increase in hole mobility at 

room temperature which is limited by phonon scattering. 
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D. Mobility spectrum analysis  

Mobility spectrum analysis is a valuable technique, which allows one to check for 

parallel conduction in a heterostructure with different layers and quantify the number of 
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Figure 15: A high temperature anneal (600°C/60s) before channel growth to 
optimize the interface results in a large increase in low temperature mobility but 
gives only slight gain (900cm2/Vs to 940cm2/Vs) in mobility at 300K. 
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carriers in each band22. Mobility spectrum analysis technique was used to check for the 

presence of multiple conductive channels varying the magnetic field from 0-9T. The Hall 

coefficient and the resistivity are measured as a function of the varying magnetic field for 

various temperatures. The conductivity tensors !xx and !xy can be extracted from the 

measured Hall coefficient (RH) and resistivity using the equations below23: 

                             !! ! !!!!!!                                                         (1) 

     !!! !
!!!

!!!!!!!!!"!
       ,         !!" ! ! !!"

!!!!!!!!!"!
                               (2) 
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!                           (3) 

The conductivity tensor is related to the charge and mobility of individual carriers in an 

N-carrier system as: 

         !!! ! !!!!!!
!!!!!!!

!
!      ,       !!" ! !!!!!!!!

!!!!!!!
!
!                                   (4) 

where, ni and µi are the sheet charge and mobility corresponding to the ith carrier, 

respectively. Figure 16 (a) and Figure 16(b) plot the conductivity tensors as a function of 

the magnetic field measured at many temperatures. A least mean square fit algorithm is 

used to the fit the experimental data assuming one, two and three types of carriers as per 

equation (4). Experimentally measured conductivity tensors (Figure 16) show excellent 

fit with simulations assuming only lh and hh bands are occupied, ruling out any parallel 

conduction in heterostructure stack. The number and mobility of carriers in lh and hh 

bands are calculated as per equation (4) and plotted in Figure 17 for different 

temperatures. We observe for sample A1 which has sheet charge of ~1x1012/cm2 that 
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only lh band is occupied at 2K which has high mobility (Figure 17), the hh band starts to 

get occupied as the temperature increases, and the number of carriers in lh and hh bands 

becomes comparable at room temperature. 
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E. Effective mass and the spitting between the light / heavy hole bands  
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Figure 16: Conductivity tensors (Ｌxx and Ｌxx) are measured as a function of magnetic 
field (B) for various temperature. Mobility spectrum analysis (MSA) on the data 
confirms that there is no parallel conduction in the stack and is used to estimate 
number of carriers in lh/hh bands and their mobility (Figure 17). 
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Shubnikov-de-Haas (SdH) oscillations are observed in our samples at low temperature 

(2-20K) and high magnetic fields (0-9 Tesla). Figure 18(inset), plots the scan of sheet 

resistance with magnetic field for sample A1 with mobility of 4500cm2/Vs and sheet 

charge 1.3x1012/cm2 at 2K. An oscillatory behavior can clearly be seen superimposed on 

a parabolic dependence with magnetic field. The oscillatory behavior is plotted vs. 

magnetic in Figure 18 for various temperatures, removing the parabolic dependence, 

which occurs due to hole-hole interactions24. It is well known that these oscillations only 
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Figure 17: (a) Number and (b) mobility of carriers in the llight (lh) & heavy hole (hh) 
bands as a function of temperature for sample A1.
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occur when there are no defects in the bulk of the channel or at the interface; hence 

observation of SdH oscillations provides another independent proof of the good crystal 

quality in the channel and at the interface. Moreover, no oscillations were observed in 

samples A3 & B2 in which relaxation of strain occurred leading to deterioration of 

interface quality.  
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Besides confirming good crystal quality a lot of quantitative information such as effective 

mass of carriers in light and heavy hole bands (m*) and the splitting between the light 

and heavy hole bands ("lh-hh) can be extracted from SdH oscillations. Figure 19 plots the 

oscillatory behavior at 2K vs. inverse of magnetic field (1/B) at sheet charge of 
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Figure 18: Shubnikov-de-Haas (SdH) oscillations in sheet resistance (inset) are observed 
at low temperatures and high magnetic field. Temperature dependence of these 
oscillations is used to calculate m* (Table III).
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1.1!1012/cm2. The oscillations appear periodic in nature and a Fast Fourier Transform 
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 (FFT) on the data shows that the oscillations are harmonic with a single frequency 

(Figure 19(inset)) implying occupancy of only the lowest energy light hole subband at 

this sheet charge density. Effective mass of the light hole band is calculated from the 

temperature dependence of SdH oscillations. The peak amplitude of the oscillations ("#p) 

can be described using the Ando formula25 as: 
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where, #0 is the resistance at zero B, $q is the quantum lifetime,   

! 

" = 2# 2kT /!$ c and 

! 

" c = eB /m*
. The prefactor Rs, is associated with Zeeman splitting while V is usually set 
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Figure 19 : SdH oscillations at 2K are plotted vs. 1/B for sheet charge of 
1.1!1012/cm2.  The oscillatory behavior is periodic in nature with a single dominant 
frequency, indicating that only the lh band is occupied at this sheet charge.   
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equal to 4. RS and V are assumed to be independent of magnetic field and temperature in 

which case they were not involved in the following analysis. 
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 in the temperature range 2-10K, for various values of B at which the peak 

occurs. mlh
* was calculated as the value for which a gradient of unity is obtained in each 

sample. Table. III summarizes the mlh
* values for different samples. The m*lh of 0.094m0 

obtained in sample A1 was verified using cyclotron resonance. Presence of strain and 

confinement in these samples leads to reduction of hole effective mass to 0.094m0, which 

comes close to numbers typically associated with electron effective mass in III-V 

materials. 
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Figure 20, plots the oscillatory behavior on the same sample at sheet charge of 

3.5!1012/cm2, we see that now there are two frequencies beating with each other. A FFT 

on the data clearly shows two dominant peaks (Figure 20(inset)) meaning both the lh and 

Figure 21 : Hole mobiliyt (µh) is measured as a function of sheet charge (Ns) using 
gated hall measurements. Reported values in (strained) silicon are also plotted for 
comparison.
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hh bands are occupied at this sheet charge density. The energy splitting between lh and lh 

bands ("lh-hh) can be calculated from the onset at which the second frequency starts to 

occur and was estimated to be between 70-80meV from sample A1. In the case of strain 

in silicon, which has been very well established now, it is known that the splitting 

between the light and heavy hole bands must be more than 60mV, which is the energy of 

the optical phonon in silicon, to effectively suppress the interband scattering between 

light and heavy hole bands26. The optical phonon energy is ~28meV for GaSb and 

~30meV for InSb, thus the obtained energy splitting is sufficient to suppress the 

interband scattering and give enhancement in hole mobility. The effective mass of the 

carriers in the heavy hole bands (mhh*) can be calculated from the temperature 

dependence of the second oscillation and was calculated to be 0.3 ± 0.05 m0 for sample 

A1. The higher uncertainty in the measurement of the heavy hole mass arises from the 

superimposition of the two oscillations from the light and heavy hole bands when both 

the bands are occupied which makes it difficult to separate the individual components.  

V. GATED HALL MEASUREMENTS  

Although we obtained high hole mobility of 960cm2/Vs at sheet charge of ~ 

1!1012/cm2Vs, it is the mobility at high sheet charge which determines the ION for 

MOSFET applications. Gated Hall bar structures were fabricated as shown in figure 21 

using Al2O3 deposited using atomic layer deposition and Pt gate27 to vary the sheet 

charge in the channel and measure hole mobility as a function of sheet charge. Figure 21 

plots the result for sample A1, we observe that not only is the mobility higher in 

comparison to strained28, 29 (universal30) silicon mobility at low sheet charge the superior 

hole mobility is maintained even at high sheet charge. Hole mobility in our samples is 
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more then 3 times  (>4 times) higher than uniaxially strained Si and universal Si even for 

a high sheet charge of 7!1012/cm2.   

TABLE III. Details on the samples studied.  Mobility and sheet charge (NS) at 300K 
measured using Hall measurements are listed along with value of light hole effective 
mass measured using Shubnikov–de-Haas oscillations # For samples A3 and B2 the 
ideally targeted value of strain is listed. Mobility degradation is observed due to strain 
relaxation in these samples due to channel width exceeding the critical layer thickness. 
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VI. SUMMARY 

In summary, firstly we observed that the valence bands and hence hole mobility are 

highly dependent on choice of group V elements and weakly influenced by the group III 

element in III-V materials. III-V antimonides have twice higher hole mobility in 

comparison to arsenides. Modeling results using bandstructure calculated using 8 band 
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k.p approach predicted that the mobility can be enhanced up to 4.3/2.3 times with 2% 

uniaxial/biaxial compression. Thus we narrowed down the compressively strained 

antimonide channels for experimental study.  

Heterostructure stacks with compressively strained antimonide channel were fabricated 

using two different approaches and analyzed experimentally.  TEM analysis, high hole 

mobility and observation of SdH oscillations confirmed the good crystal quality in the 

channel region. The valence band offset between the channel and barrier was sufficient to 

confine the carrier in the channel layer and no parallel conduction was observed using 

MSA analysis. The presence of strain and confinement in the channel material reduced 

the lh effective mass to 0.094m0 and splitting the degeneracy between the lh and hh bands 

by 70-80meV. This lead to significant enhancement in the hole mobility and maximum 

hole mobility of 960cm2/Vs and sheet charge of ~1!1012/cm2 was achieved.  

