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 Multilayer structures of AlxIn1-xAsySb1-y/GaSb (0.37 ≤ x ≤ 0.43, 0.50 ≤ y ≤ 0.52), 

grown by molecular beam epitaxy on GaSb (100) substrates were characterized using 

variable temperature Hall and Shubnikov-de Haas techniques.  For nominally undoped 

structures both p and n-type conductivity was observed. The mobilities obtained were 

lower than those predicted by an interpolation method using the binary alloys; therefore, 

a detailed analysis of mobility versus temperature data was performed to extract the 

appropriate scattering mechanisms.  For p-type samples, the dominant mechanism was 

ionized impurity scattering at low temperatures and polar optical phonon scattering at 

higher temperatures. For n-type samples, ionized impurity scattering was predominant at 

low temperatures, and electron-hole scattering dominated for both the intermediate and 

high temperature range. Analyses of the Shubnikov-de Haas data indicate the presence 

of 2-D carrier confinement consistent with energy subbands in GaAszSb1-z potential 

wells. 

Epilayers of GaAs1-xSbx (0.19<x<0.71), grown by MBE on semi-insulating GaAs 

with various substrate orientations, were studied by absorption measurements over the 

temperature range of 4–300 K. The various substrate orientations were chosen to induce 

different degrees of spontaneous atomic ordering. The temperature dependence of the 

energy gap (E g )  for each of these samples was modeled using three semi-empirical 



relationships. The resulting coefficients for each model describe not only the temperature 

dependence of E g  for each of the alloy compositions investigated, but also for all 

published results for this alloy system.  

The effect of ordering in these samples was manifested by a deviation of the value 

of E g  from the value of the random alloy. The presence of CuPt-B type atomic ordering 

was verified by transmission electron diffraction measurements, and the order parameter 

was estimated for all the samples investigated and found to be larger for the samples 

grown on the (111) A offcut orientations. This result strongly suggests that it is the A 

steps that contribute to the formation of the CuPt-B type ordering in the GaAs1-xSbx alloy 

system. 
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1   

CHAPTER I 
 
 
 

INTRODUCTION 
 

 
Semiconductor alloy systems composed of elements from group III and group V 

elements (III-V) are of significant interest for both fundamental studies and their 

application in optoelectronic devices.  At present, III-V compound semiconductor alloys 

provide the materials basis for a number of well-established commercial technologies, as 

well as new cutting-edge classes of electronic and optoelectronic devices. Just a few 

examples include high-electron mobility and heterostructure bipolar transistors, diode 

lasers, light-emitting diodes, photodetectors and electro-optical modulators. The 

operating characteristics of these devices depend critically on the physical properties of 

the constituent materials, which are often combined into quantum heterostructures. 

In recent years, there has been an increasing interest in utilizing III-V 

semiconductor heterostructures for microelectronics device applications [1]. A 

heterostructure is a semiconductor crystal with a plane across which the identity of atoms 

participating in the crystal changes abruptly. The advantage of heterostructures over bulk 

semiconductors is that they provide a means of controlling the motion of the charge 

carriers over small dimensions. This control can be exploited to improve device 

performance.  For example, heterojunctions can be utilized to encourage the transport of
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electrons, while suppressing the transport of holes, which is employed in heterojunction 

bipolar transistors [2]. Semiconductor materials are currently being used for creating 

heterostructures such as heterojunctions, quantum wells and superlattices. A wide range 

of III-V materials has been investigated for their semiconducting properties, three of 

which are of fundamental importance; the energy gap, carrier mobility and effective mass.  

The energy gap is significant because many of the applications of the III-V materials are 

in optoelectronics, where sources of particular spectral regions are desirable to make the 

best use of the available optical media, such as optical fibers. 

While there has been considerable work done on the electrical and transport 

properties of III-V ternary alloys, there is considerably less information available on 

quaternary alloys, and in particular on the quaternaries containing aluminum. In this 

work, the characterization of the III-V quaternary heterostructure AlxIn1-xAsySb1-y/GaSb 

grown on (100) GaSb substrates by molecular beam epitaxy (MBE) is presented as part of 

an investigation for utilization of this system as kinetic heterojunctions (KHJs). Kinetic 

heterojunctions offer an alternative mechanism for quantum confinement of charge 

carriers, based on kinetic energy variations across the junction brought about by an 

effective mass discontinuity instead of the conventional potential energy variation [3].  

The focus of this study is on the transport and magneto-transport properties of the 

multiple KHJs, predicted to demonstrate purely kinetic effects and achievable when 

x y= ≅ 0 5.  for the quaternary alloy [4]. 

Carrier mobility is one the most important electrical properties used in studying, 

characterizing, and assessing the quality of semiconducting crystals. The mobility is, in 
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principle, quite straightforward to measure and it can, either by itself or in conjunction 

with other measured parameters, yield valuable information about the impurity content, 

degree of compensation, carrier scattering mechanisms, doping homogeneity, and other 

factors of importance in a semiconductor alloy. 

For p-type direct-gap III-V compound semiconductor compounds (e.g. InSb, InAs, 

InP, GaSb, and GaAs) there is an excellent agreement between theory and experiment 

[5,6]. Theoretical models for scattering by ionized impurities and acoustic phonons yield 

simple analytic expressions for the mobilities in these materials [7-9]. Because of the 

spherical symmetry of the electron wave functions, optical phonons affect the mobility 

only through lattice polarization (i.e. there is no nonpolar optical (NPO) mode scattering). 

Ehrenreich [10,11] has treated polar mode scattering and given a closed-form expression 

for the polar mobility. Alloy scattering is a significant mechanism, which should be 

carefully controlled and must be lowered if high mobilities are to be obtained. The 

mathematical model for alloy scattering was first discussed by Brooks [8] and it was 

further evaluated for some ternary and quaternary III-V semiconductor alloys by 

Glicksman [12], Harrison [13] and Littlejohn [14]. It is possible to obtain approximate 

agreement between theory and experiment by using these analytic expressions and 

combining mobilities according to Matthiessen’s rule, by adding the reciprocals of the 

partial mobilities [15]. In order to obtain the best agreement between theory and 

experiment, however, it is necessary to include several scattering mechanisms. When this 

is done (usually through numerical solution of the Boltzmann equation), one obtains 

excellent agreement between theory and experiment. 
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In this work, the first direct transport measurements data on the quaternary AlxIn1-

xAs1-ySby/GaSb heterostructures are reported. This was accomplished by combining 

scattering mechanism formalism developed in the last four decades with additional 

corrections for the thickness of the layers, and then applying it to the calculations of the 

hole mobilities in AlxIn1-xAsySb1-y/GaSb heterostructures. The experimental data were 

compared with the theoretical calculations and explained using multicarrier transport 

theory. 

In addition to the mobility measurements, experimental analysis of Shubnikov- de 

Haas (SdH) oscillations was used to demonstrate the presence of carrier confinement in 

the heterostructures. The SdH effect may be seen as oscillations in the magnetoresistance 

[16] of the samples and, depending on the sample orientation with respect to the applied 

field, provide information on the nature of the charge carriers which dominate conduction 

in the sample. One unique feature of the SdH effect is that it allows one to distinguish 

[17] between three-dimensional (3-D) and two-dimensional (2-D) carrier transport 

effects. This is possible due to characteristic features of carrier confinement as the 

magnetic field direction is rotated with respect to the sample interface. 

The analysis of SdH oscillations in the lattice-matched Al0.5In0.5As0.5Sb0.5/GaSb 

multilayer system investigated here revealed the presence of the 2-D carrier confinement, 

dominated by a combination of band bending and conventional confinement in the 

GaAsSb interface region [18,19].  In addition, the result of this work showed that it was 

possible to grow quaternary layers of sufficient quality, for the first time, for quantum 

magnetotransport effects to be observed. 
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For III-V material systems, the energy gap and its temperature dependence are 

essential material parameters in the design and fabrication of the devices. The 

temperature variation of the energy gap has been widely investigated both theoretically 

and experimentally during the last decades for many different semiconductor materials. 

As temperature increases, the crystal lattice expands and the population of lattice 

vibrations (phonons) increases.  Thus, these two mechanisms are responsible for the 

temperature dependence of the energy gap ( Eg (T)) in semiconductor materials. In most 

compound semiconductors, the principal mechanism controlling Eg (T) is the electron-

phonon interaction. However, for several ternary and quaternary semiconductors [20-23] 

the thermal expansion can play a significant role. In the case of the ternary GaAs1-xSbx, 

the variation of the energy gap with the temperature is not well established in the 

literature.  

This work reports on the investigation of samples of GaAs1-xSbx.  Temperature 

dependence measurements of the energy gap in ten GaAs1-xSbx samples spanning a wide 

range of x-value are presented. Three analytical models proposed by Varshni [20], Vina 

[21], O’Donnell [22] and Pässler [23] are employed to fit the temperature dependence of 

the energy gap for each composition. The effect of atomic ordering that was present in the 

system did not influence the temperature dependence of Eg (T), but only the absolute 

magnitude of Eg. From the results, a set of coefficients, which describe Eg (T) for this 

alloy system, for each model has been obtained. These coefficients describe well, not only 

the temperature dependence of the energy gap for the entire alloy range of samples 

investigated, but also the past experimental work of others [24,25].  In the case of the 
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Varshni coefficients, the values differ significantly from the only other reported values in 

the literature [24]. Each of the three expressions gives a good description of the 

experimental results; however, the predictions of the Pässler [23] model result in the best 

overall agreement. 

By comparing the GaAsSb energy gap data at room temperature with the 

theoretical predictions of the effects of ordering on the band structure [26], order 

parameters for these samples were calculated. Upon comparing the calculated order 

parameter with the transmission electron diffraction (TED) results, the relative degree of 

ordering was found to correlate well with the magnitude of the energy gap reductions. 

As mentioned previously, ternary and quaternary III-V semiconductor alloys are of 

significant technological importance because they can be tailored to achieve important 

electro-optical properties, such as lattice constant, energy gap and carrier potential profile, 

by variation of the alloy composition. It was first believed that the energy gap of III-V 

alloy depends only on the composition. However energy gap variations of more than 100 

meV were observed in GaInP alloys grown lattice matched on GaAs substrates [27] in the 

early 1970’s. This variation was described as a result of atomic ordering [28,29], which 

refers to additional periodicity imposed on the initial crystal structure. To date, many 

experimental and theoretical works have demonstrated that atomic ordering will not only 

reduce the energy gap but will also affect other properties, such as valence band splitting, 

change in the carrier effective mass, anisotropy of the transport and optical properties [30-

46]. The new crystal symmetry, resulting from atomic ordering, leads to significant 

changes in the electronic band structure of semiconductor alloy. As a consequence, the 
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electronic and optical properties of the material are altered, e.g. the energy gap decreases, 

carrier lifetimes are increased, new optical transitions are possible, and the ordered 

material shows a distinct optical polarization anisotropy due to a valence band splitting 

and altered optical selection rules.  

Most III-V semiconductors crystallize in the zinc-blende structure, which consists 

of two interpenetrating face-centered-cubic (fcc) sublattices, one for the anions and one 

for the cations, with the relative displacement of one quarter of a body diagonal. In a 

random IIIa-IIIb-V or III-Va-Vb alloy, the sublattices for cations or anions are occupied 

randomly by group IIIa or IIIb and Va or Vb atoms. In an ordered crystal, the solid 

composition is modulated along a particular crystallographic direction with a period of 

several lattice spacings. This results in formation of natural, monolayer superlattice 

structures in semiconductor alloys. In the extreme case of the perfectly ordered structure, 

an alloy of the type IIIa-IIIb-V (III-Va-Vb), might order to form alternating layers of pure 

IIIa-V (III-Va) and pure IIIb-V (III-Vb), respectively along the ordering direction. 

The most commonly observed form of ordering grown epitaxially on (001) oriented 

substrates is the rhombohedral copper-platinum (CuPt) structure, with ordering on one or 

two sets of four {111} planes. Ordering on the )111(
−

 and )111(
−

planes (the B variants) is 

referred to as CuPt-B [47], and CuPt-A refers to ordering on the other two {111} planes, 

(111) and )111(
−

 (the A variants) [48]. The tetragonal copper-gold (CuAu) structure, with 

ordering on the set of {100} planes, has also been observed for some III-V alloys, 
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particularly for growth on (100) oriented substrates [49,50]. The rarest structural ordering 

is the chalcopyrite (CH) ordering on {210} planes [51]. 

Spontaneous ordering on a sublattice in III-V semiconductors is of considerable 

interest from the viewpoint of both the theory and device application, since it significantly 

affects the electronic properties via a change in the energy gap of the alloys. Ordering in 

III-V semiconductor alloys has not only remained a laboratory curiosity but has already 

had indispensable applications in industry.  For example, atomic ordering has both a 

beneficial and a detrimental effect on laser operation. The emission wavelength of a laser 

diode closely follows the energy gap of the active layer, thus it directly reflects the energy 

gap reduction caused by CuPt ordering, which reduces the crystal symmetry from cubic to 

trigonal. This introduces an optical anisotropy between [110] and ]101[
−

 crystallographic 

directions [52,53]. The beneficial effect of the ordering thus is the reduction in the 

threshold current. However, in the case of the visible light emitting diodes and the 

injection laser diodes this energy gap reduction should be avoided in order to produce the 

shorter wavelengths, since shorter wavelength lasers are desirable for high-density 

optical-disk systems. For these purposes, various techniques to eliminate ordering are 

applied [54-56].  

For the ordered InAsSb and GaInSb systems, the energy gap reduction also 

provides interesting technological applications, because it shifts the wavelength further 

into the infrared toward the desirable 8-12 µm range [57]. Furthermore, a 

disorder/order/disorder quantum well [58] has been formed recently by simply changing 
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the degree of ordering, which was achieved by changing the partial pressure of the 

phosphorous precursor, without changing the composition. This kind of structure may 

play an important role in the fabrication of novel devices in the future because it excludes 

the external interface strain induced by layers of differing composition. 

   The results of these studies are separated into six chapters. The second chapter 

contains the experimental apparatus and the experimental techniques used in the 

characterization of AlxIn1-xAs1-ySby/GaSb multilayers and GaAs1-xSbx alloy. The third 

chapter gives the theoretical background of KHJs, transport, magnetotransport and the 

theoretical models of the scattering mechanisms used in these studies. Chapter four 

presents the results obtained from the transport and magneto-transport measurements of 

the AlxIn1-xAs1-ySby/GaSb multilayers. Chapter five describes the temperature dependence 

of the energy gap and the influence of the CuPt-B type atomic ordering on the energy gap 

in GaAs1-xSbx alloy. The results of the Fourier Transform Infrared (FTIR) absorption and 

TED measurements are also discussed in the chapter five. The sixth chapter is the 

conclusion of the studies in this dissertation. 
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CHAPTER II 
 
 
 

 EXPERIMENTAL SET UP AND CHARACTERIZATION TECHNIQUES 
 

 
Transport Measurements 

In this work, Hall effect and conductivity measurements were performed on a 

series of AlxIn1-xAsySb1-y/GaSb heterostructures as a function of magnetic field up to 2 T 

at temperatures ranging between 4.2 to 300 K. The AlxIn1-xAsySb1-y/GaSb multilayer 

samples (0.43 ≤ x ≤ 0.73, 0.28 ≤ y ≤ 0.59) were grown by Dr. Donna W. Stokes at 

University of Houston, using MBE in a solid-source Varian 360 system equipped with 

elemental Al, In and Ga for the group III sources and uncracked As and Sb for the group 

V sources. All samples were grown under similar growth conditions on epiready p-type 

GaSb (100) substrates.  The details of the composition structure and growth temperature 

of the samples are provided in Table 1. Growth and additional structural details of the 

samples are published elsewhere [19,60]. These previous studies determined that the 

GaSb layers contained approximately 3% As, due to an arsenic background pressure in 

the growth chamber. 

 The layer composition was highly dependent on the Sb:As flux ratio, Sb:In flux 

ratio and substrate temperature, with substrate temperature being the most dominant 

factor. Characterization by RHEED, XRD and EDS demonstrated that high quality single 

and multilayer structures were obtained for the compositions investigated.
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The contacts were made to the sample in a standard Hall configuration, shown in 

Fig.1, using conducting silver paste.  

 

 

Figure 1. Schematic of a semiconductor sample with sign and dimension 
terminology for Hall contacts 

 

 The samples were mounted on the sample holder with silicon heat sink 

compound. The sample leads were then soldered to the electrical connections of the 

holder. Prior to Hall measurements, the ohmic behavior of the contacts was verified by I-

V measurements using a bias current between 1 and 100 mA. Hall and conductivity 

voltages were averaged over all combinations of contacts and both polarities of the bias 

current and magnetic field. Automatic control of the temperature, magnetic field and bias 

conditions was accomplished using a data acquisition and processing system, interfaced 

to a computer, as shown in the block diagram of Fig. 2. 
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Figure 2. A block diagram of the experimental set up used for Hall 
measurements 
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Hall measurements were carried out in a commercial JANIS Supervaritemp 

cryostat which could be operated at temperatures ranging between 2.3 K and 350 K. The 

sample temperature was measured using a GaAs diode mounted on the sample block and 

was controlled using a temperature controller employing an automated feed back method 

which employed both the sensor on the sample block and a sensor located at the heater 

block. Samples were mounted on the cold finger, inside the cryostat.  

The cryostat was connected through the transfer line to a storage dewar containing 

either liquid nitrogen or liquid helium. The cryostat allowed cooling to the temperature of 

the boiling cryogen at atmospheric pressure; lower temperatures could be obtained by 

lowering the pressure over the cryogen in the cryostat. The cryogen eventually exits at a 

vent port away from the detachable seal for the vacuum jacket. The outer vacuum jacket 

was easily removed to allow the access to the sample. Optical access to the sample was 

achieved through windows on the vacuum jacket and holes in the radiation shield. 

Evacuation and pressure valves, as well as electrical feedthroughs were located above the 

joint of the removable vacuum jacket, in order to provide necessary vacuum and 

electrical access to the cold finger.  

Although such cryostats may be operated in any orientation, the vertical position 

requires the least amount of cryogen at any specific temperature. Temperatures above  

4.2 K were obtained by reducing the liquid helium flow, or by adding heat by controlling 

the current passing through a heater wire wound around the cold finger. Temperatures 

below 4.2 K could be obtained by throttling the flow control valve and pumping at the 

vent port. The cryostat is shown in Fig. 3. 
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Figure 3. Janis Supervaritemp cryostat 
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Magneto- transport Measurements 

The magneto transport measurements were made in the standard Hall 

configuration shown in Fig. 2. The signal-to-noise ratio was enhanced using magnetic 

field modulation and lock-in amplifier techniques. When the lock-in amplifier was tuned 

to twice the modulation frequency, an oscillatory signal proportional to the second 

derivative [61] of the magnetoresistance was obtained. An ac magnetic field with an 

amplitude of 200 mG modulated the sample conductivity at a frequency of 43 Hz. The 

signal at the sample potential contacts produced by the field modulation was fed through 

a high impedance differential amplifier. The output of the lock-in amplifier was fed into a 

Keithley voltmeter interfaced with the data acquision collected by an interfaced computer 

control. 

 

Absorption Measurements 

The optical properties of the GaAs1-xSbx epilayers (0.19 < x < 0.71) grown by 

MBE by Dr. Andrew G. Norman at the Blackett Laboratory, Imperial College, in a VG 

V80H growth system, using As4, Sb4 and Ga as sources, on (001), (001) offcut 8o towards 

{111}A and 8o towards {111}B, {115}A,{115}B, {113}A and {113}B semi-insulating 

GaAs substrates were studied by absorption measurements over the temperature range of 

4–300 K. The absorption studies were conducted on a Fourier Transform Infrared (FTIR) 

Spectrophotometer  over the energy range of 0.2 eV to 1.4 eV. A general illustration of a 

FTIR spectrometer is given in Fig. 4. A 300-W tungsten light was used as a near infrared 

source and the spectra were collected using a liquid-nitrogen-cooled mercury cadmium 
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telluride detector.  The FTIR was operated at a resolution of 1 cm-1.  The samples were 

mounted in a variable temperature liquid-helium-cooled cryostat and aligned at normal 

incidence to the beam.  

 

Figure 4. Experimental set up used for the FTIR measurements 
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Transmission Electron Diffraction Measurements 

 Transmission electron microscopy (TEM) [62] and scanning transmission electron 

microscopy (STEM) [63] are direct ways to observe the superstructures in an ordered 

alloy. With transmission electron microscopy (TEM), a thin (<200 nm) sample is 

bombarded by a highly focused beam of single-energy electrons. The beam has enough 

energy for the electrons to be transmitted through the sample. The transmitted electron 

signal is greatly magnified by a series of electromagnetic lenses. The magnified 

transmitted signal may be observed in two ways, through electron diffraction or direct 

electron imaging. Electron diffraction patterns are used to determine the crystallographic 

structure of the material. A typical electron diffraction pattern due to zinc –blende 

structure is shown in Fig. 5. Direct electron images yield information about the 

microstructure of the material and about its defects. With scanning transmission electron 

microscopy (STEM), the electron beam is raster-scanned across the material. This 

produces a variety of electron and X-ray signals that may be used for compositional 

analysis. However these two techniques only provide local structural information either 

averaged through a thin section (TEM) or at the cross-section surface (STEM). The 

general technique employed to observe the atomic ordering is transmission electron 

diffraction (TED) because the structure of the ordered alloy will result in the extra 

diffraction peaks (atomic ordering peaks) in addition to the fundamental diffraction peaks 

in the diffraction pattern, which, upon analysis, yields the type of ordering. The other 

advantage of TED is its strong intensity, which allows the prediction of the degree of 

ordering from the relative intensities of regular ordered diffraction peaks. 
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Figure 5.   The [110] TED pattern for GaAsSb grown on (001) GaAs. Only the 
diffraction spots due to the fundamental zinc-blende structure are visible.  

 

The TED measurements were performed by Dr. Andrew G. Norman at the 

National Renewable Energy Laboratory on several representative samples of the GaAs1-

xSbx layers investigated in this study. Orthogonal <110> cross-section transmission 

electron microscopy samples were prepared using conventional mechanical pre-thinning 

techniques followed by ion milling at an incident angle of 12˚ using 4 kV Ar+ ions and 

liquid nitrogen sample cooling.  The samples were examined in a TEM operated at 300 

kV. The (110) and )101(
−

cross-sections were distinguished using convergent beam 

electron diffraction. 
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CHAPTER III 
 
 
 

THEORETICAL CONSIDERATIONS 
 
 

Hall Effect 
 
 The Hall effect, discovered by E. H. Hall in 1879 [64], is a standard technique 

used for electrically characterizing semiconductors and their alloys. It was found that 

when a magnetic field is applied perpendicular to the direction of current flow, an electric 

field is set up in a direction perpendicular to both the electric and magnetic fields. The 

Hall field is a consequence of the Lorentz force, ( )F v Bm e= − × , experienced by a 

stream of electrons drifting with a velocity v. In free space, the electrons would be 

deflected in a direction perpendicular to both the magnetic field B and v. However, in a 

solid, motion in this direction is restricted by the boundaries of the solid and thus the 

electrons accumulate at one side of the material. As a result, a separation of charge 

resulting in an electric field transverse to both B and v is set up which counterbalances 

the Lorentz force. 

The electron drift velocity is proportional to E and is described by 

     v Edrift d= µ                 (3.1) 

 

where µd  is the carrier drift mobility and E is the electric field.  Also µ  may be defined 

and measured from the current density, J:



 

 

 

20 
 
 
 

EJ nqcµ=  ,                (3.2) 

where n is the carrier concentration, µc  is the conductivity mobility (which in principle 

should be equal to µd ), and q is the electron charge. The resistivity ρ or conductivity, 

σ=1/ρ, of a semiconductor can be written as  

     ρ
µ

= 1

cnq
.                    (3.3)  

The Hall coefficient HR and is defined as 

     
A
IBRE H

H =                 (3.4) 

where I is the current flow through the sample, A is the cross section, and d is the 

thickness and B is the magnetic field. The Hall coefficient is related to the carrier 

concentration by 

R r
nq

r
pqH

n p= − ,                    (3.5) 

where q is the electron charge and n or p is the density of electron or holes, respectively 

and rn  or rp  is a constant that depends on the dominant scattering mechanisms and can 

be studied by the temperature dependence of the Hall mobility. For semiconductors, rn  or 

rp  is generally equal to unity. A measurement of resistivity and carrier concentration will 

give the Hall mobility of the majority carriers in the semiconductor, defined as 

µ σ= RH                  (3.6)  

The Hall voltage VH  is defined as  
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d
IBRV H

H =      (3.7) 

where the amplitude and polarity depends on the magnitude and polarity of I and on the 

direction of B. A schematic diagram of the sample geometry is shown in Fig 1.  

If terminal 1 is the positive polarity for a DC current I + and the direction of the 

magnetic field as shown is defined as B +, then the Hall voltage measured between 

terminals 3 and 4 is such that terminal 3 is negative for an n-type material (electrons are 

the majority carrier) and positive for a p-type material (holes are the majority carrier. The 

Hall contacts are point contacts placed on the surface so that VH = 0  when B = 0 . In 

actuality, there will always be a misalignment potential. Therefore, the potential 

measured between the Hall electrodes for B ≠ 0 is the algebraic sum of the misalignment 

potential and of the Hall voltage. This misalignment potential can be eliminated by 

measuring V for opposite magnetic orientations of the magnetic field and current, while 

holding all other parameters constant. 