The high mobility in our stacks was maintained even at high sheet charge and the 

mobility was more than 3 times higher than strained silicon even at high sheet charge of  

7!1012/cm2. This study demonstrate that high hole mobility can be obtained in III-V 

materials and will motivate the development of high performance III-V MOSFET and 

improvement of base resistance in HBT.  
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Chapter 3 
 
Device quality Sb-based compound semiconductor 
surface: A comparative study of chemical cleaning  
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I.  INTRODUCTION 

 

The electron saturation velocity in InSb is the highest amongst all semiconductor 

materials. Room-temperature hole mobilities as high as 1500 cm2/Vs in strained 

In0.41Ga0.59Sb- and GaSb-channel at sheet charge densities near 1012/cm2
 have also been 

demonstrated recently [1,7-8]. Schottky-gate FET devices with InxGa1-xSb channel have 

achieved fT of 305 GHz at 0.5V VDS (LG=85nm) for n-channel [2] and fT of 140 GHz 

(LG=40nm) for p-channel [3]. While buried channel HEMT-like devices with excellent 

electron and hole transport [2-3] have been demonstrated, realization of an Sb-channel 

MOSFET has remained elusive due to the highly reactive nature of the Sb-surface. This 

is illustrated in Figure 1 where we show atomic force microscopy (AFM) scans of a 

nominally epi-ready GaSb surface for a sample removed from the package supplied by 

the vendor which was sealed under nitrogen and measured immediately. The root mean 

square (RMS) surface roughness is 0.73 nm. The RMS roughness increases to 4.0 nm 

after exposure to atmosphere for a week. Thus a stable and clean Sb-surface suitable for 

dielectric deposition is the key if metal oxide field effect transistors (MOSFETs) utilizing 

the high mobilities in these materials are to be realized. Surface cleaning and passivation 

is also important for infrared photodetectors made using Sb-materials to improve the 

ION/IOFF ratio and response time. 

 

The cleaning of InP/InxGa1-xAs surfaces using various chemical cleans has been studied 

extensively [4-5], which in turn has enabled MOSFETs utilizing the excellent transport 

properties in these materials. However, very little work has been reported on surface 
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cleaning of Sb-based III-V semiconductors. In this chapter we study the effectiveness of 

wet chemical cleans of HCl, HF, and &'"(', acids and bases used routinely in 

semiconductor processing, to remove the native oxides present on Sb surfaces and 

produce a stable and stoichiometric Sb surface suitable for device fabrication. 

Synchrotron Radiation Photoemission Spectroscopy (SRPES) is used to study the top few 

monolayers of the surface after different chemical cleans and subsequent annealing in 

vacuum. Capacitance-voltage (CV) and photoluminescence (PL) measurements are 

performed on capacitors fabricated after the various chemical cleans and correlated with 

the SRPES data. 

 

Samples having the top surface terminated with GaSb, InxGa1-xSb, or AlxGa1-xSb are 

studied to recommend the best material for surface termination. GaSb is an exciting 

material for developing a III-V pMOSFET with high hole mobility. In addition its 

bandgap is well suited for optical communication. InxGa1-xSb has both excellent electron 

and hole mobility and is considered as one of the candidates for replacing silicon in 

future technology nodes for transistors where high performance and low power is 

required [2]. AlxGa1-xSb has been used extensively as a wide-bandgap barrier for buried 

channel InxGa1-xSb heterostructure FETs. 

 

II. EXPERIMENTS 
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A. Experimental Details 

 

The SRPES experiments were performed at beamlines 8-1 and 10-1 of the Stanford 

Synchrotron Radiation Lightsource. These two beamlines combined provide a tunable 

range of monochromatic photons from 60 to 1000eV, yielding high surface sensitivity 

with a minimum electron escape depth around 5 Å. The Ga 3d, In 4d, Sb 3d, Al 2p, and 

the valence-band (VB) spectra can be studied with high accuracy in this low energy 

range. 

 

The effectiveness of oxide removal by acid or base solutions is studied. We investigate 

three different chemicals i.e. 9% HCl, 10% NH4OH, and 2% HF, which are commonly 

used in semiconductor processing; the residual surface immediately after the chemical 

clean is studied. The chemical cleaning is done inside of a glove box purged with pure 

argon; clean time is 2-3min. After the cleaning the samples are rinsed in DI water for 5 

seconds after, then were blown dry by argon. We did not find any difference in 

photoemission spectra compared to samples without DI water rinse. The glove box is 

directly connected to the load lock of the photoemission chamber, allowing immediate 

transfer after the chemical cleaning without any exposure to air. In this manner the 

cleaning environment is controlled to minimize the contamination from air. 

Lastly, the sample is vacuum annealed in the photoemission chamber. The sample 

surface-temperature to heater-current relationship is periodically calibrated by touching  
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TABLE I. Photon Electron Spectroscopy parameters for In 4d, Ga 3d, Sb 4d and Al 2p 
spectra. All energies are in eV.  

! !"#$%! !"#$%#! !"#$%! "#!$%!

!"#$,!"#$%&'()$%%$*+! 0.44 0.90 1.25 0.43 

!"#$%&'$()"#*'+! 1.5 1.5 1.5 2 

!"#$$%"&'(%)*+! 0.45 0.42 0.34 0.23 

!

the surface of a test sample with a Chromel-Alumel thermocouple. The time for vacuum 

annealing is normally 30 min unless stated otherwise. In some figures the spectra 

collected were fitted with a Voigt function, which is a Gaussian broadened Lorentzian 

line shape. The deconvolution parameters are listed in Table I. The spin orbit splitting 

value is taken to be 0.44eV for Ga 3d, 0.90 eV for In 4d, 0.43 for Al 2p and 1.25eV for 

Sb 4d [6]. The branching ratio between the doublets is defined by the angular quantum 

number and is fixed at 1.5 for d-orbital and 2 for the p-orbital The spectrum is collected 

at a 90° angle from the surface unless mentioned otherwise. 

Al2O3 deposited by atomic layer deposition (ALD) was used for the capacitance voltage 

characteristics study on GaSb surface. The sample preparation procedure before ALD 

deposition was same as the used in SRPES study. The samples were loaded into the ALD 

chamber immediately after the chemical clean and the base pressure for the ALD 

chamber was 5x10-7 Torr. The deposition was done in a thermal ALD system at 300°C 

using tetra-methyl aluminum (TMA) and water as the precursors starting with a TMA 

pulse as the first step.  
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TABLE II. List of Sb-surface’s studied and a look-up table for the associated SRPES 
figures 

!"#$%&! !""#$%&'()*+%,-.("!

!"#$! Figure 1-4 

!"!"#!!"!"#!!"! Figure 7 

!"!"#!"!"#!"! Figure 8-9 

!"!"#!"!"#!"#$%&'#()!"#*)+! Figure 8-9 

 

The surfaces we studied are listed in Table. II. The GaSb (100) wafers used are p-type 

with carrier concentration of 1-2x1017/cm3
 manufactured by Wafer Technology, UK. 

Samples having top surface as In0.20Ga0.80Sb and Al0.7Ga0.3Sb, were grown by MBE on 

GaAs (100) substrate using a metamorphic buffer [7-8]. We also studied the effect of 

chemical cleaning on the Al0.70Ga0.30Sb sample terminated with the two monolayers of 

GaSb on the surface, and compare it with the sample having Al0.70Ga0.30Sb termination. 

Thus our sample space combined with different chemical cleans, forms a comprehensive 

study of chemical cleaning on Sb surfaces. This will serve as a useful reference for 

researchers working on GaSb MOSFETs, photodetectors, InGaSb surface-channel FETs, 

or utilizing AlGaSb as a barrier layer. 

 

B. Results on GaSb 

Figure 2(a) plots the SRPES spectrum near Ga 3d and Sb 4d peaks for an as-received 

GaSb sample (h! =100eV). The x-axis in these plots is kinetic energy, thus the peak from 
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the native oxides i.e. GaOx, SbOx occurs on the left side i.e. at a lower kinetic energy (or 

!
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higher binding energy) from the Ga 3d, Sb 4d peaks. Ga 3d or Sb 4d peaks from the 

GaSb substrate are not visible at room temperature before any anneal and we observe 

only the peaks due to GaOx and SbOx present on the surface. When the sample is 

subsequently annealed in vacuum at 90°C, 200°C, 300°C and 400°C, the SbOx starts 

desorbing and the Sb 4d peak from the substrate below becomes visible. No desorption of 

GaOx is observed even at 400°C. The temperature of 400°C is already quite high given 

the low melting point (705°C) of GaSb [9]. Thus removal of native oxides is difficult by 

simple thermal annealing. We next explore the effect of HCl, NH4OH, and HF clean in 

reducing the native oxides on the surface. 

Exposed to Air

RMS =
0.73nm

RMS =
4.01nm

As Received 

Fig. 1: Tapping mode AFM map of the GaSb wafer: immediately taken out of a N2
sealed package (left), exposed to air for a week (right). GaSb reacts with 
a t m o s p h e re  ra p id l y  t o  f o rm  th i c k  na t i ve  o x ide  on  t he  su r f ace .
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Figure 2 plots the Ga 3d and Sb 4d SRPES spectra after chemical cleaning in the (b) HF, 

(c) NH4OH and (d) HCl solutions and subsequent anneal in ultra-high vacuum at 90°C, 

!

!"#$%&'>)'G/9'&-&%#;'%+0"+4"/-'3%/.'8&+.:"-&'HI('AJ5/4/-'&-&%#;KLMI(MM&NB'"?'$?&0'
4/' ?4$0;' 45&' &33&@4' /3' 45&%.+:' +--&+:' /-' A+B' 1?' %&@&"F&0' ?+.,:&O' +-0' +34&%' @5&."@+:'
@:&+-'"-'A8B'P!C'A@B'=PQRP'+-0'A0B'PS:E'R-:;'45&'PS:'+@"0'@:&+-'"?'+8:&'4/'%&0$@&'8/45'
45&'6+RD'+-0'78RD'/-'45&'?$%3+@&'+-0';"&:0'+'?4+8:&'?$%3+@&'3%&&'/3'-+4"F&'/D"0&'9"45'
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200°C, 300°C and 400°C, using beamline 8-1 with photon energy of 90-100eV. Use of 

low energy radiation from synchrotron results in increased surface sensitivity and allows 

Fig. 2 : Low energy radiation from beamline 8-1 (Photon energy=100eV) is used to 
study the effect of thermal anneal on (a) As received sample; and after chemical 
clean in (b) HF, (c) NH4OH and (d) HCl. Only the HCl acid clean is able to reduce 
both the GaOx and SbOx on the surface and yield a stable surface free of native 
oxide with subsequent thermal anneal. 
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observation of the spectrum from the top 2-3 monolayers of the surface with great 

accuracy.  We observe that while the HF and NH4OH cleans result in reduction of SbOx 

on the surface and the Sb 4d from substrate peak becomes visible, the GaOx on the 

surface is only partially reduced, using HF / NH4OH clean. The GaOx peak after HF/ 

NH4OH clean is only reduced slightly by subsequent anneal in vacuum, indicating that 

the residual GaOx remaining after HF/ NH4OH cleaning cannot be completely desorbed 

with annealing in vacuum. Both the GaOx and SbOx appear to be substantially reduced 

with the use of the HCl clean (Figure 2(d)). Further desorption of the remaining oxides is 

observed with thermal annealing and the surface appears to be completely free of native 

oxides after HCl clean and annealing at 300°C. The peak separation between the SbOx 

and Sb 4d peaks is ~2.90eV, which is in between the known shifts of 2.76eV and 3.56eV 

for Sb2O5 and Sb2O3 respectively. Thus GaOx and SbOx are used as generic terms for 

oxide peaks from Ga 3d and Sb 4d respectively.  