Magneto-transport  

 The magnetoresistance is defined in terms of a model which describes the 

combined action of transverse electric and magnetic fields on charge carriers. These 

carriers are subject to the Lorentz force which deflects them, producing a Hall field, as 

discussed in the previous section. If all the charge carriers are identical and can be 

described by a spherical Fermi surface and by a single isotropic relaxation time, then the 

Hall field compensates the Lorentz force. In this case the current streamlines are invariant 

with magnetic field and, as a consequence, the magnetoresistance is zero.  If the charge 
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carriers are not of the same charge type, their effective masses are different, or their 

relaxation times are energy dependent, then the Lorentz force is not fully compensated by 

the Hall field. This produces a current transverse to the electric and magnetic field 

vectors and a change in the resistivity of a sample, which can be measured along the 

longitudinal direction of flow.  

 The Shubnikov de-Haas effect (SdH) [65] is a oscillatory variation of the 

magnetoresistance that occurs at low temperatures in degenerate semiconductors as the 

strength of the applied magnetic field is changed. Depending on the orientation of the 

sample with respect to the applied field, SdH measurements provide information on the 

nature of the charge carriers that dominate conduction in the sample. The resistivity or 

conductivity oscillations arise from the quantization of energy and momentum.  In bulk 

(3D) semiconductors this quantization produces a density of states that exhibits maxima 

at the Landau-level energies ε ω= +( / )n c1 2 � , where n  is the Landau level number and 

ω c  is the cyclotron frequency. As B is increased, the maxima in the density of states 

moves to higher energies and successive maxima pass through the Fermi energy, Fε , and 

the Landau levels depopulate. This depopulation of each Landau level produces a 

resonant increase in the resistivity of the sample resulting in the oscillations periodic in 

B−1. These SdH oscillations exhibit a period defined by 

P B e
mF

= =∆( / )
*

1 �

ε
.               (3.8) 
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For the case of a transverse magnetic field, the expression used to describe the 

relationship between the SdH oscillations and the parameters characterizing the material 

is [66-68] 
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Here ∆ρ  is the deviation of ρxx  from the nonoscillatory background resistivity, 

ρo  is the zero field resistivity, R is the index of summation in the Fourier series, B is the 

transverse magnetic field (in the z-direction), T is the temperature, 

β π= =2 14 7072k m e T KB o / . /� , P is the SdH period, m m mo' * /=  is the ratio of the 

effective mass to the free electron mass, TD is the Dingle temperature, γ is the Onsager 

factor, and v is the spin splitting factor related to the effective g-factor, g*, by v = ½m’g*.  

For the longitudinal case, (magnetic field parallel to the sample length), the expression is 

given by equation (3.9), but with a factor of 5/2 instead of 1 [69]. 

 In order to observe SdH oscillations, certain conditions must be satisfied. The 

Fermi energy must be well defined, and the separation of the Landau levels must be less 

than the Fermi energy, i.e., 

  k TB c F<< <�ω ε         (3.10) 

where ω c eB m= / *  is the cyclotron frequency, Fε  is the Fermi energy and T  is the 

temperature of the electron gas which may not be equal to the temperature of the lattice.  
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As the magnetic field is increased, �ω c  increases and successive Landau levels 

depopulate. For low fields, such that Fc εω <<� , the SdH amplitude may be too small to 

observe, and for high fields, such that Fc εω ≅� , no more Landau levels are left to 

depopulate. Also, the electron needs to be able to complete cyclotron orbits for quantum 

effects to be observed, or 

     1>>τωc            (3.11) 

where τ  is the lifetime of the state at the Fermi energy. Using the approximation that the 

mobility scattering time τm  is approximately equal to the collision broadening scattering 

time τ , the mobility can be written as µ τ µ= e m/ * . Equation (3.11) can then be written 

as 

.      1>>Bµ                                            (3.12) 

To satisfy these conditions, a low temperature and appropriate magnetic field are 

required. 

 The number of observed SdH oscillations for a given sample will depend on the 

maximum value of B. The SdH extremum produced by the depopulation of the n th 

Landau level occurs at the inverse of B [70], where 

    B P nn
− = + +1 1 8( / )γ              (3.13) 

where P is the period, n > 1 and γ is the Onsager phase factor, which is generally 

approximated as 1/2 in order to calculate approximate orders of  Bn
−1.  For a material 

with a spherical Fermi surface and a parabolic ε versus k relation, the SdH period P can 

be approximated as, 
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P e n n= = ×− −( / )( ) ./ /2 3 3176 102 2 3 10 2 3
� π               (3.14) 

where the n is the carrier concentration. Equations (3.12) and (3.13) can be used to 

predict which Landau level is undergoing depopulation when the maximum available 

magnetic field strength is reached. 

 For the 2D system, the period of the oscillations can be expressed as [71,72], 

Dn
eP

2π�
=      (3.15) 

where n2D is the total number of states per level. In terms of sheet carrier concentration, 

ns, the period is expressed as [73] 

sn
e

P �π=      (3.16). 

 

 Optical Absorption 

 
The most direct and perhaps the simplest method for probing the band structure of 

semiconductors is to measure the absorption spectrum. In the absorption process, a 

photon of a known energy excites an electron from a lower to a higher energy state. Thus 

by inserting a slab of a semiconductor at the output of a monochromator and studying the 

changes in the transmitted radiation, one can discover all the possible transitions an 

electron can make and learn much about the distribution of states. 

The fundamental absorption refers to band-to-band, i.e. to the excitation of an 

electron from the valence band to the conduction band. The fundamental absorption, 

which manifests itself by a rapid rise in absorption, can be used to determine the energy 
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gap of the semiconductor. However, because the transitions are subject to certain 

selection rules, the estimation of the energy gap from the “absorption edge” is not a 

straightforward process. 

Because the momentum of a photon, h/λ is very small compared to the crystal 

momentum h/a the photon-absorption process should conserve the momentum of the 

electron. The absorption coefficient α(hν) for a given photon energy hν is proportional to 

the probability Pif for the transition from the initial to the final state and to the density of 

states of electrons in the initial state, ni,, and also the density of  available empty final 

states, nf, and this process must be summed for all possible transitions between states 

separated by an energy difference equal to hν [74]: 

α(hν) = Α Σ Pifninf     (3.17) 

In the following derivation it is assumed that all the lower states are filled and that 

all the upper state are empty, a condition which is true for an undoped semiconductor at 0 

K. 

Consider an absorption transition between two direct valleys where all the 

momentums-conserving transitions are allowed (Fig. 6), i.e., the transition probability Pif 

is independent of photon energy. Every initial state at Ei is associated with a final state 

such that: 

if EhE −= ν      (3.18) 
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Figure 6.  Optical absorption in a direct band gap semiconductor 
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where Eg is the energy gap and 
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Therefore, 
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The density of directly associated states can then be found as [75] 
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where mr is the reduces mass given by 1/mr = 1/me
* + 1/mh

*. Hence the absorption 

coefficient is  

2/1* )()( gEhAh −= ννα     (3.23) 

where A* is given by  

*2

2/3
**

**
2

*

)2(

e

eh

eh

mnch
mm

mm
q

A +
≈     (3.24) 

For an index of refraction n = 4 and, assuming the hole and electron effective masses 

equal, the free electron mass, then ][)(102)( 12/14 −−×= cmEhh gννα  where hν and Eg 

are in eV. A plot of the square of α(hν) as a function of photon energy near the 

fundamental absorption edge will result in the straight line in the case of the direct 

transition. 

 In some materials, quantum selection rules forbid direct transitions at k = 0 but 

allow them at k≠ 0. This means that the transition probability increases proportionately to 

(hν − Eg). Since the density of the states linked in the direct transitions is proportional to 

(hν − Eg) 1/2, the absorption coefficient has the following dependence: 

2/3' )()( gEhAh −= ννα     (3.25) 

where A’ is given by  
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Again, for n = 4 and mh
* = me

* = m: ][/)(102)( 12/34 −−×= cmhEhh g νννα . Note that 

the hν in the denominator varies slowly compared to (hν − Eg) 3/2 

Infrared absorption is the study of the interaction of infrared light with matter. 

The typical unit used in infrared spectroscopy is the wave number. The wave number is 

defined as the reciprocal of the wavelength, and is measured in cm-1. A typical infrared 

spectrum is represented with a plot of measured infrared absorbance (i.e. the amount of 

light absorbed by the sample or the percent of transmittance) versus wavenumber. The 

absorbance is measured as a peak height and defined as the logarithm of the ratio of the 

spectral radiant intensity, I0, of incident, essentially monochromatic light, to the spectral 

intensity of the transmitted radiation (I), i.e., A = log (I0/I). This definition supposes that 

all the incident light is either transmitted or absorbed, reflection or scattering being 

negligible. 

In general, the absorption coefficient can be obtained from the Lambert-Beer law, 

which states that the attenuation of the light beam traveling through a light absorbing 

medium is described by equation 

    I = I0 e-αx,     (3.27) 

where I is the intensity of the transmitted beam, I0 is the intensity of the incident beam, α 

is the absorption coefficient of the medium and x is the length of the light path in the 

sample or the thickness of the sample. 

 

 
 
 
 



 

 

 

30 
 
 
 

Heterostructures 
 

Semiconductor Bandstructure 

 In order to exploit heterostructure systems for device applications, the band 

structure of the individual bulk semiconductor compounds of the heterostructures must be 

understood. Many of the electrical and optical properties of semiconductors can be 

explained in terms of the bandstructure, which is the allowed energies ε of the electrons 

expressed as a function of their wave vector k. A schematic diagram of the bandstructure 

of a typical III-V semiconductor is shown in Fig. 7. The gap between the valence band 

maximum and conduction band minimum is called the fundamental energy gap. If the top 

of the valence band and the bottom of the conduction band are at the same point in k-

space, as typically found in III-V semiconductors, the gap is called direct. If the energy of 

the conduction band bottom is taken as zero (ε c = 0 ), the dispersion law of the bands in 

the vicinity of the Γ point ( k = 0 0 0, , ) can be described by the Kane model [76] for 

energy band structure. 
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Figure 7. Band structure diagram (ε vs k) for a typical III-V semiconductor, where 
CB stands for conduction band, VB for valence band, lh for light hole 
band and hh for the heavy hole band. 
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Semiconductor Alloys 

When choosing a potential system for a heterostructure, material parameters, such 

as energy gap and lattice constant, as well as substrate compatibility must be considered. 

The development of growth technologies such as metal organic chemical vapor 

deposition (MOCVD) and molecular beam epitaxy (MBE) have made it possible todesign 

structured materials due to their ability to grow ultra thin layers. 

A III-V binary compound, the simplest compound structure, is a combination of a 

group III and a group V element, e.g., GaAs grown on a GaAs substrate. Fig. 8 shows the 

energy gap versus lattice constant for several binary semiconductors [77]. Because very 

few binary semiconductors are lattice matched, semiconductor alloys have been utilized 

to avoid the defects created by lattice mismatch. Ternary alloys, which are formed from 

binary alloys AC and BC forming a cation alloy AxB1-x C, such as AlxIn1-xAs, or AC and 

AD forming an anion alloy ACxD1-x, such as InAsxSb1-x, grown on GaAs, allow a 

variation of lattice parameters with the energy gap within the constraints of the binary 

end points. With ternary alloys, lattice matching to a particular substrate can be achieved 

at a particular composition, 
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Figure 8. Variation of lattice and energy gap with composition for a number of III-V 

compound semiconductors 
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allowing lattice matching to several substrates. An even more complex system is a 

quaternary alloy A1-xBxC1-yDy, which is formed if two compounds do not share a cation 

or anion, such as AlxIn1-xAsySb1-y. Quaternary alloys allow the independent selection of 

energy band gap and lattice constant within the constraints of the given alloy system. 

Lattice-matched or near-lattice-matched heterostructures can be grown at several values 

of x  for a given value of y . Material structures incorporating quaternary alloys introduce 

additional degrees of freedom to the structure necessary to optimize optoelectronic device 

fabrication. 

 

Heterojunctions 

 Semiconductor heterojunctions are formed when two different semiconductors are 

brought into direct contact. The conduction and the valence bands accommodate the 

difference in the energy gap between the two materials. As a result, conduction and 

valence band discontinuities arise from the difference between the electron affinities of 

the two semiconductors. These offsets act as potential steps which can be used to control 

the flow of electrons or holes in device structures.  

There are three types of heterojunctions, as shown in Fig. 9, for AlxGa1-xAs/GaAs, 

In1-xGaxAs/GaSb1-yAsy and InAs/GaSb. In a type I, the conduction band minimum of the 

AlxGa1-xAs layer is above and the valence band maximum of the AlxGa1-xAs layer is 

below that of the GaAs layer. The band offsets in both the conduction and valence bands 

act as potential barriers and keep electrons (holes) in the smaller band gap semiconductor.  