 

Figure 3 compares the spectrum from the GaSb surface immediately after the HCl, 

NH4OH and HF cleans. We observe that only the HCl-based clean is able to reduce both 

GaOx and SbOx on the surface. For the sample cleaned with HCl and then annealed at 

300°C (Figure 4) measurements are performed at different tilt angles with respect to the 

surface to further increase the surface sensitivity. Again no SbOx and GaOx peaks are 

observed. Thus we conclude from the SRPES study that the HCl clean of the GaSb 
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surface and subsequent anneal results in a thermally stable GaSb surface free of native 
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oxides.  HF and NH4OH cleans are unable to remove the GaOx on the surface which is 

not completely desorbed after subsequent thermal annealing.  

B. GaSb passivation study using capacitance-voltage and 

photoluminescence measurements  

Al2O3 was deposited at 300°C by ALD using tetra-methyl aluminum (TMA) and water as 

the precursors, after performing the chemical cleans with HCl, HF and NH4OH as 

discussed in the previous sub-section. Capacitance-voltage (CV) characteristics were 

measured on capacitors on p-type GaSb having 70 cycles (~7nm) Al2O3 dielectric and 

using a platinum metal gate. Figure 5 plots the CV characteristics over a large frequency 

Fig. 3: Synchrotron radiation from beamline 8-1 (Photon energy=100eV) is used to 
observe the top 2-3 monolayers of the GaSb surface with high accuracy on (a) As 
received sample; and after chemical clean in (b) HF, (c) NH4OH and (d) HCl. 
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range from 1kHz to 1MHz. Nearly flat CV characteristics are observed for the samples 
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with no clean and HF clean.  CV’s on capacitors with the NH4OH clean exhibited 

inversion response and a frequency dispersion in accumulation of 4%/decade, which is 

one indicator of high interface state density (Dit). The mid bandgap Dit for the sample 

with HF clean was extracted to be 5"1012/cm2eV using the conduction method in 

depletion region [10].  The best CV characteristics were observed for the sample with 

HCl clean, with the frequency dispersion in accumulation less than 2%/decade. The mid 

bandgap Dit for the sample with the HCl clean was extracted to be 3"1011/cm2eV using 

the conduction method in depletion region [10].   

Fig. 4: SRPES measurement at different angles (photon energy =100eV) is 
performed on the GaSb sample after HCl clean and 300ºC anneal in vacuum to 
check for the presence of native oxides. No SbOx or GaOx is detected on the 
surface. 
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Photoluminescence (PL) has been proposed as a tool to compare the passivation achieved 

at the surface [11]. Figure 6 compares the integrated PL peak intensity for GaSb 

capacitors with the HCl, NH4OH and HF cleans. Increased PL intensity was observed in a 

GaSb sample with an HCl-acid compared to samples with HF and NH4OH clean 

providing another independent proof for improved surface characteristics with HCl clean.  

Fig. 5: Bidirectional CV characteristics are plotted from 1kHz to 1MHz for GaSb
capacitors on (a) As received (b) HF clean (c) NH4OH clean (d) HCl clean.  

(a) As received (Only degrease)

(c) NH4OH clean (d) HCl clean

(b) HF clean
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C. SPRES results on InGaSb, AlGaSb, AlGaSb terminated with GaSb 

So far we have discussed results on chemical cleaning and surface passivation of binary 

GaSb. In this section we discuss the surface cleaning of Sb ternaries, in particular 

In0.20Ga0.80Sb and Al0.70Ga0.30Sb. Figure 7 plots the SRPES spectrum from the 

In0.20Ga0.80Sb surface for the as-received sample and after NH4OH and HCl cleans. 

Similar to the GaSb case, we observe that only the HCl clean is able to reduce the native 

oxides on the surface. The In 4d and Ga 3d spectrum are closely spaced and the In 4d 

peak is small due to the small relative concentration of indium (Figure 7). The In 4d / Ga 

3d spectrum are deconvolved (Figure 7b) using the parameters listed in Table. I. Figure 

7c plots the spectrum after an HCl anneal and a subsequent anneal in vacuum. The data  

Fig. 6: Integrated peak density of the photoluminescence (PL) signal is plotted as 
function of laser power. Higher PL signal intensity is observed in sample cleaned by 
HCl indicating better passivation.   
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Fig.7: (a) In 4d, Ga 3d and Sb 4d spectra are plotted for the In0.20Ga0.80Sb surface 
for as received sample and after NH4OH and HCl clean. (b) The In 4d and Ga 3d 
spectrum are deconvoluted using parameters in Table. I. No native oxide is 
detected on the surface after HCl clean and subsequent anneal at 300ºC
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can be completely fitted using the In 4d and Ga 3d peaks and no presence of native 

oxides is detected.  

Figure 8 plots the SRPES spectrum for Al 2p from the Al0.70Ga0.30Sb sample with the 

HCl clean, which was found to be most effective in removing the GaOx and SbOx oxide 

on the surface. The aluminum on the surface appears to be oxidized and only a small 

shoulder due to Al 2p from the substrate can be detected. The substrate Al 2p peak 

becomes more prominent after subsequent anneal in vacuum (Figure 9(a)) but the AlOx is 

not removed completely with annealing up to 4000C. The removal of AlOx was also not 

observed with the HCl and NH4OH cleans  (not shown). It must be noted that similar 

Fig.8: Al 2p spectrum after HCl acid clean is compared for the sample having a 
surface terminated with Al0.70Ga0.30Sb and a sample having a 2 monolayer GaSb
cap on top of Al0.70Ga0.30Sb.
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results have been observed in the case of Al-containing arsenides [12]. Masaharu et al. 
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recognized for the case of InAlAs that the AlOx was hard to remove completely  by 

typical wet cleaning, while the InOx and AsOx can be removed [13].   

Finally, we explore the use of 2 monolayers of GaSb (~0.6 nm) to terminate the 

Al0.70Ga0.30Sb for which we found the AlOx hard to remove using the chemical cleans. 

The GaOx and SbOx on the GaSb were removed using the HCl clean as discussed 

previously. The Al 2p peak form the Al0.70Ga0.30Sb below could still be observed, as the 

GaSb is only 2 monolayers thick. Figure 8 compares the Al 2p spectrum from the sample 

terminated with Al0.70Ga0.30Sb and the GaSb terminated sample after HCl clean. No 

Fig.9: The effect of annealing after HCl clean on (a) Al0.7Ga0.3Sb (b) GaSb capped 
Al0.7Ga0.3Sb. The AlOx is not desorbed with thermal anneal of the Al0.7Ga0.3Sb sample 
(a); while the Al is not oxidized for the sample with GaSb cap (b)
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oxidation of the Al 2p peak is observed for the sample with GaSb termination. In Figure 

9(b) we observe that the Al peak remains stable and no oxidation is observed with 

subsequent anneals for the Al0.70Ga0.30Sb sample terminated with 2 monolayers of GaSb. 

III. CONCLUSION  

The effect of HF, NH4OH and HCl chemical cleans on removal of the native oxides and 

formation of a stable surface with subsequent thermal annealing has been systematically 

studied using low-energy SRPES.  We observe that only HCl is able to remove the native 

oxides onInGaSb and GaSb surfaces and subsequent thermal annealing yields a stable 

surface suitable for dielectric deposition. The results from the SRPES study correlate well 

with the CV and PL measurements. Excellent CV characteristics with frequency 

dispersion of less than 2%/decade and a mid bandgap Dit of 3"1011/cm2eV are 

demonstrated on GaSb substrates after an HCl clean.  

The removal of the AlOx from the AlGaSb surface was not possible using a chemical 

clean. Termination of AlGaSb with GaSb is proposed as a solution. A stable surface with 

no oxidation of Al can be obtained for an AlGaSb terminated with just 2 monolayers 

(~0.6 nm) of GaSb. This is an encouraging result as the thickness of a GaSb layer is very 

thin to avoid any parallel conduction when a high-k dielectric such as Al2O3 is 

subsequently deposited on such a surface for heterostructure MOSFET fabrication.  
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I. INTRODUCTION 

 

GaSb is an exciting III-V material, which may enable a high performance/low power 

complementary metal-oxide semiconductor (CMOS) technology, which can outperform 

silicon. While there have been many demonstrations on n-channel MOSFETs in III-V 

materials showing excellent electron mobility and high drive currents, hole mobility in 

III-V pMOSFETs has traditionally lagged in comparison to silicon because of inherently 

high hole effective mass and thus low mobility. GaSb is an attractive material for 

pMOSFET because of its relatively high bulk mobility for holes, which is among the 

highest of all III-V semiconductors and twice as high as silicon and GaAs. The electron 

mobility in GaSb is five times higher as compared to silicon. Another metric, which 

should be considered while comparing different semiconductors for CMOS applications, 

is the ratio of their electron mobility to hole mobility, which is proportional to the ratios 

of channel widths for the nMOSFET to pMOSFET to drive the same level of current. 

This ratio is ~3 for Si, ~8 for GaSb, around 21 for GaAs, and greater than 50 for InAs and 

InSb. Thus GaSb is more suited to enable a CMOS technology with traditional layout and 

circuit schemes. 

 

GaSb also has other features that make it attractive for III-V CMOS.  The charge 

neutrality level for GaSb is located at 0.1eV from the valence band edge, thus the metal 

Fermi level pins near the valence band for the metal/GaSb contact. This is favorable for 

obtaining contacts with low resistivity to p-type GaSb in the source/drain region of the 

pMOSFET. Contact resistivity values of less then 1!10-7 ";.5 have been reported for p-
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type GaSb 1. GaSb has a bandgap of 0.72eV, which is well matched to the loss minima 

!

!"#$%&' (: AFM scan shows an RMS roughness of: (a) 0.66nm immediately after the 
chemical clean (b) and 0.73nm after 10 cycles (~1nm) of Al2O3 deposited by ALD.  

 

for optical fiber communication and large enough to enable a high ION/IOFF ratio as 

compared to other III-V semiconductors1.  Lastly, GaSb has a melting point of 712°C as 

compared to 1238°C for GaAs and 1414°C for silicon. As the thermal budget for 

processing scales with melting point, Sb-based materials are more suitable for low 

temperature processing which allows a simpler self-aligned process flow and can be 

utilized advantageously when these materials are grown on top of another substrate, e.g. 

silicon, for heterogeneous integration.  

 

The earliest attempt to fabricate MOSFETs on GaSb dates back to 1977 when Rockwell 

reported on a GaSb pMOSFET using pyrolytic silicon dioxide as the gate insulator 2. The 

authors noted that the performance of the device was limited by the quality of the oxide 

(a) After HCl clean

Figure 1

5x5µm scan
Roughness = 0.66 nm RMS
Z range = 8.979 nm

5x5µm scan
Roughness = 0.73 nm RMS
Z range = 7.915 nm

(b) HCl clean + 1nm ALD
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and the device showed decrease in ON-current and mobility with a decrease in 

temperatures indicating that the scattering mechanisms from the dielectric/interface were 

limiting the device performance. With the recent progress in the field of surface cleaning 

combined with atomic layer deposition (ALD), it has been possible to deposit high 

quality dielectrics on III-V semiconductors. Many research groups have demonstrated 

nMOSFET’s on InGaAs/InP system using atomic layer deposition dielectric and metal 

gate 3-5. Only recently have people started investigating the passivation and interface 

properties of ALD oxide on GaSb6, 7. Ali et al. reported the use of plasma enhanced ALD 

to unpin the GaSb/dielectric interface6. Meckling et al. explored the use of in situ 

deposition of Al2O3 on GaSb grown on InP using molecular beam epitaxy and reported 

Dit values in the low 1012/cm2eV range near the valence band7. While these are exciting 

results the development of high quality ALD dielectric on a GaSb surface still remains a 

nascent field, and MOSFETs on GaSb utilizing the ALD dielectric and their mobility has 

not been reported yet. In this chapter we explore the use of thermal ALD Al2O3 to 

achieve quality MOSFETs with a GaSb channel.  

 

Another challenge in achieving high performance MOSFETs on GaSb is the development 

of source/drain technology with a high density of activated impurities, low defects and 

low contact resistance. Ion implantation in the antimonides has traditionally been a 

challenge; the formation of hillocks and voids has been well known with high-dose 

implantation in GaSb 8, 9. In this chapter we attempt to overcome these challenges and 

demonstrate a pMOSFET in GaSb substrate using ALD Al2O3 as the dielectric and 

source/drain formed by ion implantation in a self-aligned process flow.  
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The rest of the chapter is organized as follows: In Section II, we report of the 

development of an Al2O3 gate dielectric on GaSb. Capacitance/conductance 

measurements and radiation from synchrotron are used to study the dielectric properties. 

The use of a forming gas anneal (FGA) to improve the dielectric properties is also 

discussed. Section III details the ion implantation process for forming source/drain and 

p+/n diode characteristics for the pMOSFET. Section IV describes the fabrication flow 

and results obtained on the fabricated GaSb pMOSFET devices. Finally, we draw some 

conclusions in Section V.  

 

II. DIELECTRIC DEVELOPMENT  

 

A high quality dielectric on the GaSb surface is a key for achieving good MOSFET 

characteristics. In this section we report the optimization of ALD Al2O3 for the GaSb 

surface. We choose Al2O3 as it has the advantages of a large band gap, high dielectric 

constant, high breakdown field (>107V/cm), and thermal stability (amorphous for 

temperatures up to 1000°C). The amorphous Al2O3 film also acts a better barrier for 

alkali ions, has fewer impurities, and has higher radiation resistance. Any high-k oxide 

for a III-V MOSFET must satisfy two basic criteria: (1) a clean and native-oxide-free 

interface with the semiconductor and (2) sufficient band offset of over 1 eV to act as 

barrier for both electrons and holes10. The GaSb surface has been known to be highly 
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reactive to atmospheric oxygen and a thick native oxide forms quickly on the surface11. 

!

!"#$%&'): (a) The bandgap (Eg) of Al2O3 is measured using Al 2p loss spectrum. (b) The 
valence band offset (VBO) is measured by taking the difference between the valence 
spectrum before and after depositing a thin layer of Al2O3. (c) While using the Sb 4d peak 
from the substrate for alignment.      

Figure 2: (a) The bandgap (Eg) of Al2O3 is measured using Al 2p loss spectrum. (b) 
The valence band offset (VBO) is measured by taking the difference between the 
valence spectrum before and after depositing a thin layer of Al2O3. (c) While using 
the Sb 4d peak from the substrate for alignment.      
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!"#$%&' *: Band offsets for Al2O3 deposited by ALD on GaSb. The position of charge 
transition levels for dangling bonds in the oxide has been overlayed with the band 
diagram of the oxide.  

 

The removal of this oxide to produce a clean and thermally stable surface is essential to 

achieve good interface quality and low density of interface states (Dit). We use a chemical 

clean in 1:1 HCl for surface preparation before ALD. HCl acid-based clean is effective to 

remove both the GaOx and SbOx on the GaSb surface. The comparison of various 

chemical cleans in producing a device quality Sb-surface was studied extensively using 

low energy synchrotron radiation and photoluminescence measurements and has been 

reported elsewhere12. After the chemical clean, Al2O3 was deposited at 300°C by ALD 

using tetra-methyl aluminum (TMA) and water as the precursors and TMA being the 

starting pulse for the ALD. The RMS roughness of the surface just after HCl clean and 

after 10 cycles of ALD deposition was measured to be 0.66 and 0.73nm, respectively, as 

shown in Figure 1.  

Figure 3: Band offsets for Al2O3 deposited by ALD on GaSb. The position of charge 
transition levels for dangling bonds in the oxide has been overlayed with the band 
diagram of the oxide. 
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!

!"#$%&' +: High frequency CV characteristics on (a) as-deposited Al2O3 and (b) after 
FGA. The capacitance values are normalized to compare the VFB shift with varying 
dielectric thicknesses.  
Figure  4: High frequency CV characteristics on (a) as-deposited Al2O3 and (b) after 
FGA. The capacitance values are normalized to compare the VFB shift with varying 
dielectric thicknesses. 
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Synchrotron radiation photoemission spectroscopy (SRPES) was used to estimate the 

conduction band offset (CBO) and valence band offset (VBO) for Al2O3 on GaSb. The 

 !

!"#$%&' ,: Measured VFB shift as a function of physical oxide thickness (tox). 
Experimental data can be fitted very well combining a linear shift with tox due negative 
interface charge and parabolic shift with tox due to positive bulk charge. 

 

Al2O3 bandgap was measured to be 6.3eV from the Al 2p loss spectrum (Figure 2(a)), 

which agrees well with values reported for ALD Al2O3 deposited under similar 

conditions13. The valence band offset was measured by taking the difference between 

valence band spectrum from the surface after the clean and after thin Al2O3 deposition as 

shown in Figure 2(b)14 using the Sb 4d peak from the GaSb substrate for alignment 

(Figure 2(c)). The valence band offset was measured to be 3.1eV by SRPES, which has a 

high energy resolution near the valence band spectrum maximum. Using the known value 

of GaSb bandgap (0.72eV) at room temperature, the conduction band offset can be 

estimated by taking the difference of the Al2O3 bandgap with the valence band offset and 

Figure 5: Measured VFB shift as a function of physical oxide thickness (tox). 
Experimental data can be fitted very well combining a linear shift with tox due 
negative interface charge and parabolic shift with tox due to positive bulk charge. 
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the GaSb bandgap as shown in the Figure 3. The measured CBO/VBO of 2.48eV/3.1eV 

for Al2O3 on GaSb are sufficient to minimize gate leakage by thermionic and tunneling 

processes and the insulator is therefore well-suited for a MOSFET design. 

!

!"#$%&' -: Measured CV characteristics at room temperature over frequency range of 
1kHz to 100kHz on (a) p-type GaSb with Na~ 3!1018/cm2 (b) n-type GaSb with Nd~ 
4!1017/cm2. 

 

Figure 6: Measured CV characteristics at room temperature over frequency range 
of 1kHz to 100kHz on (a) p-type GaSb with Na~ 3!1018/cm2 (b) n-type GaSb with 
Nd~ 4!1017/cm2. 
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Al2O3 films 5nm to 15nm thick were deposited on GaSb using ALD. Film thickness was 

measured using ellipsometry, which was also verified with cross-section transmission 

electron microscopy. Capacitors were made on these films, using platinum (Pt) electrode 

deposited in an e-beam evaporator through a shadow mask. Figure 4(a) plots the 

capacitance-voltage (CV) characteristics at 100kHz for capacitors on p-type GaSb for 

varying thickness of as-deposited Al2O3. The capacitance values are normalized with 

respect to the maximum capacitance in accumulation to compare the shift in flat-band 

voltage (VFBHI!We observe in Figure 4, that the normalized capacitance curves are shifted 

parallel to each other for the as-deposited dielectric, indicating the presence of fixed 

charge in the bulk of the oxide and/or at the oxide/semiconductor interface. Also in 

comparison to the ideal VFB value calculated using the effective workfunction of Pt on 

Al2O3
15, the measured VFB is shifted negatively with respect to the ideal value for the 

thinner oxide thickness. While a positive VFB shift is observed for thicker dielectric 

thicknesses with respect to the ideal value.   