In type I’, the conduction band minimum of the In1-xGaxAs layer is in the bandgap of the 
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GaSb1-yAsy layer, while the valence band maximum of the In1-xGaxAs layer is below that 

of the GaSb1-yAsy layer. In type II heterostructures, the conduction band minimum of the 

InAs layer is below the valence band maximum of the GaSb layer or vice versa. The 

electrons in the top region of the valence band of one layer can freely enter the 

conduction band of the second layer when the two semiconductors are brought into 

contact with each other [78]. These band lineups control the electrical and optical 

properties of quantum wells and superlattices and are thus important to understand for 

heterostructure device applications.  
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Figure 9.  Three types of band edge energies at heterojunction interfaces:  (a) Type I, 
   (b) Type I’ and (c) Type II. 
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Quantum Well Structures and 2-D Electron Gases 

Quantum well structures are an extension of the concept of heterojunctions.  

Quantum wells are multilayered structures formed when a material A is sandwiched 

between two thick layers of material B, as shown in Fig. 10. They are grown using a 

variety of semiconducting materials, having different energy gaps, alloy compositions, 

doping levels, etc., that are lattice matched to avoid stress/strain. Material A is thick 

enough so that the layer has macroscopic properties and is thin enough to ensure that the 

superlattice constant is shorter than the mean free path of the carriers. If the conduction 

(valence) band edge of material A lies lower (higher) than the conduction (valence) band 

edge of material B, the structure forms a square potential well confining electron (holes). 

The electrons (holes) are confined in one dimension and their energies are quantized, 

resulting in bound states (subband states) in the potential well formed by the 

heterojunction interfaces.  The resulting, two dimensional electron gas has several unique 

properties. One of the important properties is the two-dimensional (2-D) the density of 

states (DOS) which affect the transport properties of the charge carriers. The calculation 

of the 2-D DOS for a given quantum state in the parabolic approximation yields [79], 

ρ ε ε ρ
π

π
π

2 2 2 22 1
2

2D Dd k dk k dk m( ) ( )
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= =








 =⊥ ⊥ ⊥ ⊥
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.           (3.28) 

Thus, the 2-D DOS for a quantum well takes on discrete values. This is a unique property 

of a 2-DEG, not found in 3-D systems. 
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Figure 10. Schematic diagram of a quantum well structure consisting of alternating 

layers with material A in the middle and material B on the sides 
 

 

By comparison, the 3-D DOS is given as 
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The 3-D DOS has continuous dependence on energy, whereas, the 2-D DOS is quantized. 

Also, the density of states goes to zero in a 3-D system as the energy goes to zero, and is 

step like in a 2-D system. This property is illustrated in Fig. 11. 
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Figure 11. Comparsion of a two dimensional density of states with a three 
dimensional density of states [79] 
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Multiquantum Well Structures and Superlattices 

 Multiquantum well structures consists of a large number of quantum wells in 

which the separation between wells is so large that each well may be treated as an 

independent entity. Since the wave functions do not overlap, carriers are not free to move 

from well to well and remain localized. The electronic properties of these structures are a 

superposition of the results for a single well. Superlattices [80] are formed when large 

number of quantum wells are arranged periodically in the material where the distance  

 

 

Figure 12. Potential profile of a superlattice 
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between them is small enough to enable an interaction of the electronic wave functions, 

as seen in Fig. 12. Because of the finite overlap of the wave functions, an electron in the 

system is able to travel from one well to another. The electronic band structure of the 

superlattice determines the band gap, effective mass and band line-up at the interface and 

can be calculated using the tight binding approximation 

 

Kinetic Heterojunctions 

 Recently, there have been a number of studies regarding the electronic properties 

of heterostructures due to the effective mass mismatch across their junctions. In 

semiconductors the energy gap and effective mass are directly proportional; therefore, in 

heterostructures, where there is a variation in energy gap across the junction, there is also 

a variation in effective mass. This difference in effective mass across the junction is 

usually regarded as a secondary feature, not inducing new quantum effects.  

Kubisa and Zawadski [3] proposed that carrier confinement in semiconductor 

double barrier heterostructures would occur when the effective mass of the charge 

carriers in one region is higher than that in the surrounding regions. In such a structure a 

“kinetic well’ produced by the transverse free motion of the carriers in the lighter mass 

region would appear. As shown in Fig. 13, the mass difference can confine carriers even 

in the region of higher potential. They also predicted the effects of an external magnetic 

field on double heterostructures to demonstrate the concept of kinetic confinement of 

charge carriers. 
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A kinetic heterojunction (KHJ), shown in Fig. 13 is based on kinetic energy 

confinement of charge carriers created due to an effective mass variation across the 

heterojunction. If the effective mass discontinuities across the junction are sufficiently 

large, the transverse motion of the electrons is no longer negligible. A larger effective 

mass in the central region ( m m2 1> ) produces a kinetic well related to the transverse free 

motion of the electrons, whose energies are given by the kinetic energy term of the 

Hamiltonian as *222 mk�  for each layer. Because of the m *  variation, a kinetic 

discontinuity or step occurs, resulting in “kinetic “ wells and barriers. The dark and light 

lines in the Fig. 13 show the potential and kinetic energy of the structure, respectively. As 

can be seen in this case, kinetic wells (barriers) form in the m2  ( m1) region, where 

potential barriers (wells) exist. 

 The density of two-dimensional density of states (DOS) for a given subband, in such 

a kinetic well is  

dE
dkkE ⊥⊥=

π
ρ )(   (3.30) 

 and the total DOS  

∑= )()( EE lρρ   (3.31) 

Here ⊥k  can be found from ll EVmk =++ ⊥ 02
222 2/)(λ� and Emk =⊥ 1

22 2/� . 

The results are shown in Fig. 14 (for η= m2 / m1 and V0=0.).  The total DOS exhibits a 

step-like behavior, demonstrating that kinetic well is with a true 2D system.  One striking 

feature is that the DOS 'jumps' to a finite value as soon as the energy E is non-zero.  This
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Figure 13.   Proposed heterostructure for kinetic confinement.  A larger effective mass in 
the central region (m2 > m1) produces a 'kinetic well' related to the 
transverse free motion.  

 



 

 

 

44 
 

 

 is due to the fact that for V0 = 0 the lowest bound state exists for any energy E > 0. When 

a given 2D state appears, its initial step-like contribution to the DOS 

is 2
1 /)( �πρ mEl = since the state is widely spread (predominantly over both m1 regions).  

With increasing energy, ρl(E) asymptotically approaches the value of 2
2 / �πm , since the 

wavefunction is progressively confined in the region of m2. Therefore, a nonlinear 

behavior in the step feature of the DOS is observed in contrast to the typical linear 

behavior observed in the 2D DOS. 

 

 

 

 

 

 

 

 

 

             

Figure 14.   The density of states for the 2D subbands shown in fig. 13 
         (in units of 2

10 /)( �πρ mE = ) versus electron energy. 
 

 



 

 

 

45 
 

 

Kinetic Confinement in a Magnetic Field 

 In the case of the application of a uniform magnetic field B perpendicular to the 

growth direction, the electron spectrum becomes discrete; i.e., the electron motion is 

quantized in the plane perpendicular to the field [81]. 

 In this case the energies of the bound states are strongly nonlinear functions of B, in 

contrast to the 3D Landau levels and the 2D Landau levels of potentially confined 

electrons.  This nonlinearity is related to the fact that at low B values the state is spread 

predominantly over the m1 regions, so the slope of the magnetic field dependence is 

governed by 1/ meB� , while at higher fields, as the state is progressively confined in the 

m2 region, the slope is governed by 2/ meB� .  The main signature of kinetic confinement 

is the nonlinearity of the energies of the kinetically-confined states with magnetic field 

even if one deals with wide-gap semiconductors.  

 

Scattering Mechanisms 

One of the principal reasons for the great interest in carrier mobilities is that a 

careful study of the temperature dependence of the mobility can provide valuable 

information about the relative importance of the various allowed scattering mechanisms. 

It should be emphasized that the temperature dependence of the mobility alone is a very 

misleading indicator on which to base conclusions about carrier scattering.  This is 

because there are often several scattering mechanisms, which compete for importance in 

different temperature ranges, as well as band structure effects, which alter the 

temperature dependence predicted by simple models. Both of these difficulties are 
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present in the case of the p-type III-V semiconductor compounds. Because there is no a 

priori reason for ruling out any known scattering mechanism, the greatest progress is 

likely to be made by insisting that similar materials be viewed, not as isolated special 

cases, but as members of a class within which all variations are slight and systematic. 

  For the purpose of discussing scattering mechanisms in III-V compounds, it is 

convenient to distinguish three classes of materials: n-type direct gap, n-type indirect gap 

and p-type. Of these, the high mobility n-type direct gap materials (e.g., GaAs and InSb) 

have received by far the most attention. In the direct gap semiconductors, the s- like 

symmetry of the low-effective-mass Γ conduction minimum is responsible for the high 

mobilities principally because the s-like wave functions do not couple to nonpolar optical 

modes. Under these circumstances, the mobility is due to a mixture of acoustic and polar 

optical mode scattering. Because of the low effective mass of electrons, polar modes 

provide the dominant contribution. 

In n-type indirect and p-type materials, one is no longer justified in assuming, as 

is often done, that the polar modes continue to dominate. In the work on electron 

transport [82] and free-carrier absorption [83] in p-type materials, the importance of 

acoustic and nonpolar mode intra- and intervalley band scattering has been emphasized. 

In the case of these materials, it is well known [7,9], that the agreement between the 

magnitude of the calculated polar mobilities and experimental room-temperature data is 

fairly good. 



 

 

 

47 
 

 

Free-carrier absorption measurements in p-type materials at 300 K indicate that the hole 

scattering is dominated by acoustic and nonpolar mode scattering and that polar mode 

scattering is much weaker [84]. 

Another mechanism that must be considered is ionized-impurity scattering. This 

mechanism is of great importance because the mobility at a fixed temperature (usually,  

77 K or 300 K) is often used as a measure of the purity of a crystal. So far there have 

been only two models of ionized-impurity scattering, which are applicable to the valence 

band. The first of these is the model of Brooks [8], which essentially follows the 

decoupled band approximation [85].  The second proposed by Costato and Reggini [86] 

solved Boltzmann equations resulting in a detailed account of the interband and intraband 

scattering.  

 

Acoustic and Nonpolar Optical Phonon Scattering 

In a crystal structure with a center of symmetry the acoustical modes produce 

scattering of electrons due to the disturbance of the periodic potential of the lattice. The 

energy of the electron is altered by a periodic dilation of the lattice induced by 

longitudinal acoustic vibrations. For electrons in nondegenerate, parabolic, spherically 

symmetric bands, the acoustic mobility is given 

( ) ( ) 22
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where ρ is the material density, ul is the velocity of the longitudinal sound waves, m* is 

the effective mass of the charge carriers, and EAC is the acoustic deformation potential. 

This can be conveniently rewritten as [7] 

( ) 23225
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ρµ −×=  ,                         (3.33) 

where µAC is in cm2/Vs, EAC is in eV, ρ is in g/cm3, ul is in cm/s and T is in K. The 

dependence of µAC on effective mass, deformation potential, and temperature should be 

noted because it will later be seen that these dependencies are preserved even in cases 

involving more complex band structures. 

The simplest case of interaction between electrons and nonpolar optical phonons 

involves electrons in nondegenerate ellipsoidal bands such as are found in n-Ge and n-Si. 

For this case it has been shown that the nonpolar optical mobility may be written in the 

form 
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where θ is the characteristic temperature of the optical phonons (kBθ=hν), ENPO is a 

suitably defined optical phonon deformation potential, and all other quantities have the 

same meaning as in equation  (3.32). Comparing equations (3.32) and (3.34), it can be 

seen that the numerical prefactor involving fundamental physical constants in equation 

(3.34) is 6.345×10-5 if µNPO is expressed in cm2/Vs and ENPO in eV. Note that the 

temperature dependence of µNPO is more complicated than that of µAC at low temperatures 

(θ /T<1) but approaches T-3/2 at higher temperatures. 
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 The Hall-mobility data for the p-type III-V group of semiconductors can be 

explained in a unified way by invoking acoustic and non-polar optical mode scattering 

alone. Assuming that both heavy m1* and light m2* holes have the same average lattice 

relaxation time characterized phenomenologically by τ. This assumption is based on a 

simple density of states argument which suggests that for both heavy holes and light 

holes the scattering rate into a heavy-hole band will dominate [87]. Thus, τ is calculated 

using the effective mass m1*. In this approximation, the heavy- and light hole drift 

mobilities are given by, 

*1
1 m

eτµ =                                                         (3.35) 

and 

( ) 121
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µτµ mm
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 The total lattice mobility is then given by 
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where  p1 and p2 are the average densities of holes in valence bands. Assuming simple 

parabolic bands, p1 and p2 are related by  

p1 /p2= (m1*/m2*)3/2 ,                                                  (3.38) 

which gives 
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where 

r = m1* / m2* > 1 .                                                   (3.40) 

 Using the phenomenological deformation potentials, EAC and ENPO, it is possible 

to show that the combined acoustic and nonpolar optical mobility given by 
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where µ is in cm2/Vs, EAC is in eV, ρ is in g/cm3, and 2u , an average sound velocity 

(defined later in equation (3.47)), is in cm/s. The function S is given by  
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where 

( ) 




 −= 12/ TeTC

θ
ηθ                                            (3.43) 

and  

( )2
ACNPO EE=η                                                   (3.44) 

 

 For purposes of calculation, S can be conveniently approximated by 

S ≈ (1+Aη)-1                                   (3.45) 

where  

A = 1.34(θ /T) / (eθ/T-0.914)       (3.46) 
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      From equation (3.34) it is clear that there are seven physical parameters to be 

specified: m1*, m2*, ρ, u ,θ, EAC, and η. The values of ρ and θ are well known for most 

materials and present little difficulty. Because both longitudinal and transverse phonons 

are involved in the scattering, the appropriate sound velocity is given by average: 

222

3
2

3
1

TL uuu +=  ,                                                  (3.47) 

where uL and uT are, respectively, the velocities of longitudinal and transverse sound 

waves averaged over all directions [11]. Because these velocities are known for most 

materials, the averaged sound velocity is not an adjustable parameter. The light hole mass 

m2* enters only through the intensive r factor and hence the choice of this parameter is 

not critical. This leaves only m1*, EAC, and η as important adjustable parameters. The 

temperature dependence of µ is determined by η while the absolute magnitude is 

determined by the product (m1*)-5/2EAC
2. 