This issue is examined further in Figure 5 where VFB is plotted as a function of oxide 

thickness for the as-deposited dielectric. VFB was extracted using the method of Hillard et 

al16. The observed thickness-dependence of VFB can be explained if we assume that there 

is negative fixed charge near the Al2O3 interface with GaSb and positive charge in the 

bulk of the oxide film. A negative linear shift in VFB as a function of dielectric thickness 

occurs due to negative charge at the semiconductor/oxide interface as shown in Figure 5, 

while a positive parabolic shift is expected when there is positive bulk charge present in 

the dielectric17. The functional dependence of the measured data can be fitted very well 

with combination of negative linear and positive parabolic dependence (Figure 5) 
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confirming the presence of positive bulk charge in the oxide and negative charge at the 

oxide/GaSb interface for the as-deposited Al2O3. Similar charge distribution has also 

been observed for Al2O3 on InGaAs deposited under similar conditions by Shin et al18. 

The authors attributed this charge distribution to the presence of an O-rich region near the 

interface and Al-rich region away from the interface. It is known from first principle 

calculations in amorphous Al2O3 that the Al deficiency manifests itself in the form of 

oxygen dangling bonds, which have charge transition levels at -0.83eV and 0.61eV above 

the valence band as shown in Figure 3. While the aluminum dangling bonds due to O 

deficiency are located at 5.12eV and 5.35eV above the valence band (Figure 3)18. 

Looking at the position of these dangling bonds in Figure 3, we can predict that the O 

dangling bonds will be below the Fermi level and thus negatively charged while the Al 

dangling bonds will be positively charged. This agrees well with the experimental result 

that the O-rich region near the interface has fixed negative charge while the Al-rich 

region in the bulk has positive charge.  

As the presence of fixed charge in the oxide or at the oxide/semiconductor is detrimental 

for MOSFET performance, use of forming gas anneal (FGA) was explored to reduce the 

fixed charge and improve the Al2O3/GaSb interface properties. Recently, use of FGA has 

been shown to be very effective for improving the interface properties of the 

oxide/InxGa1-xAs interface and passivating the bulk traps in Al2O3 deposited by ALD 

under similar conditions18, 19. Theoretical analysis has predicted a binding energy of 

1.3eV for O-H and 1.4eV for Al-H indicative of stable passivation. Hydrogen passivation 

can hence neutralize the effect of dangling bonds and improve the interface properties. 

Motivated by this, we tried an FGA anneal with forming gas (5/95%:H2/N2) flowing at 
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the rate of ~4L/min at varying temperatures. A 30min/350ºC anneal was found to be 

optimum to improve the dielectric properties. Figure 4(b) plots the CV characteristics 

following the FGA anneal, where the normalized CVs for different dielectric thickness 

overlap each other indicating removal of fixed charge. The hysteresis reduces from 

~120mV for the as-deposited condition to ~20mV after FGA anneal indicating 

passivation of bulk traps (Figure 4). A reduction in stretch-out indicating reduction of Dit 

was also observed. The temperatures above and below 350°C were found to be less 

effective in improving the dielectric properties with FGA. Similar behavior with 

temperature has been observed with the effect of FGA on the dielectric/Ge interface20, 

and has been attributed to insufficient diffusion of hydrogen radicals at low temperatures 

(<350°C) and deterioration of interface properties due to intermixing at the 

semiconductor/dielectric interface and desorption of hydrogen at higher temperatures 

(>350°C). 

Figure 6 plots the CV characteristics obtained after FGA anneal on p/n-type GaSb 

substrates for the frequency range of 1kHz to 100kHz. Inversion response at room 

temperature was observed on both n and p-type GaSb. Frequency dispersion in 

accumulation which is one indicator of Dit was less than 1/2.1 %/decade for the p/n-type 

substrate. Dit distribution across the bandgap was determined using the conductance 

method in the depletion region21 on n and p- type substrates. The temperature was varied 

from 300-80K and measurements were made on both n and p-type substrates to probe the 

Dit distribution across the entire bandgap. Figure 7 shows a typical Gp/# vs. frequency 
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curve for the p-type substrate at 77K. Figure 8 plots the derived Dit distribution. A mid 

!

!"#$%&' .: Measured parallel G/" as function of frequency for various gate voltages 
measured on a p-type GaSb capacitor at 77K.  

 

bandgap Dit value of 3!1011/cm2eV was achieved. The Dit distribution is asymmetric with 

low Dit near the valence band edge and an order of magnitude higher Dit towards the 

conduction band. The observed Dit distribution is in qualitative agreement with the fact 

that the charge neutrality level of GaSb is located at ~0.1eV from the valence band10. The 

low Dit values near the valence band is encouraging for obtaining a good pMOSFET 

while the high Dit near the conduction band can be detrimental to the nMOSFET 

performance. We also note that the Dit distribution obtained is qualitatively similar to 

what is experimentally observed in germanium, which has a similar bandgap to that of 

GaSb and its charge neutrality center is located near the valence band as well22.  
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Figure 7: Measured parallel G/β as function of frequency for various gate voltages 
measured on a p-type GaSb capacitor at 77K. 
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!

!"#$%&'/: Dit distribution is calculated across the bandgap using conductance method. Dit 
is scanned across the bandgap utilizing both the p/n-type substrates and varying the 
measurement temperature from 300K to 77K. 

  

III. DIODE DEVELOPMENT FOR SOURCE/DRAIN!

For development of GaSb pMOSFET source/drain technology with a high density of 

activated carriers, low defects and low contact resistance are essential. Ion implantation 

in the antimonides has traditionally been a challenge, as the formation of hillocks and 

voids with a high dose of implantation in GaSb has been well known8, 9. Also it has been 

reported that this damage doesn't go away with furnace or rapid thermal anneal (RTA) 

even at high temperature. Further, it has been noted that the threshold dose / energy of 

hillock formation decreases with increasing ion mass8, 9. Table 1 lists the dopant species 

for GaSb; Be, Si and Zn act as acceptors in GaSb, and S, Se and Te are the common 

donors. Thus for the p+/n diode, the implantation dose at which hillock formation occurs 
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Figure 8: Dit distribution is calculated across the bandgap using conductance method. 
Dit is scanned across the bandgap utilizing both the p/n-type substrates and varying 
the measurement temperature from 300K to 77K. 
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is in the order Zn < Si < Be. Similarly for n+/p diode it’s in the order S < Se < Te. The 

!

!"#$%&' 0: AFM scan of the surface after: (a) Be implant with dose = 9!1014/cm2 and 
energy = 10keV (b) S implant with dose = 7!1014/cm2 and energy = 40keV (c) Zn 
implant with dose = 7!1014/cm2 and energy  = 30keV (d) RTA anneal of the Zn 
implanted sample at 600°C for 5 mins.  

 

problem is worse for donors as the lightest atom for donors is S compared to Be for 

acceptors. It should also be noted that most of the previous works on implantation in 

GaSb were done without any dielectric layer on the top to absorb the energy of species 

being implanted.  

 

(a) Be, 9E14/cm2, 10keV 
RMS = 0.88nm

(b) S, 7E14/cm2, 40keV 
RMS = 4.84nm

(c) Zn, 7E14/cm2, 30keV 
RMS = 4.84nm

(d) Zn implant + RTA@ 600°C, 
RMS = 3.84nm

Figure 9: AFM scan of the surface after: (a) Be implant with dose = 9!1014/cm2 and 
energy  = 10keV (b) S implant with dose = 7!1014/cm2 and energy  = 40keV (c) Zn 
implant with dose = 7!1014/cm2 and energy  = 30keV (d) RTA anneal of the Zn 
implanted sample at 600°C for 5 mins. 
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TABLE I. Dopant species in GaSb 

!"#$! !"#$%&! !"#$%&'()**!

!"! Acceptor 9 

!"! Acceptor 28 

!"! Acceptor 65.4 

!! Donor 32 

!"! Donor 78.9 

!"! Donor 127.6 

 

We experimented with ion implantation of several species in GaSb using a thin (~10nm) 

Al2O3 as the capping layer. The selection of implant energy and dose was guided by 

simulations performed with SRIM software23 to produce a peak of the dopant species at 

the Al2O3/GaSb interface.  Figure 9(a)-(c) show the AFM map of the surface after 

implantation with (a) Be (b) S and (c) Zn, respectively. A significant increase in surface 

roughness due to implant damage was observed for heavier species like S and Zn. 

Furthermore, we observed that the surface still remains rough after RTA anneal (Figure 

9(d)). The only good result was with Be which has the lowest atomic mass and for which 

the surface roughness was less than 1nm for an implant dose of 9!1014/cm2. Various 

implant and anneal conditions were attempted for Be to optimize the p+/n diode 

characteristics for the pMOSFET. The obtained diode IV characteristics are plotted in 

Figure 10(a). Good diode characteristics with ION/IOFF of > 5!104 and an ideality factor of 

1.4 could be obtained with annealing at 350ºC as shown in Figure 10(b). 
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!

!"#$%&' (1: (a) Various implant and anneal conditions were attempted to optimize the 
diode characteristics. (b) Diode with ION/IOFF of 5!104 & ideality factor of 1.4 was 
achieved with annealing at 350ºC. 

 

Figure 11 plots the temperature dependence of the reverse leakage current for the p+/n 

diode. Reduction in reverse current was observed when the temperature was decreased 

Figure 10: (a) Various implant and anneal conditions were attempted to optimize 
the diode characteristics. (b) Diode with ION/IOFF of 5X104 & ideality factor of 1.4 was 
achieved with annealing at 350ºC.
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from 300K to 80K. The activation energy (Ea) was calculated to be ~0.33eV from the 

!

!"#$%&'((: Reverse current (JR) at applied voltage of -0.5 V is measured as a function of 
temperature. Activation energy (Ea) of 0.33eV is extracted from the slope. 