 

Ionized Impurity Scattering 

In all semiconductors the mobility of carriers are strongly impacted as a result of 

scattering by charged impurity centers. An expression for the mobility due to this process 

is given by the Brooks-Herring formula, 
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n’ =n+(ND –NA –n)(n +NA) /ND  ,                                          (3.50) 

and 

NI = n+2ND  ,                                                      (3.51) 

where NI denotes the number of ionized scatters, ND and  NA are the concentrations of 

ionized donors and acceptors, and n is the carrier concentration  . The static dielectric 

constant has been denoted kS to avoid confusion with free-space permittivity ε0. If the 

numerical prefactors in the equations (3.48) and (3.49) are evaluated, one obtains 
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and 
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2
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103.1                                                       (3.53) 

where µ is in cm2 / Vs, kS is dimensionless, T is in K, and NI and n’ are in cm-3. 

 In considering the effect of ionized-impurity scattering on hole mobility, it has 

been shown [8] that ionized-impurity scattering is expected to be rather ineffective in 

causing interband transitions because most such scattering events are elastic and involve 

only small scattering angles. Thus, to a first approximation, the light- and heavy- hole 

bands can be considered independently (the decoupled band approximation). 

Furthermore, it can be seen from equation (3.49) that µII has a very weak dependence on 

m*, so that the mobility of the light holes is only slightly greater than that of the heavy 
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holes. The consequence of this is that the light holes make only small contribution to the 

effective mobility. Exact calculations of the interband and intraband scattering rates have 

shown [86] that, except at very low temperatures or high impurity concentrations, the two 

bands are indeed decoupled.  Therefore, the effective hole mobility is given 

approximately by 

II
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II

r

rrW µµ
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3

2
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2
1

1+

+≈                                                     (3.54) 

where W is a factor of order of unity (1≤ W ≤ 2) that accounts for the p-like symmetry of 

the hole wave functions, and the r factor accounts for the presence of light holes. 

Equation (3.54) should be regarded as an expression, which is useful for estimating the 

magnitude of the hole mobility, but cannot possibly give quantitative agreement with the 

experimental data. This is because the magnitude of W and the degree of coupling of the 

bands depend on the temperature and doping concentration. 

 

Polar Optical Phonon Scattering 

 The expression usually used for the polar mode mobility is given by [88] 
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where e is the electronic charge, and κ∞ and κ0 are the high frequency and static dielectric 

constants, respectively. The term χ (θ / T) is a slow varying function [89] that modifies 

the expression to take into account the p-like wave functions appropriate for holes. The 

number of optical phonons is 

1

0 1
−





 −= TeN

θ
                                                            (3.57) 

It can be seen that the temperature dependence of µPO is not simple except at high 

temperatures, where it approaches T-1/2. When using this model, it is usually pointed out 

that this expression for this mobility contains no adjustable parameters because all the 

parameters are independently determined by experiments. 

The effective mobility, which includes all of the scattering mechanism discussed 

above can be calculated as a sum of the reciprocal individual scattering mechanism given 

by Matthiessen’s rule [15]: 

∑=
i ieff µµ

11  ,     (3.58) 

where µi refers to the each individual mobility from various scattering processes. 
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Atomic Ordering in Semiconductors 

Introduction 

Ordering in a crystal refers to an additional periodicity imposed on the initial 

structure that is not present under all conditions. If this ordering is coherent across many 

unit cells it is called the long-range order and it will lead to additional diffraction peaks, 

called superstructure peaks. In general, long-range ordering implies an ordering over an 

entire block of the crystal. In contrast, short –range ordering is usually confined to the 

first several atomic neighbors. The degree of ordering in a crystal structure can be 

determined experimentally in a variety of ways, e.g. by its effect on optical transitions, or 

its effect on energy gap of the semiconductor and can be independently verified from the 

intensity of the superstructure reflections whose locations are given by the new period. 

 Atomic ordering, depending on the degree of ordering, can have a pronounced 

effect on the properties of the alloy. Therefore, method either to promote or avoid atomic 

ordering during alloy growth has attracted much attention within the materials 

community. In particular, it has been found that growth parameters, such as temperature 

growth, substrate crystallographic orientation can significantly affect the degree of 

atomic ordering [32]. Furthermore, atomic ordering is always related to the surface 

reconstruction during growth [33]. Perhaps the earliest observation of the CuPt ordering 

was the reduction of the energy gap. The fundamental reason for this reduction is the 

altered symmetry obtained upon ordering. The new crystal symmetry leads to a 

significantly changed band structure, mostly relevant at the Γ point, as seen in Fig. 15. In 

the CuPt case, the average alloy conduction energy states < Γ1c > and < L1c > of the 
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binary constituents give rise in the ordered structure to the two equal symmetry states 

Γ1c
(1) and Γ1c

(2). It is known from the perturbation theory that the sates of the same 

symmetry repel one another in the presence a perturbing potential: in the ordered 

structure, there exist an “ordering potential perturbation” which distinguish energy levels 

of the ternary system from the average energy levels of the binaries. Due to the presence 

of “ordering potential” the lower state is repelled downwards. Similarly, the average alloy 

valence band states < ΓVBM> (which refers to valence band maximum) and <L3V> 

produce the states Γ3V
 (2) and Γ3V

(1) in the ordered structure, that are also mutually 

repelled. The downward displacement of the Γ1c
(1) and the upward displacement of the 

Γ3V
 (2) contribute to the reduction of the energy gap in the ordered structure. In Fig. 15,    

∆ E0 denotes the energy difference between states < Γ1c > and < L1c >, and ∆ E the 

appropriate energy difference between the states Γ1c
(1) and Γ1c

(2) in the ordered structure. 

The energy gap reduction can be readily observed in optical absorption experiments and 

the presence of atomic ordering can be further confirmed by diffraction experiments. 
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Figure 15.   Schematic plot of energy level shift at Γ of a typical III-V alloy forming 
CuPt-type ordered structure 

 

 In this work the atomic ordering in GaAs1-xSbx epilayers was studied using FTIR 

optical absorption and transmission electron diffraction (TED). The results of the FTIR 

absorption measurements reveled that the values of the energy gap are lower than the 

ones predicted for the random alloy.  The strength of atomic ordering in several of the 
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ordered samples was assessed from the relative strength of the superlattice spots in 

comparison to fundamental zinc-blende diffraction spots. The samples for TED were 

chosen to examine the effect of substrate orientation on ordering.  

 Since, a characteristic of CuPt ordering in GaInP grown on GaAs (001) substrates 

is the asymmetry in ordering direction, it was believed that same mechanisms contribute 

to the ordering in GaAsSb.  

 

 

(a)       (b) 

Figure 16. Asymmetry of ordering variant for CuPt ordering. (a) Four equivalent 
directions in the zinc-blende structure. (b) Relation between B+ step array 
and B+ variant.  

 

The zinc-blende structure has four equivalent <111>B directions: ]111[],111[],111[ and 

[111]. In the Fig. 16 the notation B+, B-, A+ and A – is used, respectively, to represent 

these directions. Suzuki [56] showed that there exist an asymmetry called BB between 

the two B variants. This asymmetry results from substrate misorientations from (001) 

toward either B+ or B- direction. This misorientation enhances the formation of B+ or B- 
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ordering variant. The BB asymmetry is caused by the existence of B-step arrays 

descending toward the [ ]101 direction on the substrate. In the same manner, the authors 

suggested that only A variants exist in the AA symmetry, which arises when the substrate 

is misoriented toward A+ or A – direction. Such an asymmetry is present in the CuPt-A 

type of ordering. But, the results of this work, in contrast to the results of Suzuki, suggest 

that A-type steps may play an important role in the CuPt-B type ordering process in MBE 

GaAs1-xSbx layers. 

 

Theory of the Origin of Atomic Ordering 

 The stability of the alloy AxB1-xC can be evaluated by the formation enthalpy of 

the alloy (bulk structure), ∆H(AxB1-xC) = E(AxB1-xC)- xE(AC)-(1-x)E(BC).  The 

parameters E(AxB1-xC), E(AC), E(BC) represent the total energy of AxB1-xC, AC and BC. 

If ∆H(AxB1-xC)< 0, the alloy is stable; otherwise, it is unstable. For most ordered 

semiconductor alloys, ∆H(AxB1-xC) > 0 [31]. Therefore, stable bulk ordered 

semiconductor alloys are not thermodynamically preferred. However, the ordered alloys 

do have a lower formation enthalpy with respect to the disordered alloy, ∆H(AxB1-

xC)disorder > ∆H(AxB1-xC)order > 0, [30]. In addition, a first principle total energy 

calculation on the subsurface layer indicates that the formation enthalpy of the CuPt 

ordered subsurface layer is negative [31]. In other words, the atomic ordering can be 

thermodynamically preferred at the surface layers and then “frozen” into the bulk as a 

metastable state. During this process, the growth kinetics acts as the “carrier” or 

“propagator” of the near surface atomic ordering into the interior of the film. 
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The Effect of the Growing Surface on the Atomic Ordering 

Surface reconstruction plays a dominant role in atomic ordering. In the bulk 

structure, there are four equivalent {111} planes, ( 111 ), ( 111 ), (111) and ( 111 ). Most 

of the observed atomic ordering is of CuPt -B type, which occurs on ( 111 ) and/or the 

( 111 ) planes.  This anisotropy is attributed to the anisotropic surface dimer. It is known 

that most semiconductor alloy films are grown with a group V-terminated surface, which 

has a group V-dimer along [110] direction. This V-dimer determines a special 

preferential site for different kind of atoms in the sub-surface layer [36, 47]. Murgatroyd 

et al. [40] proposed that the CuPt-B type ordering observed in (001) MBE GaAsSb alloy 

layers were associated with the (2x4) surface reconstruction. It was argued that As-Sb 

dimers would preferentially form at the reconstructed surface due to chemical interaction. 

Suzuki et al [56] re-examined the formation mechanism of CuPt-B type atomic ordering 

in GaInP and found that the surface reconstruction (2x1) would result in the CuPt -B 

ordering. Recently, the same group of authors [129] observed the CuPt-A ordering in a 

Al-rich AlInAs alloy when the surface reconstruction become (1x2) during growth. This 

(1x2) reconstruction is the result of extra As layer on the surface with [110] dimers which 

induce the CuPt-A ordering [90]. In other words, the surface reconstruction is like a 

fingerprint for the atomic ordering. 

 The surface steps also play an important role in the atomic ordering. Gomyo et al 

[32] observed a superstructure intensity asymmetry along [ 111 ] and [ 111 ] directions 

when a CuPt-B ordered GaInP alloy was grown on (001) 6° off toward [111] B GaAs. 

However, no such asymmetry was observed when GaInP alloy was grown on (001) 6° off 
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toward [111]A GaAs and on (001) GaAs. They suggested that an array of atomic steps, 

descending in the [110] direction, would break the superstructure formation symmetry 

Bellon et al [91] observed that the shape of the ordering peak in the TED pattern was 

related to the misorientation of the substrate. Suzuki and Gyomo [56] studied the 

dependence of the degree of ordering on the misorientation angle in GaInP. They have 

found that the degree of ordering should be higher if the alloy was grown on (115 )B. On 

the contrary, the degree of ordering decreases from the beginning of increase in 

misorientation angle from exact (001) towards [111] A, which suggested that A steps 

tend to prevent formation of the superlattice on the (115) A. 

 The surface structures also depend on the growth parameters. Thus the growth 

parameters, such as growth temperature [32, 33, 49], partial flux pressure [58], and 

growth rate [92], all affect atomic ordering. In addition, the composition of the alloy [90] 

and the dopant [93] also affect the atomic ordering. When the atomic ordered layer is 

buried into the bulk, the disordering process in the bulk is very slow due to the very small 

bulk diffusion. Therefore, the atomic ordering is driven by surface processes. The 

analysis of the origin of atomic ordering will clarify the surface structure and the growth 

process on the surface. 
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Formation Mechanism for CuPt Atomic Ordering 

The most readily observed atomic ordering is that of CuPt ordering. Therefore, 

most of the studies on the atomic ordering are based on this model. 

Considering the surface effects on the atomic ordering, several formation 

mechanism for CuPt ordering have been proposed. Suzuki et al [56] suggested that the 

formation the CuPt ordering is attributed to the preferential site occupation due to both 

bond length difference and the surface dimer asymmetry on the (001) surface, and the 

[110] atomic steps play a “phase-locking” role. Later, Philips et al [36] suggested a 

reconstruction-step model to explain the formation of the CuPt ordering. In their model, 

the strain due to the dimer and the size difference of the atoms play a dominant role. As 

shown in Fig. 17, for a mixed III (V) alloy, the site A and B (C and D) will be 

preferentially occupied by the large and the small III (V) atoms, respectively, to 

accommodate the strain induced by the dimer and the size difference of atoms. Figure 17 

also shows the “phase-locking” of the atomic ordering by the [110] step. This 

reconstruction-step model is often employed to explain the CuPt atomic ordering. 
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Figure 17. Schematic diagram showing the formation of CuPt type ordering 
[36]  
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CHAPTER IV 
 
 
 

TRANSPORT AND MAGNETOTRANSPORT PROPERTIES OF  
AlxIn1-xAsySb1-y/GaSb 

 
 

 The III-V heterostructures have been the subject of interest for many years, not only 

for their high-speed device applications but also for the very high mobility of the quasi 

two-dimensional electron gas accumulating at the heterojunction interface [94-96]. High 

quality heterostructures have been grown by MBE, which allows abrupt changes in the 

concentration and sharp interfaces, resulting in the high mobilities. Exceedingly high 

mobilities (of the order of 106 cm2/Vs) have been obtained for similar binary and ternary 

heterostructures (such as GaAs/AlxGa1-xAs) at low temperatures [97]. Therefore, a new 

challenge to understand the transport properties of aluminum based quaternary 

heterostructures has emerged.  

This work represents the first detailed study of the temperature dependence of the 

mobility of AlxIn1-xAsySb1-y/GaSb quaternary system has been carried out. From an 

interpolation scheme using the binary compounds, the mobilities for this system were 

estimated to be of the order of 104 cm2/Vs. However, the experimental results did not 

bear out this estimate. Therefore, a theoretical fit, taking into account the various 

scattering mechanisms was used to determine the cause for this decrease. The limiting 

scattering mechanisms were determined by comparing the theoretical curves with the
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experimental temperature dependent mobility data. For the case of p-type samples, the 

dominant scattering was ionized impurity scattering at low temperatures and phonon 

scattering at higher temperatures (T ≥ 90 K). In the n-type sample the ionized impurity 

scattering is found to be predominant at low temperatures and it is believed that electron-

hole scattering dominated in the intermediate temperature range.   

 
 

Transport Properties 
 

Conductivity and Hall effect measurements were performed on a series of AlxIn1-

xAsySb1-y/GaSb multilayers as a function of magnetic field for temperatures in the range 4 

- 300 K. 

The details of the composition structure and growth temperature of the samples 

investigated are provided in Table 1.  

 

Sample # Nominal layer 
thickness 
(10-4 µm) 

AlInAsSb    GaSb 

Al Content 
 

(x) 

 
As Content 

 
(y) 

Number 
of 

Periods 
 

Growth 
Temperatures 

(oC) 

396 44 200 0.43 0.50 20 376 

400 44 189 0.37 0.51 20 355 

427 52 225 0.43 0.52 20 352 

 

Table 1.  Summary of nominal layer thickness, composition, number of periods and 
growth temperatures of AlxIn1-xAsySb1-y /GaSb multilayers. 
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Of these, samples #396 and #400 exhibited p-type and sample #427 showed n-type 

conductivity with a high degree of compensation. A possible cause for the observed 

differences in the conductivity type between the samples is discussed in the end of this 

chapter. The carrier concentration and mobility are plotted in Fig. 18 and Fig. 19, as a 

function of temperature for samples #396, #400 and #427, respectively, with samples 

#396 and #400 exhibiting p-type conductivity and sample #427 mixed conduction, 

consistent with a heavily compensated n-type material. It is also noted that the highest 

mobility is observed for sample #396, which had the highest growth temperature.  

The observed mobilities are lower than that predicted from an interpolation using the 

binary compounds (of the order of 104 cm2/Vs); therefore, a theoretical fit, taking into 

account the various scattering mechanisms was used to determine the cause for this 

decrease. 

For the purpose of this work equation (3.31) has been used, incorporating all 

scattering mechanisms, to explain the transport properties of AlxIn1-xAs1-ySby/GaSb 

multilayers. It was assumed that, in addition to the main channel of conduction there 

exists parallel channels, which involve a limited number of carriers. The studies of 

transport properties in ternary heterostructures [98] showed that when an undoped layer 

plays a role of a secondary parallel channel, dramatic increases in the electron mobility 

occurs at low temperatures. In addition, the mobility increases with increasing the 

thickness of the additional layer up to a certain value and as such, the thickness of the 

parallel channel is another parameter that plays an important role in determining the 
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electron mobility in these structures.  Therefore, it was assumed that the effective 

mobility had contributions from both, the AlInAsSb and GaSb layers. Thus, the total 

effective mobility can be written as 

 

∑∑ +=
i ii ieff GaSb

C
AlInAsSb

C
)(

1
)(

11
21 µµµ

   (4.1) 

where µi(AlInAsSb) and µi(GaSb)  refer to the each individual mobility from various 

scattering processes in AlInAsSb and GaSb layer, respectively. The coefficients C1 and 

C2 are functions of thickness and their ratio depends on the ratio of channel thickness. 

The main scattering processes considered were ionized impurity, polar optical 

phonon, non-polar optical phonon and acoustic scattering. The individual mobilities were 

expressed by calculating the mean of momentum relaxation times [15] for ionized 

impurity [8], polar, non-polar [11] and acoustic [9] scattering mechanisms. The average 

mobility was obtained using Mattheisen’s rule [15], by adding the reciprocals of the 

partial mobilities. 
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Figure 18. Carrier concentration versus temperature for samples #396, #400 
and #427 
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Figure 19. Mobility versus temperature for samples #396, #400 and #427 
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Figures 20, 21 and 22 show the individual scattering contributions to the mobility, the 

combined mobility, and experimental mobility for samples, #400, #396, and #427, 

respectively. Figure 20 compares the theoretical and experimental hole mobilities for 

sample #400. The calculated effective mobility µEFF is seen to describe well the 

experimental mobilities over the entire range of temperatures. 
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Figure 20. Theoretical and experimental hole mobilities vs temperature for sample 
#400 Legend for the individual scattering mobilities: µEXP - experimental 
mobility (■), µAC - acoustic mobility (●), µION - ionized impurity mobility 
(□), µPO - polar optical phonon mobility (○), µNPO - non-polar optical 
phonon mobility (▲) and µEFF - effective mobility (x). The legend is the 
same for Fig. 21 and  Fig. 22. 
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Ionized impurity scattering is seen to dominate the hole mobility at low temperatures 

(T < 70 K) and polar optical phonon scattering dominates the hole mobility above 85 K.  

The hole mobility sharply decreases above 85 K, consistent with predicted behavior 

resulting from the nonparabolicity of the hole band [99]. This leads to the increased 

phonon scattering for holes at much lower temperatures than for electrons and causes the 

hole mobility to drop by an order of magnitude. 

Figure 21 shows theoretical and experimental hole mobilities for sample #396.  

The most striking feature exhibited by this sample is that, while ionized impurity 

scattering dominates the mobility at lower temperatures (T< 60 K), phonon scattering is 

not the only dominant scattering at intermediate and higher temperatures. The hole 

mobility decreases rather sharply above ≈ 65 K and it is steeper than in the case of sample 

#400. Polar optical phonon scattering is seen to have a large influence on the hole 

mobility in the intermediate temperature regime.   

The agreement between prediction and experiment is seen to be excellent at low 

temperatures (T < 70 K), but deviates at the higher temperatures.  Although the 

theoretical and experimental trends are similar for the temperatures between 95 K and 

170 K, the value of the net mobility exceeds the experimental value by nearly 70 cm2/Vs, 

indicating that a combination of scattering mechanisms are dominating this temperature 

region. It can be seen that ionized impurity scattering and polar optical phonon scattering 

are equally responsible for this temperature dependence. Above 170 K, polar optical 
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phonon scattering dominates, resulting in agreement between the effective and the 

experimental mobility. 
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Figure 21. Theoretical and experimental hole mobilities  vs temperature for sample 
#396 

 

Electron-hole scattering and interface roughness scattering [100] have been 

neglected in this analysis, because electron-hole scattering is not expected to be to be 

important for majority holes, and interface roughness scattering, important for electrons 
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[101], tends to be relatively ineffective, due to the weaker sensitivity of energies in the 

hole band due to fluctuations in the well thickness.  

 Sample #427 demonstrated mixed conductivity, consistent with that of a heavily 

compensated n-type material. Further analysis, using quantitative mobility spectra 

analysis [102] confirmed this feature [103]. Because of this, it was necessary to include 

both majority electron and minority hole transport in the theoretical description of this 

heterostructure.  In this preliminary work, only scattering due to holes were considered 

due to the complexity of the calculations for electron-hole scattering. It is noted, however, 

that the experimental hole mobility observed is considerably reduced by the presence of 

the electrons. 

 The four individual scattering mechanisms used to describe sample #427 are 

presented in Fig. 22. It is evident from the curves, that the low temperature mobility due 

to ionized impurity scattering, alone, exceeds the experimental value by ≈ 80 cm2/Vs. 

However, ionized impurity scattering governs the hole mobility at low temperatures in 

this case. In Fig. 22 there is a wide range of intermediate temperatures for which none of 

the presented scattering mechanisms is dominant. There exists a large difference between 

the net theoretical mobility and the experimental mobility and it is obvious that the 

scattering mechanisms used in the analysis are not adequate to explain this behavior   

From a qualitative comparison the dependence of electron-hole scattering in other 

materials [99] to our heterostructure, the temperature dependence of electron-hole 

scattering mechanisms closely approximates the low temperature experimental behavior 

of sample #427. 
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Figure 22. Theoretical and experimental hole mobilities versus temperature for the 
sample #427 

 

 This is expected due to the presence of the both types of charge carriers. With 

increasing temperature, the thermal generation of intrinsic holes in this sample becomes 

noticeable, even at temperatures as low as T ≈ 30 K. The electron-hole scattering 

monotonically decreases with the temperature over the entire intermediate temperature 

range, which is in direct contrast to the ionized impurity scattering. While electron-hole 

scattering is probably one of the dominant mechanisms in this sample, its effectiveness 

never exceeds that for the ionized impurity scattering at low temperatures because of the 
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relatively strong compensation. At the same time, in high temperature region, the 

importance of polar, acoustic and ionized impurity scattering cannot be neglected. If the 

effects of the dominant scattering mechanisms are reduced, the mobilities tend toward the 

expected values of the mobility predicted by extrapolation, which are of the order of 104 

cm2/Vs. 

 
 

 Shubnikov-de-Haas Measurements of the AlxIn1-xAsySb1-y/GaSb multilayers 
 
 
 Magnetotransport measurements were performed on the multiple quantum well 

(MQW) samples characterized using Hall effect measurements to see if they 

demonstrated confinement effects. MQW’s demonstrating purely kinetic effects require 

that the variation in effective mass ratio across the junction exist, that there is lattice 

matching between the layers, and that there is zero modulation in electron affinity from 

layer to layer. Using the composition of the quaternary layers, the effective mass, lattice 

constant and electron affinity were obtained for the multilayer samples analyzed by the 

Hall effect using an interpolation scheme and are listed in Table 2. Shubnikov de-Haas 

effect (SdH) [65] measurements were performed on the AlxIn1-xAsySb1-y/GaSb multilayer 

samples listed in Table 3. 
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Parameter InAs InSb AlSb AlAs GaSb 

Electron Affinity 
χ  (eV) 

 
4.55 

 
4.59 

 
3.64 

 
3.50 

 
4.06 

Lattice Constant  (Å)  
6.0584 

 
6.4794 

 
6.1355 

 
5.6605 

 
6.0959 

Electron Effective Mass 
in units of mo  

 
0.023 

 
0.016 

 
0.390 

 
0.190 

 
0.049 

 
Table 2.   Material parameters of the binary alloy. 