 

slope of the observed characteristics in Figure 11. This value is close to half of the band 

gap of GaSb (Eg~ 0.72eV), meaning that reverse leakage current is determined by the 

intrinsic generation-recombination current in the semiconductor, not tunneling through 

defects produced during ion implantation; confirming that the 350°C anneal does indeed 

anneal out the damage induced by the implant17, 24, 25I 

IV. TRANSISTOR FABRICATION AND CHARACTERISTICS   

 

The GaSb pMOSFETs were fabricated using a self-aligned gate-first process flow on an 

n-type GaSb substrate grown by Czochralski process with Te as the n-type dopant. A 

carrier concentration of ~3-4!1017/cm2, which was the lowest available commercially, 

Figure 11: Reverse current (JR) at applied voltage of -0.5 V is measured as a 
function of temperature. Activation energy (Ea) of 0.33eV is extracted from the 
slope. 
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was chosen to reduce the effect of Coulomb scattering on transistor mobility. 100 cycles 

(~10nm) of ALD Al2O3 were deposited at 300°C for use as the gate dielectric followed 

by evaporation and patterning of the aluminum gate material. This was followed by ion 

implantation of beryllium. The source and drain contacts were formed by Ti/Ni 

deposition and liftoff. Fabrication of the transistors was completed with a 350°C forming 

gas anneal which also activates the source/drain implant. The temperature during the 

entire process never exceeds 400°C. The low temperature required for source/drain 

activation allows for a self-aligned gate-first process flow without causing intermixing at 

the Al2O3/GaSb interface. The sheet resistance in the source/drain regions was measured 

to be 300"/square using the transfer length method. Specific contact resistance of the 

Ti/Ni source/drain contact was measured to be ~2!10-5 "cm2. 

!

Figure 12: Output characteristics of the GaSb pMOSFET. 
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Figure 12: Output characteristics of the GaSb pMOSFET.
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Figure 12 plots the ID-VG characteristics for the MOSFET device. The source current 

ON/OFF ratio is > 104 while the off current for the drain is limited by the reverse leakage 

!

!"#$%&'(*: Hole mobility as function of sheet charge. Silicon universal hole mobility data 
is plotted for comparison. Peak hole mobility of 290cm2/Vs was obtained. 

 

through the large drain/body contact at large drain voltages (Figure 12). The mobility for 

these transistors was extracted using the split-CV analysis based on the ID-VG 

characteristics of the transistors (gate length = 25µm) and the gate-to-channel capacitance 

(CGC) measured at 100kHz17. Note that no corrections for source/drain resistance or any 

other corrections were applied while extracting the mobility. Figure 13 plots the extracted 

mobility as a function of sheet charge in the channel; a peak field-effect hole mobility of 

290cm2/Vs was obtained. Universal hole mobility in silicon is also plotted for 

Figure 13: Hole mobility as function of sheet charge. Silicon universal hole mobility 
data is plotted for comparison. Peak hole mobility of 290cm2/Vs was obtained. 
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comparison (Figure 13); the peak mobility in GaSb MOSFET is approximately twice 

!

!"#$%&'(+: Temperature dependence of hole mobility is plotted at fixed sheet charge of 
5!1012/cm2.  

 

higher in comparison to silicon, and the mobility gain over silicon is maintained even at 

high sheet charge. An increase in the ON current and correspondingly the mobility was 

observed when the temperature was decreased from 300K to 80K. The temperature 

dependence of mobility at a fixed sheet charge density of 5!1012/cm2 is plotted in Figure 

14. A temperature dependence of T-0.85 is observed which is closer to the T-1.0 dependence 

associated with a mobility limited by interface roughness scattering. We did observe 

higher roughness in our devices as compared to silicon/germanium from the AFM study 

in Figure 1. We believe further optimization of the transistor output characteristics is 

possible with further improvement of the diode characteristics using a higher implant 

dose and an RTA anneal. 
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V. CONCLUSION  

In conclusion we have reported on the development of a high quality ALD Al2O3 gate 

dielectric on GaSb. The band offsets of the Al2O3 on GaSb were measured using SRPES 

and determined to be suitable for MOSFET development. FGA was effectively used to 

passivate the dangling bonds in the bulk of the dielectric and also to improve the interface 

properties. Excellent CV characteristics were demonstrated on both p/n-type substrates 

with frequency dispersion of less than 1/2.1% per decade. Dit distribution was measured 

across the GaSb bandgap using conductance measurements; the mid bandgap Dit of 

3!1011/cm2eV was achieved. A p+/n diode with ON/OFF ratio of 5!104 and ideality 

factor of 1.4 was demonstrated using ion implantation of Be.  

 

A self-aligned process flow was used for fabricating pMOSFETs with the source/drain 

formed by ion implantation of Be. Maximum temperature during the process flow does 

not exceed 400°C. Good transistor characteristics with ION/IOFF >103 and peak hole 

mobility of 290cm2/Vs were obtained. Temperature dependent measurements revealed a 

mobility limited by interface scattering and a defect-free diode. This development paves 

the way for demonstration of a complementary technology in III-V materials 

outperforming silicon.  
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I. INTRODUCTION 

 

As mentioned previously excellent inversion electron mobility and high on-current (ION) 

in n-channel III-V MOSFETs has been demonstrated by many research groups [1-4]. 

However the hole mobility achieved in III-V MOSFETs has traditionally lagged in 

comparison to silicon and has always been lower as compared to germanium 

pMOSFETs. In this chapter we explore the use of strain engineering and heterostructure 

design to enhance the hole mobility in III-V channel materials and demonstrate an 

InxGa1-xSb pMOSFET with high hole mobility.  

  

Antimony (Sb)-based compound semiconductors have the highest hole and electron 

mobilities amongst all III-V materials. The electron saturation velocity in InSb is the 

highest amongst all semiconductor materials. Room-temperature hole mobilities as high 

as 1500 cm2/Vs in a strained InXGa1-XSb channel at a sheet charge density of around 

1012/cm2
 have also been demonstrated recently [5]. As mentioned earlier Schottky-gate 

FET devices with an InXGa1-XSb channel have achieved fT of 305 GHz at 0.5V VDS 

(LG=85nm) for n-channel [6] and fT of 140 GHz (LG=40nm) for p-channel [7]. Thus, 

InXGa1-XSb has the potential to enable a complementary technology with both high 

performance nMOSFETs and pMOSFETs in a single channel material outperforming 

silicon [8]. This approach could be more suitable for integration than one that requires 

two material systems with different lattice constants for the n-channel and p-channel 

MOSFETs [9]. In addition to good mobility for the electrons and holes, InXGa1-XSb has 

high conduction and valence band offsets with lattice matched AlxIn1-xSb for 
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heterostructure MOSFET design. 

  

In this chapter, we focus on the development and analysis of InxGa1-xSb channel 

pMOSFETs with the aim of achieving a pMOSFET with high hole mobility, which has 

been an impediment for III-V CMOS. We explore the use of strain and heterostructure 

design to enhance the transistor performance. Strain has been widely used in the case of 

silicon pMOSFETs to enhance the hole mobility and transistor performance. In the case 

of III-V channels, biaxial compressive strain is known to split the light- and heavy-hole 

bands, reducing the interband scattering and causing the light hole band to move up, 

increasing hole mobility [10-11]. Simulations have predicted up to 2 times enhancement 

in hole mobility with the use of 2% biaxial compression [12-13]. Unaxial strain is 

predicted to be more effective in enhancing the hole mobility. Modeling results have 

predicted 4.3 times enhancement in hole mobility with 2% compression along the <110> 

channel direction [12]. Thus InxGa1-xSb with its high bulk hole mobility, which can be 

further enhanced with the use of strain, is an attractive candidate to deliver a high 

performance III-V pMOSFET. In the present chapter we incorporate the high mobility 

InxGa1-xSb heterolayers into III-V pMOSFET designs with quality gate dielectrics and 

with a self-aligned source/drain technology. The effect of biaxial compression on hole 

mobility and MOSFET current is studied by engineering the lattice mismatch between the 

channel and buffer layer. In addition, we investigate the benefits of uniaxial stress using 

wafer-bending experiments.    
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The rest of the chapter is organized as follows: In Section II, we give the motivation and 

details on the various transistor designs that were fabricated. Section III gives the details 

on the MOSFET fabrication. In Section IV, results from the transistors and the effect of 

strain and heterostructure design are presented. In Section V, we use temperature-

dependent measurements and pulsed I-V measurements to analyze the results from 

transistors.  Finally we draw some conclusions in Section VI.  

  

II. HETEROSTRUCTURE AND STRAIN ENGINEERING 

 

Most of the work in the field of Sb-channel transistors so far has been on Schottky-gate 

heterostructure FETs [7, 14]. Increasing the transconductance and performance of these 

transistors requires bringing the gate contact closer to the channel, which causes an 

exponential increase in current through the Schottky-gate. A MOSFET device with a 

good gate dielectric, that will minimize the leakage current while having a low density of 

interface states (Dit), is direly needed for the antimonides.  Also, in these HEMT like 

devices the performance is limited by the access resistance arising in part from the large 

source/drain separation, especially in scaled devices. Although devices with gate lengths 

down to the nanometer scale have been demonstrated, the source/drain separation has 

remained comparatively large due to the use of alloyed contacts. Forming the source and 
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drain by ion implantation will help in scaling the pitch of these devices and reducing their 

!

!"#$%&'(: Different transistor designs (a) a bulk GaSb MOSFET was used to optimize the 
dielectric interface with GaSb and the diode for source / drain. The top surface was 
terminated with 2 monolayers of GaSb in all subsequent designs. (b) a heterostructure 
design with thin InGaSb channel on wide bandgap AlGaSb buffer is used to introduce 
biaxial strain to improve ION and cut down drain to body leakage to reduce IOFF. (c) a 
buried channel design with a thin wide bandgap AlInSb layer between the channel and 
dielectric is explored to insulate the channel charge from the effect of traps and 
scattering in the dielectric/III-V interface.  
 

access resistance.  Such self-aligned designs also make achieving enhancement mode 

operation much easier.   