 

 

 
Sample # Al Content 

(x) 
As Content 

(y) 
χ (eV) m* 

(in unit of mo) 
ao (Å) 

GaSb - - 4.060 0.0490 6.0959 

396 0.427 0.503 4.247 0.0777 6.1092 

400 0.370 0.057 4.296 0.0723 6.1007 

427 0.427 0.515 4.249 0.0772 6.1039 

 
Table 3. Summary of the material parameters of the AlxIn1-xAsySb1-y/GaSb 

multilayer samples to be studied for kinetic confinement. 
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Experimental Carrier Confinement Analysis 

 Shubnikov de-Haas measurements were performed on samples #396, #400, and 

#427 as a function of magnetic field with the B field perpendicular, B⊥ , (in the [100] 

direction) and parallel, B// , at a temperature of 4 K. 

The measurements on sample #427 demonstrated SdH oscillations for both the 

B⊥  and B//  configuration, indicating the presence of 2-D and 3-D carriers, respectively. 

The noticeable differences in the perpendicular and parallel data are as follows: (1) for the 

B//  configuration, the peaks shift to higher fields than that for the B⊥ orientation, (2) the 

SdH amplitude for the B//  data is larger than that for the B⊥  data and (3) the B//  data 

indicate some spin splitting of the peaks due to the electron spin, where no spin splitting 

is obvious for the B⊥ orientation. 

 The peak shifts observed clearly depend on the sample orientation in the magnetic 

field [17], as shown in Fig. 23. The difference in amplitude for the two oscillations can be 

quantitatively described by different Dingle temperatures, which, in turn, depends on the 

amount of scattering in the material. The higher Dingle temperature in the parallel 

orientation suggests more scattering for this orientation. This correlates with differences 

observed in the experimental and theoretical mobilities. 
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Figure 23. Shubnikov-de Haas oscillations for the magnetic field B perpendicular, 
B⊥ , (in the [100] direction) and parallel, B// , for sample #427 at 4 K. 

 
 
 

 The SdH data for both, B⊥ and B//  exhibit multiple periods. This multiplicity of 

periods in the oscillations has been observed previously in single layer and multilayer 

samples [69-71]. A plot of the resistivity extremum positions (in B-1) versus integer, 

shown in Fig. 24, demonstrates that there exist at least two frequencies of oscillation for 

sample #427. 
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Figure 24. Resistivity extremum positions (in B-1) versus integer for sample #427 at 4 

K. The periods for the B⊥ orientation are 0.031 T-1 and 0.081 T-1. The 
periods for the B//  orientation are 0.028 T-1 and 0.056 T-1. 

 
 
 

Since the SdH oscilattions are periodic in the inverse magnetic field, the SdH data 

must be digitized linearly with the reciprocal of the magnetic field. After performing fast 

Fourier transform the resulting data were expressed as a curve of arbitary amplitude as a 

function of frequency, which is shown in Fig. 25. The peaks at the fundamental 

frequencies correspond to the densities of each subband. Fourier analysis of the data, 

shown in Fig. 25 indicates that multiple periods are present (which will be discussed 

later). 
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Figure 25. Fourier analysis of the B⊥  and B//  SdH oscillations for sample   
  #427. 
 

 Observation of the SdH oscillations with the B//  orientation, at 4 K demonstrates 

the presence of the degenerate 3-D electrons. The data indicates an increase in frequency 

of the oscillations with decreasing B-1, yielding two frequency components. From Fig. 24, 

the periods in regions 1 (0 < B-1< 0.8 T-1) and 2 (B-1 > 0.8 T-1) are 0.028 T-1 and 0.056 T-1, 

respectively. An analysis of the lowest SdH periods yields the carrier concentrations of 

1.2 x 1017 cm-3 and 4.3 x 1017 cm-3, respectively. Using the sum rule for parallel layers, 
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the effective Hall voltage, VH (eff) measured will be a scalar sum of the Hall voltages for 

the parallel layers of the structure given as 

V V VH eff H layer H layer( ) ( ) ( )= +  21 ,      (4.2) 

which is inversely proportional to the effective carrier concentration n (eff), which can be 

written as 

    1 1 1

1n n neff layer layer( ) ( ) ( )
= +

  2
.              (4.3) 

Using equation (4.3) and the carrier concentrations calculated from the SdH periods, the 

effective carrier concentration is 3.1 x 1017 cm-3. This is in reasonable agreement with the 

carrier concentration determined from the Hall value of 2.7 x 1017 cm-3.  

 In the B⊥ , two frequencies of oscillations were also observed, as seen in Fig. 23 

and confirmed by Fig. 24, indicating carrier confinement. In this case, the oscillation 

periods in regions 1 and 2 are 0.031 T-1 and 0.081 T-1, respectively. Using the nominal 

multilayer thickness of 0.554 µm, the sheet carrier densities, nS, corresponding to these 

periods are 5.7 x 1013 cm-2 and 1.4 x 1013 cm-2, respectively. Using the sum rule for 

parallel layers, we obtain an effective sheet carrier density of. 1.0 x 1013 cm-2. This also is 

in reasonable agreement with the sheet carrier density determined by the Hall effect 

measurements and in agreement with the sheet carrier concentrations in similar materials 

systems [104-106]. 

 The theoretical bulk period calculated for this sample, 0.078 T-1 determined from 

the material parameters, is in reasonable agreement with 0.081 T-1, extracted from the 
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parallel the B//  data. The smaller period, 0.031 T-1, is likely a consequence of 

contributions from a second active region.  The observed periods are likely a consequence 

of contributions from two active regions and the bulk theoretical period considers a single 

bulk effect. 

 In light of the observed SdH oscillations for B perpendicular, indicating 2-D 

carrier confinement exists, the reasonable mechanisms must be examined. The GaSb 

substrate will not demonstrate SdH oscillations, since it is a p-type, therefore, the 

observed oscillations must be due to the electrons of the multilayer structure.  Thus the 

SdH oscillations may be due to (1) carrier confinement in generated kinetic wells, (2) 

confinement of electrons at the interfaces of the layers due to band bending in the 

conduction band or (3) confinement effects in the GaAszSb1-z potential well. 

 Since this sample does not have zero modulation in the electron affinity, any 

kinetic wells created by the maximum B  field strength of 1.9 T will not be large enough 

to overcome the effective potential barrier height. Thus these oscillations are not due to 

kinetic confinement in kinetic wells, and must be to electron confinement as a result of 

band bending or to confinement in the GaAszSb1-z wells. To maintain a constant Fermi 

level across the junctions, donors in the AlxIn1-xAsySb1-y layer may become ionized and 

transfer carriers across the interface to the conduction band of the GaAszSb1-z layer which 

is 189 meV  lower in energy. This charge transfer creates an internal electric field that 

causes band bending at the interface of the junction resulting in a triangular well 

perpendicular to the interface for carrier confinement. When band bending occurs at the 

interface, triangular wells on the order of 100 Å are created for carrier confinement [107].   
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Carrier motion in the perpendicular direction is quantized forming a set of bound states 

resulting in a quasi 2-D electron gas in the well. At low temperatures, the carrier 

concentration data observed was consistent with high degrees of carrier freeze out. 

Because of this freeze out, donor centers of the Al0.427In0.573As0.515Sb0.485 layer near the 

interface can transfer electrons to the GaAs0.03Sb0.97 layer via a tunnel effect where they 

would be confined in the subbands of the triangular wells. A schematic diagram of the 

resulting triangular wells formed at the interface is shown in Fig. 26.  

 This is the same as confinement in the GaAs0.03Sb0.97 well, but this is in a 

different active region than that of conventional subbands in the well. The confinement in 

the triangular wells will involve donor electrons from the Al0.427In0.573As0.515Sb0.485 layers 

and the confinement in the conventional subbands will involve electrons of the 

GaAs0.03Sb0.97 layer. Therefore, it is possible that the multiple period oscillations 

observed in the parallel 

 

 

 

 

 

 

 

Figure 26. Triangular well formed at the interface of the layers due to band bending. 
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configuration are due to carrier confinement in the GaAszSb1-z potential wells as a result 

of a combination of band bending and conventional confinement in the energy subbands 

of the wells. The phenomena of multiple period oscillations due to carrier confinement in 

subbands formed by band bending at the sample interface has also been observed in 

various heterojunction and multilayer samples [100,102]. 

 The energy of the subbands in the GaAs0.03Sb0.97 well can be calculated using  

     ε π
n

w

n
m d

= }
2 2 2

22 *
 ,             (4.4) 

where n  is an integer and dw  is the width of the well.  The calculated energy subbands 

for a well width,  225=wd Χ, a well depth,V meVo = 189 , and m mo* .= 0 049  are 

ε
ε
ε

1

2

3

15 2
60 7
136 5

=
=
=

.
.
.

  
 
 

meV
meV
meV

 

If confinement occurs in each band, there would be at least 3 periods observed in the SdH 

oscillations. From the Fourier analysis, there are a number of frequency components were 

detected. However, in comparing the perpendicular and parallel data, it is difficult to 

distinguish which oscillations are due to bulk effects because of the shift in the parallel 

data.   

 For the two periods extracted from the perpendicular data, Fig. 24, we can 

calculate the Fermi energy, ε F e Pm= � / * , as counted from the subband bottom. Using 

the effective mass, m mo* .= 0 049 , we obtain Fermi energies of 36 meV aboveε o  and 14 

meV aboveε 1 . The difference between these Fermi energies, 22 meV, corresponds to the 
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interval between the various subbands. Using the calculated subband energies given in 

equation (5), where the ground state energy is zero, we get an energy difference of 15.2 

meV. This differs by 30% from the value of 22 meV calculated using the Fermi energies.  

This may be accounted for in the fact that we used the same effective mass for each 

subband, whereas the effective mass in reality is known to decrease with increasing 

subband number [69]. Since ε F  is inversely proportional to m*, the value of ε F  above 

ε 1  would increase, therefore the difference between the two Fermi energies would 

decrease and approach 15.2 meV. 

 The observed oscillations appear to result from a combination of carrier 

confinement resulting from band bending and conventional confinement in the energy 

subbands of the wells. Although kinetic wells were probably generated, in these samples 

the observed oscillations do not  apper to be due to kinetic confinement, but are due to 2-

D carrier confinement in the GaAszSb1-z potential wells. The created kinetic wells were 

not large enough to overcome the effective potential barrier height, therefore kinetic 

effects from these wells were not observed. The SdH data is consistent with 2-D carrier 

confinement within two subbands. Since the thickness of the GaSb layers (≈ 200 µm) is 

too large for appreciable quantization effects (i.e. no GaSb quantum wells) it is believed 

that the subbands are generated due to band bending at the 

Al0.43In0.57As0.52Sb0.48/GaAs0.03Sb0.97 heterojunction. In addition, it is believed that the 

difference in the carrier type observed in sample #427 compared to samples #396 and 

#400 maybe due to an increased number of electrons available to the subbands, suggested 
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by the SdH data, in the Al0.43In0.57As0.52Sb0.48/GaAs0.03Sb0.97 heterojunctions. The 

previous studies on these materials [19,60] have shown that AlxIn1-xAsySb1-y epilayers 

exhibit n-type conductivity with a high degree of compensation, while GaSb epilayers are 

p-type.  Since sample #427 has approximately 20% more AlxIn1-xAsySb1-y than samples 

#396 and #400 (due to an increased layer thickness), a corresponding number of electrons 

are available to the subband. 
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CHAPTER V 
 
 
 

THE INFLUENCE OF TEMPERATURE AND ATOMIC ORDERING ON THE 
ENERGY GAP IN GaAs1-xSbx 

 
 

Temperature Dependence of the Energy Gap 
 

Introduction 
 

There is considerable interest in the GaAs1-xSbx alloy system for a variety of 

optoelectronic devices, not only because its bandgap energy, Eg, includes the 

technologically important 1.3 – 1.5 µm wavelength range, but also for its large bowing 

parameter, which allows for significant engineering of the valence band offsets in 

heterostructure systems.  These properties, for example, have made it a most suitable 

candidate for a variety of new and novel laser applications [108-113]. GaAs1-xSbx is also 

somewhat unique in that it is one of the few III-V alloys that exhibits atomic ordering 

when grown by molecular beam epitaxy (MBE) [47,114]. Such ordering can be of 

significant use in the engineering of optoelectronic devices, including Eg reduction [46], 

and anisotropic laser applications [52]. For each of these applications, an accurate 

knowledge of Eg , and its functional dependence on temperature, is of significant 

importance in the design of devices utilizing this materials system.  

In this chapter, the results of investigation into the variation of Eg with 

temperature in a series of GaAs1-xSbx epilayers that span a wide range of alloy 

compositions (0.19 < x < 0.71) are presented. 
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These results were fit using several semi-empirical models, which have been used 

to describe the temperature dependence of Eg for a wide variety of semiconductors. Each 

of these models was found to describe well the temperature dependence of Eg, not only 

for each of the alloy compositions that were investigated, but also for all published results 

[56,57] for this alloy system. A comparison among these three models in GaAs1-xSbx 

alloy was performed and the best fit among them was found. 