GaSb
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Fig. 1. Different transistor designs (a) a bulk GaSb MOSFET was used to optimize 
the dielectric interface with GaSb and the diode for source / drain. The top surface 
was terminated with 2 monolayers of GaSb in all subsequent designs. (b) a 
heterostructure design with thin InGaSb channel on wide bandgap AlGaSb buffer is 
used to introduce biaxial strain to improve ION and cut down drain to body leakage 
to reduce IOFF. (c) a buried channel design with a thin wide bandgap AlInSb layer 
between the channel and dielectric is explored to insulate the channel charge from 
the effect of traps and scattering in the dielectric/III-V interface. 
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Thus, in this chapter we report on the fabrication and investigation of MOSFET devices 

with Al2O3 gate dielectric and source and drain formed by ion implantation that are self-

aligned with respect to the gate. Figure 1 shows the three different designs of MOSFETs 

that were fabricated for this work. First, devices on GaSb substrates were studied to 

optimize the interface with Al2O3 and to investigate the diode by analysis of its 

capacitance-voltage and I-V characteristics [15]. The top surface was terminated with two 

monolayers of GaSb in all subsequent structures to maintain the high quality interface 

with Al2O3.  Second, we explore the use of a thin InxGa1-xSb channel on a wide bandgap 

Al0.80Ga0.20Sb metamorphic buffer grown on GaAs to induce strong confinement that is 

one contributor to higher mobility. It also serves to reduce IOFF due to the junction 

leakage from the large source/drain contacts. This is analogous to the use of fully- 

depleted silicon-on-insulator material for silicon MOSFETs. And third, we study buried 

channel devices with a thin, wide bandgap Al0.80In0.20Sb cap in order to isolate out the 

effects of surface roughness and charge in the dielectric on the inversion charge in the 

InxGa1-xSb channel. The wide bandgap Al0.80In0.20Sb layer was kept intentionally thin 

(~3-4nm) so as to avoid any spillover of charge from the channel layer with high mobility 

into the wide bandgap layer with low mobility.  

The heterostructures were grown by molecular beam epitaxy (MBE) on a GaAs substrate. 

The Al0.80Ga0.20Sb buffer is ~1.0µm thick and accommodates the lattice mismatch of the 
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substrate. Further details on the growth conditions are given in [5]. The thickness of the 

!

!"#$%&'): The decapping of the arsenic layer which is used to prevent the oxidation at the 
surface is detecting by monitoring the chamber pressure while raising temperature. The 
chamber temperature is reduced to 300ºC after the arsenic layer is decapped to start the 
ALD process.     
  

InxGa1-xSb channel was 7.5nm. InxGa1-xSb is known to have residual acceptor 

concentration if undoped [5], to overcome this residual doping the InxGa1-xSb channel 

was intentionally doped with Te with a nominal concentration of 1!1017/cm3. This 

resulted in highly resistive p-type samples with sheet resistance > 80,000 "/square. A 

biaxial compressive strain of 0.7% or 1.7% was added to the design by increasing the 

indium fraction in the channel from In0.20Ga0.80Sb to In0.35Ga0.65Sb, which increases the 

lattice constant of the channel with respect to the Al0.80Ga0.20Sb buffer to further enhance 

the hole mobility and ION. The amount of strain present was quantified using high-

Fig. 2. The decapping of the arsenic layer which is used to prevent the oxidation at 
the surface is detecting by monitoring the chamber pressure while raising 
temperature. The chamber temperature is reduced to 300ºC after the arsenic layer 
is decapped to start the ALD process. 
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resolution x-ray diffraction measurements. The buffer was measured to be 97-98% 

relaxed using reciprocal lattice scans and the channel was verified to be 

pseudomorphically strained with respect to the buffer. 

 

III. FABRICATION DETAILS!

 

Following MBE growth the substrates were capped with ~50nm of arsenic, a process that 

has previously been shown effective for preventing the oxidation of the MBE layers due 

to exposure to the atmosphere [16]. The arsenic capping is then removed under vacuum 

in the ALD chamber prior to gate oxide deposition. The decapping of the arsenic can be 

observed by monitoring the pressure in the ALD chamber vs. temperature as plotted in 

Figure 2. As the temperature of the chamber rises to about 400°C, a spike in the chamber 

pressure is observed due to decapping of the arsenic that lasts 8-10 minutes after which 

the pressure falls back to its original value indicating the arsenic decapping is complete.  

The temperature of the chamber is then reduced to 300°C for the ALD deposition.  This 

arsenic protection step minimizes the exposure of the Sb-surface to air and is critical for 

obtaining good interface quality.  

 

The MOSFETs were fabricated using a self-aligned gate-first process flow with the 

different processing steps depicted in Figure 3. After arsenic decapping, 100 cycles 

(~10nm) of ALD Al2O3 were deposited at 300°C for use as the gate dielectric followed 



! ""!

by evaporation and patterning of the aluminum gate material. This was followed by ion 

implantation of beryllium, which acts as an acceptor in the antimonides. The source and 

!

!"#$%&'*: Process flow for fabrication of InxGa1-xSb channel pMOSFETs. The maximum 
temperature during the entire process doesn’t exceed 400ºC. 
 

drain contacts were formed by Ti/Ni deposition and lift off. Fabrication of the transistors 

was completed with a 350°C forming gas anneal which also activates the source/drain 

implant. The temperature during the entire process never exceeds 400°C. The low 

temperature required for source/drain activation allows for a self-aligned gate-first 

process flow while preserving the high quality of the Al2O3/GaSb interface.  

Figure 4 shows the cross sectional TEM images for a completed buried channel 

heterostructure MOSFET. Figure 4(b) shows a high resolution transmission electron 

Fig. 3. Process flow for fabrication of InxGa1-xSb channel pMOSFETs. The 
maximum temperature during the entire process doesn’t exceed 400ºC.

Decapping of Arsenic 

100 cyl. ALD Al2O3 @ 300ºC 
(~10nm) as gate dielectric 

Aluminum evaporation + 
Gate patterning  

Be implant(9e14/cm2@10keV)
+S/D liftoff (Ti/Ni)

350ºC/30min forming gas 
anneal
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micrograph (HR-TEM) near the gate stack; sharp interfaces between the different layers 

!

!"#$%&'+: Cross section TEM on the buried InxGa1-xSb channel heterostructure MOSFET. 
(a) 1.0µm AlGaSb metamorphic buffer absorbs the lattice mismatch with the GaAs 
substrate. (b) Sharp interfaces between different layers and good crystal quality is 
maintained after device fabrication. (c) HRTEM shows sharp transition from amorphous 
oxide to crystalline semiconductor with 2 monolayers of GaSb intact at the 
semiconductor surface.  
 

and good crystal quality are maintained after MOSFET processing. An atomically-abrupt 

interface between the Al2O3 and the semiconductor can be observed in the magnified 

HRTEM image in Figure 4(c).  Also observable in the latter image is the 2 monolayers of 

GaSb that maintains optimized interface quality while not being so thick as to provide a 

parallel conduction path.  

IV. TRANSISTOR RESULTS  

Fig. 4. Cross section TEM on the buried InxGa1-xSb channel heterostructure MOSFET. (a) 
1.0µm AlGaSb metamorphic buffer absorbs the lattice mismatch with the GaAs substrate. 
(b) Sharp interfaces between different layers and good crystal quality is maintained after 
device fabrication. (c) HRTEM shows sharp transition from amorphous oxide to crystalline 

semiconductor with 2 monolayers of GaSb intact at the semiconductor surface.

(a)

(b)

(c)
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In this section, we discuss the device results obtained from the three types of MOSFETs 

with emphasis on the effect of the heterostructure design and strain in the channel on the 

 

!"#$%&' ,: Comparing the ID-VG from bulk vs. heterostructure design: ION is increased 
with the use of strain and confinement while IOFF is reduced by an order of magnitude 
due to reduction of body leakage from the drain contact.  
 

transistor performance. Figure 5 compares the ID-VG characteristics of the bulk transistor 

with the surface channel heterostructure MOSFET. The ION for the heterostructure design 

is higher than for the bulk GaSb design because of the use of compressive strain and 

confinement in the channel.  At the same time we observe an order of magnitude 

reduction in the IOFF due to much lower body leakage from the large drain contact.  

Fig. 5. Comparing the ID-VG from bulk vs. heterostructure design: ION is increased 
with the use of strain and confinement while IOFF is reduced by an order of 
magnitude due to reduction of body leakage from the drain contact. 
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Figure 6 plots the typical output and transfer characteristics for the surface channel 

heterostructure MOSFET with gate length of 5µm. The ION/IOFF is greater than 4 orders of 

 

!"#$%&' -: ID-VG and ID-VD characteristics for surface channel In0.35Ga0.65Sb 
heterostructure MOSFET. ION/IOFF is >104 and SS is 120mV/decade.  
 

magnitude, and gate current (IG) and body leakage (ISUB) remain orders of magnitude 

lower as compared to source/drain current (ID/IS) throughout the range of device 

operation. The subthreshold slope (SS) was measured to be ~120mV/decade 

 

Figure 7(a) compares the ID-VG characteristics of the buried and surface channel devices. 

A 30% increase in ION is observed in the buried channel device as compared to the 

surface channel design. A further 80% increase is obtained with a 1% increase in 

compressive strain in the channel for both the surface and buried channel designs that is 

achieved by changing the indium content of the channel from 20% to 35%. 

 

The mobility for these transistors was extracted using a split-CV analysis based on the ID-

VG characteristics of the transistors (gate length = 25µm) and the gate-to-channel 

Fig. 6. ID-VG and ID-VD characteristics for surface channel In0.35Ga0.65Sb 
heterostructure MOSFET. ION/IOFF is >104 and SS is 120mV/decade. 
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capacitance (CGC) measured at 100kHz [17]. Note that no corrections for source/drain 

resistance or any other corrections were applied while extracting the mobility. Figure 8 

 

!"#$%&'.: ID-VG : (a) comparison between buried and surface channel designs (b) effect 
of adding 1% biaxial compression.    
 

plots the extracted mobility and benchmarks it against the known values in unstrained 

silicon and germanium. We observe that with 0.7% compressive strain, hole mobility in 

the surface channel device is higher than silicon over the entire sheet charge range, while 

for the buried channel device the mobility remains higher as compared to germanium 

(Figure 8(a)). Peak hole mobility in the surface (buried) In0.35Ga0.65Sb channel with 1.7% 

Fig. 7. ID-VG : (a) comparison between buried and surface channel designs (b)
effect of adding 1% biaxial compression. 
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biaxial compression is more than 300% (400%) higher than for germanium, and the 

 

!"#$%&' /: Hole mobility is extracted as a function of sheet charge using the split-CV 
technique and benchmarked against known values in silicon and germanium.   
 

 

Fig. 8. Hole mobility is extracted as a function of sheet charge using the split-CV 
technique and benchmarked against known values in unstained silicon and 
unstrained germanium. 
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!"#$%&'0: (a) Wafer bending setup used for studying the response of uniaxial strain. (b) 
4.3% increase in current is observed with 50MPa of uniaxial compression corresponding 
to a piezoresistive coefficient (!L) of +0.86/GPa.  
 

mobility gain is maintained over the entire sheet charge range (Figure 8(b)). For 1.7% 

compressive strain, the mobility in the buried (surface) channel device is more than 100% 

(50%) higher than germanium even at a sheet charge of 7!1012/cm2. The enhancement of 

hole mobility in the buried channel device over the surface channel configuration is 

maintained even at high sheet charge, thanks to the small thickness and high valence 

band offset (0.32eV[11]) of the Al0.80In0.20Sb cap with the channel that prevents the 

Fig. 9. (a) Wafer bending setup used for studying the response of uniaxial strain. 
(b) 4.3% increase in current is observed with 50MPa of uniaxial compression 
corresponding to a piezoresistive coefficient (рL) of +0.86/GPa. 
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spillover of charge from the high mobility InxGa1-xSb channel into the low-mobility 

capping layer.  

The effect of uniaxial strain was studied using wafer-bending experiments [18-19]. The 

sample was thinned down and bonded to a steel plate as shown in Figure 9(a). A strain 

gauge was mounted on top of the sample to measure the strain induced at the top of the 

III-V surface by the bending. We observed a 4.3% increase in ID when 50MPa of uniaxial 

compression was applied by wafer bending to an In0.35Ga0.65Sb device with the channel 

oriented along [110] direction (Figure 9(b)). This gives a piezoresistance coefficient (#L) 

of +0.86/GPa, which is higher than the corresponding #L values of +0.48/0.71/GPa for 

germanium/silicon pMOSFETs [20-21], indicating that an even higher enhancement is 

possible with further addition of uniaxial strain. Furthermore the piezoresistance 

coefficient (#L) of +0.86/GPa for uniaxial compression is higher than #L of +0.67/GPa 

calculated for biaxial compression indicating that uniaxial strain is more effective in hole 

mobility enhancement as compared to biaxial strain, a finding that is in line with the 

theoretical calculations in [11] as well as with work in silicon/germanium.  Regrowth of 

source/drain can be effectively used to introduce uniaxial strain in short channel III-V 

MOSFETs [22] similar to uniaxial strain engineering in silicon pMOSFET [23]. 

 

V. ANALYSIS AND DISCUSSION 

In this section we analyze the physics associated with various MOSFET designs. Pulsed 

IV measurements in which a voltage pulse is applied on the gate as compared to a DC 
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sweep were used to estimate the inherent performance of the device (Figure 10(a)). The 

 

!"#$%&'(1: Pulse IV measurements were carried out on both buried and surface channel 
MOSFETs. 5%/2% improvement over the DC characteristics was observed with pulse IV 
for the surface/buried design.  
 

rise time, fall time and width of the pulse were 1µs, 1µs, and 20µs, respectively. Pulsing 

the gate voltage eliminates the influence of bulk traps and slow interface states on ION and 

on mobility [24]. We observe in Figure 10(b) that the pulsed IV characteristics show only 

a 5% increase over the DC characteristics for the surface channel device, and this reduces 

to 2% for the buried channel device, suggesting that the influence of traps is minimal in 

both of our designs.   

Figure 11 plots ID-VG as a function of temperature. We observe that as the temperature 

decreased from 300K to 80K, ION increased up to 4 times due to the increase in the hole 

mobility, while IOFF decreased by a factor of 103, indicating a diode with low defect 

density. We also monitored the subthreshold swing as a function of temperature in Figure 

Fig. 10. Pulse IV measurements were carried out on both buried and surface 
channel MOSFETs. 5%/2% improvement over the DC characteristics was observed 
with pulse IV for the surface/buried design. 
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11(b) and observed it to scale linearly with temperature from 120mV/decade at 300K 

 

'
!"#$%&'((: As the temperature is reduced from 300K to 80K: (a) ION increases by 4 times 
while IOFF decreases by 3 orders in magnitude, (b) the subthreshold swing (SS) decreases 
linearly as a function of temperature. 
 

Fig. 11. As the temperature is reduced from 300K to 80K : (a) ION increases by 4 
times while IOFF decreases by 3 orders in magnitude, (b) the subthreshold swing 
(SS) decreases linearly as a function of temperature.
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!"#$%&' (): Hole mobility with varying temperature for (a) surface (b) buried channel 
MOSFET. Buried channel device exhibits higher increase in mobility with lowering in 
temperature as compared to the surface channel design.     
 

down to 31mV/decade at 80K, providing additional evidence that the effect of traps and 

interface states is minimal in our devices.  

The temperature dependence of hole mobility was studied for both the surface and buried 

channel devices, as plotted in Figure 12. We observe a higher increase in mobility with 

decreasing temperature in the buried channel device as compared to the surface channel 

device. The temperature dependence at a fixed sheet charge density of 5!1012/cm2 is 

compared in Figure 13. Temperature dependence of T-1 characteristic of mobility limited 

by interface roughness scattering [25] is observed for the surface channel device. For the 

buried channel device, a temperature dependence of T-1.32 is observed which is closer to 

the T-1.5 dependence associated with mobility limited by phonon scattering [25]. This 

suggests that the mobility gain in the buried channel device is primarily due to 

suppression of scattering from the interface roughness at the oxide/semiconductor 

Fig. 12. Hole mobility with varying temperature for (a) surface (b) buried channel 
MOSFET. Buried channel device exhibits higher increase in mobility with lowering 
in temperature as compared to the surface channel design. 
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interface. The root mean square roughness values achieved on the 

 

!"#$%&' (*: Hole mobility is plotted as a function of temperature at fixed sheet charge 
density of 5"1012/cm2. Temperature dependence of T-1 characteristic of mobility limited 
by interface scattering is observed for the surface channel design. The temperature 
dependence is T-1.32 for the buried channel design.  
 

GaSb surface and the known values in silicon/germanium are summarized in Table I. We 

do observe higher roughness in our devices as compared to silicon/germanium.  

A potential concern for transistors made with III-V materials is the high band-to-band 

tunneling (BTBT) leakage current due to the direct bandgap and smaller bandgap in III-

V’s as compared to silicon. Krishnamohan et al. predicted through simulations that this 

BTBT can limit the minimum achievable IOFF in these transistors especially at scaled gate 

lengths [26]. At low temperature when ION/IOFF becomes >108, Gate Induced Drain 

Leakage (GIDL) due to BTBT was observed in the surface channel device as plotted in 

Fig. 13. Hole mobility is plotted as a function of temperature at fixed sheet charge 
density of 5!1012/cm2. Temperature dependence of T-1 characteristic of mobility 
limited by interface scattering is observed for the surface channel design. The 
temperature dependence is T-1.32 for the buried channel design. 
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Figure 14. No similar signature of GIDL due to BTBT was observed in the buried 

!

'
!"#$%&'(+: (a) GIDL due to BTBT is observed in the surface channel device at 80K while 
the buried channel design shows no such signature (b) The maximum electric field 
between the gate and drain in the buried channel device occurs in the wide bandgap 
AlxIn1-xSb layer suppressing BTBT.  
 

channel device. The reason for this is clear from a plot of the electric field profile at high 

drain-to-gate bias (VDG) obtained using 2D TCAD simulation in Figure 14(b).  In 

Fig. 14. (a) GIDL due to BTBT is observed in the surface channel device at 80K 
while the buried channel design shows no such signature (b) The maximum electric 
field between the gate and drain in the buried channel device occurs in the wide 
bandgap AlxIn1-xSb layer suppressing BTBT. 
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particular, the maximum electric field in the buried channel device moves as a result of 

VGD into the wide bandgap Al0.80In0.20Sb cap thereby suppressing the BTBT. Thus the 

buried channel device is effective in suppressing BTBT which might be the dominant 

component of IOFF in scaled devices [26].  

TABLE I. Surface roughness comparison with known values in silicon and germanium 

MOSFETs  

!"##$%&'()*+,! !"#$! !"! !"!

!"#0!"#$%! 0.36 nm 0.28 nm 0.15 nm 

!"#$%&'()*$&+,$-./!

!"#$%$&'(#)*+!

0.73 nm 0.41 nm [27] 0.11 nm [27] 

 

VI. CONCLUSION  

The use of an arsenic cap that is removed in vacuum prior to ALD dielectric deposition is 

found to prevent oxidation of the Sb-surface and gives an atomically abrupt interface 

with the gate oxide that is the key for obtaining good interface quality. A self-aligned 

process flow was designed for MOSFET fabrication, where the maximum temperature 

during the entire process flow does not exceed 400°C. Table II summarizes the key 

transistor results. We demonstrated InxGa1-xSb pMOSFETs with the subthreshold slope 

of 120mV/decade, ION/IOFF>104 and Gm,max of 140/90 mS/mm for a gate length of 5µm. 

Excellent subthreshold slope and marginal difference between the pulse IV and DC IV 

measurements revealed excellent interface quality.  
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TABLE II. Summary of results  

!"#$%&! !!!

!"#$%&'(!

µ"#$%&'!!

()*+,-./!

µ"!

01234565+!

7*#*&4!!!!!

8723µ*!

9:0,9:;;! !"#$"#%&

!"#$%&!

!"#$%&'(!

!"#!"#$!"!"#$!"#!

120 620 320 94mS/mm >104 1.7% 

!"#$%&!

!"#!"#$!"!"#$!"#!

125 910 435 140mS/mm >104 1.7% 

 

The use of biaxial strain was successful in improving transistor performance, where an 

80% improvement in ION was observed with the addition of 1% biaxial compression. The 

effect of uniaxial strain was studied using wafer-bending experiments. A 4.3% increase in 

ION was observed with the addition of just 50MPa of uniaxial compression suggesting 

further enhancement in transistor performance should be possible with uniaxial strain 

engineering.  

 

Both surface channel devices and buried channel devices with a thin wide bandgap layer 

between the channel and oxide were studied. The buried channel device exhibited a 30% 

improvement in ION over the surface channel device. Temperature dependence of I-V 

characteristics and hole mobility revealed that this improvement was mainly due to 

reduction of carrier scattering at the oxide interface. The buried channel design is also 

effective in reducing the BTBT leakage. In conclusion, we have demonstrated buried and 

surface InGaSb pMOSFETs with peak hole mobility of 910 and 620 cm2/Vs respectively 
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and having more than 100 / 50% mobility gain on germanium over the entire sheet charge 

range.  
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