 

Models 

The temperature dependence of the fundamental energy gap, Eg (T), is an 

important characteristic of the corresponding semiconductor materials. Temperature 

variations are of considerable interest both from technological and academic points of 

view and many experimental and theoretical studies of this phenomenon in different 

materials have been 

performed during the last several decades. The temperature dependence of the Eg of 

semiconductor materials is generally described by the semi-empirical relations proposed 

by Varshni [20], Vina [21] or Pässler [23]. The effects of the thermal expansion and of 

electron-phonon interaction on the energy gap reduction are not explicitly considered or 

separately taken into account in the first two models. In the third model by Pässler it was 

shown [23] that the contribution due to thermal expansion is rather weak and the energy 

gap reduction is mainly due to electron-phonon interaction. 

Typical Eg (T) curves for semiconductor materials [115,116] consist of non-linear 

(approximately quadratic) dependencies at low temperatures and linear dependencies at 
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sufficiently high temperatures. One of the first models used to describe these basic 

asymptotic properties of measured Eg (T) curves was first suggested by Varshni [20] to 

be: 

 
T

T
ETE Var

gg +
−=

β
α 2

)0()(     (5.1) 

where β is a characteristic temperature parameter, the magnitude of which is expected to 

be comparable with the Debye temperature ΘD of the semiconductor material. Equation 

(5.1) has low and high temperature trends consistent with the two mechanisms 

responsible for the temperature dependence of the energy gap: (i) the thermal dilation of 

the lattice that results in a linear shift with T, which is important at high temperatures; (ii) 

the temperature-dependent electron-phonon interaction, which leads to a quadratic 

variation of the gap with the temperature at low temperatures and to a linear variation of 

the gap with temperature at high temperatures. From the corresponding high temperature 

asymptote, )()0()( βα −−→ TETE Vargg at β〉〉T , the parameter αVar represents just the 

→T ∞ limit of the magnitude of the first derivative, dTTdEg /)(− , and β marks a 

certain point on the temperature scale where this asymptote passes through the Eg (0) 

level. Although other more physically justified and possibly quantitatively accurate 

functional forms have been proposed, Varshni‘s empirical relationship has gained a 

widespread acceptance in the semiconductor community and thus the Varshni 

coefficients for semiconductors are usually quoted in the literature. 

An alternative approach was first suggested by Vina [21], who considered an 

expression of Bose-Einstein type 
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−Θ
−=

1)/exp(
2)(

T
aETE BBg  ,   (5.2) 

where the 0→T energy gap limit is given in terms of the energy parameters EB and aB 

by the difference Eg (0)= EB - aB and the effective photon energy is represented by a 

corresponding phonon temperature k/ω�=Θ . 

If the equality )1)2/(coth()1)(exp(2 1 −=− − xx is used, equation (5.2) can be 

written as: 

( )( )12coth
2

)0()( −ΘΘ−= TETE gg
α        (5.2a) 

where Θ= /2 Baα is the limiting gap shrinkage coefficient. An analogous formulation 

has also been developed by O’Donnell and Chen [22], yielding essentially an analytical 

expression of the same form. 

Both, the Varshni and Vina, empirical expressions (5.1) and (5.2) tend to have 

linear asymptotes [5], )()0()( βα −−→ TETE Vargg  and )2/()0()( Θ−−→ TETE gg α  

in the high temperature limit (i.e. β〉〉T and Θ〉〉T ). The asymptote in equation (5.2) 

crosses the Eg (0) level at Θ/2 (the analogous role of the temperature parameter β in 

equation (5.1). At the same time, this model shows plateau behavior (i.e. the complete 

absence of any pT − dependence, p = 1,2,3.) in the low temperature limit. This is 

repeatedly found to be in striking contrast to experimental observations [117-119]. In 

fact, one finds in general that a quadratic asymptote provides a better fit to experimental 

observations than a plateau behavior due to equation (5.2). 
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On the other hand, a pronounced qualitative difference between these formulae 

arises at low temperature (i.e. β〈〈T and Θ〈〈T ) [117-119]: Varshni’s formula (5.1) is 

quadratic, βα /)0()( 2TETE Vargg −→ , whereas Vina’s formula (5.2) is exponential, 

)/exp()0()( TETE gg Θ−Θ−→ α . 

Recently, a convenient alternative method for modeling the quadratic temperature 

dependence at low temperature was provided by Pässler [117]. According to this model 

the dependence of the energy gap with the temperature is given by an integral of the 

form: 

εεε dTnfETE gg ),()()0()( ∫−= ,    (5.3) 

where ε is the phonon energy, 1]1)/[exp(),( −−= kTTn εε  represents the average phonon 

occupation number, and f(ε) is the relevant electrophonon spectral function. This is given 

by the power law dependence f (ε) ∝ εν, in the energy range from 0 to the cut-off value 

Θ+= k]/)1[(0 ννε . For exponents within a range from 1.2< ν <1.8, which corresponds to 

moderately concave spectral functions, this expression can be approximated well by a 

relatively simple analytical expression of the form [117] 
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+Θ−= 121
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p

gg
TETE α    ,   (5.4) 

where α is equal to the high temperature limit; Θ is characteristic phonon temperature 

which represents the effective phonon energy; and the parameter p is greater than ν by 

unity, p = ν+1, and governs the shape of the spectral function. In equation (5.4), the 

particular case of a quadratic low temperature asymptote is represented by p = 2. From 
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equation (5.4), the high temperature asymptote is given by )2/()0()( Θ−−→ TETE gg α , 

for any p ≥ 2, which is the same as the high temperature behavior in the formula (5.2). At 

the same time, for 2=p  in equation (5.4) the quadratic low temperature behavior 

Θ−→ /)0()( 2TETE gg α  is achieved, which is similar to βα /)0()( 2TETE Vargg −→  

from the Varshni expression (5.1). Taking the comparable high temperature asymptotes 

from equations (5.4) and (5.1) (i.e. )2/()0()( Θ−−→ TETE gg α  and 

)()0()( βα −−→ TETE Vargg  it is seen that β = Θ/2. Comparing α and αVar in equations 

(5.4) and (5.1) it can be seen that the associated curvature (second derivative) of 

Varshni’s model curve is by a factor of 2 higher than that of equation (5.4) with p = 2. 

Thus, despite qualitative similarities between the empirical models, the actual shapes of 

the associated curves are clearly distinguishable. This enables a discrimination between 

predictions of Eg (T) using each model. 

In addition to this particular case of a strictly quadratic low temperature 

dependence, the Pässler model is capable of representing more general types of low 

temperature power laws, namely p
gg TTEE ∝− )()0( , where the exponent p is allowed 

to differ from its conventional value. The actual value of the exponent p is closely related 

to the overall shape of the electron-phonon spectral function [120] in the given alloy. 

This empirical parameter p has been estimated for a large variety of semiconductor 

materials to be usually higher than 2. A detailed comparison between the exact Eg (T) 

dependence due to numerical computations of the spectral function [118] and the 

approximate Eg (T) dependence due to equation (5.4) shows that the latter provides a 
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rather good approximation in particular for a parameter range of p ≈ 2.2 – 2.6. This is 

repeatedly found by the corresponding numerical fittings [21,117,118] to be the typical 

parameter region for a series of semiconductor materials with the band gap ranging 

between 0.3 and 3 eV [117-119, 121-123]. This general confinement of p > 2 [117-120] 

can be theoretically understood as a consequence of a globally concave shape of the 

underlying electron-phonon spectral function in combination with contributions of the 

thermal expansion mechanisms [21,22,124,125] to the total band gap reduction effect. 

If  the Vina and Pässler models are compared, some similarities and differences 

need to be pointed out. First, consider the single-phonon energy (Bose –Einstein) model 

by Vina in the form of the equation (5.2a). The parameters α and Θ have essentially the 

same physical meaning as in the Pässler model, shown in equation (5.4). The high 

temperature limit in both expressions gives the same linear asymptote. On the other hand 

equation (5.2a) tends to plateau at low temperatures, as described previously. The latter 

feature is in disagreement with the power law dependence, pT , predicted by the equation 

(5.4) and is responsible for the corresponding systematic deviations between calculated 

and observed temperature dependencies, especially at low temperatures. Even though 

these differences are present, the deviations between parameter values α and Θ obtained 

by expressions (5.2a) and (5.4) are of the order 0.2-1 % for α and 5-10% for Θ, in GaAs 

[120]. Thus, both the Vina and Pässler methods model accurately the temperature 

dependence of Eg (T) for a wide range of temperatures. 
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In addition, taking the example of GaAs [120], the main deviations between these 

three models (Varshni, Vina and Pässler) are in the low temperature regime. In this range 

(2 K < T < 30 K) of temperatures, the Varshni model, equation (5.1), leads to an 

overestimation of the measured results and the Vina’s model leads to an underestimation.  

 

Results and Discussion 

In this section, a detailed investigation of the temperature dependence of the 

energy gap Eg (T) is reported for the GaAs1-xSbx alloy using optical absorption 

measurements. The GaAs1-xSbx epilayers (0.19<x<0.71) were grown by MBE, on (001), 

(001) offcut 80 towards (111)A and 80 towards (111)B, (115)A, (115)B, (113)A and 

(113)B ,semi-insulating GaAs substrates. This series of substrate orientations was chosen 

to induce various degrees of ordering in the samples. The alloy compositions were 

controlled using Ga and Sb incorporation rates determined from RHEED intensity 

oscillation measurements performed on GaAs and InSb calibration samples. The GaAs1-

xSbx alloy layers were deposited at a rate of ~ 1µm per hour at 5250C or 6250C after first 

depositing thin GaAs buffer layers at 5800C. Typical layer thicknesses of the alloys 

investigated in this study were ~ 2µm.  The growth temperatures were calibrated using 

the oxide desorption temperature of GaAs. The GaAs1-xSbx layer compositions were 

determined using double crystal x-ray diffraction.  The optical properties of the   

GaAs1- xSbx epilayers were studied by Fourier Transform Infrared (FTIR) absorption 

measurements in the temperature range of 4–300 K. 



 95

0.4 0.6 0.8

GaAs0.35Sb0.65 
on (001)-80 (111)A
T=4, 140, 300K

140K
4K

300K

Ab
so

rb
an

ce
 (a

rb
 u

ni
t)

Energy (eV)

 

Figure 27. FTIR absorbance spectra obtained at T = 4K, 140K, and 300 K for 
a GaAs0.35Sb0.65 epilayer on a (001) - 80 toward (111)A GaAs 
substrate. Interference fringes are evident and were used to 
determine a layer thickness of 2.06µm. Water bands are apparent 
as noise in these spectra. 

 
 
Figure 27 represents a typical set of FTIR spectra showing absorbance as a 

function of photon energy at various temperatures for a GaAs1-xSbx epilayer. The 

dependence of Eg on temperature is evident from the absorption edge shift with 

temperature.  Strong Fabry-Pérot interference fringes are apparent at energies below the 

absorption edge. Further confirmation of the epitaxial layer thickness was obtained from 

the fringe spacings, where the layer thickness t is given by the relationship              

t = λ1λ2(m1- m2)/2(n1λ2- n2λ1), where λ1 and λ2 are the wavelengths at the fringe maxima 
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(or minima), m1 and m2 are integers corresponding to the orders of the fringes, and n1 and 

n2 are the refractive indices of the GaAs1-xSbx alloy at λ1 and λ2, respectively. The 

refractive indices were obtained from a linear extrapolation of published GaAs and GaSb 

data [126]. 

The energy gap, Eg, at each temperature was determined, assuming a parabolic 

band structure [74], from extrapolation of the slope of the absorption coefficient squared 

versus the photon energy to the baseline (where the square of the absorption coefficient 

equals zero). 
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Figure 28. Absorption coefficient squared versus photon energy for a 
GaAs0.35Sb0.65 epilayer on a (001) - 80 toward (111)A GaAs 
measured at 4 and 300 K. The extrapolation of the data gives the 
band gap values for this sample of  0.715 eV and 0.642 eV at 4 and 
300 K respectively. 
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Figure 28 shows the dependence of the square of the absorption coefficient on the 

photon energy for a typical GaAs1-xSbx epilayer, evaluated from the absorbance spectra at 

4 K and 300 K.  The experimental values of Eg obtained from the absorption 

measurements at various temperatures for each sample were first fitted to the empirical 

Varshni equation (5.1). 

 

Sample Substrate orinetation Composition 
x 

Thickness (µm) 

472 (115)B 0.529 1.91 

473 (001) 0.647 2.15 

474 (115)A 0.643 2.01 

478 (001) 8o →(111)B 0.568 1.98 

480 (001) 8o →(111)A 0.650 2.06 

479 (001) 0.669 2.11 

439 (001) 0.19 1.55 

483 (113)A 0.711 2.15 

484 (001) 0.688 2.15 

485 (113)B 0.511 2.05 

 

Table 4.   Summary of structural properties of GaAs1-xSbx/GaAs epilayers: thicknesses, 
substrate orientations and compositions 
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From this data series, the mean values and standard deviations yielded values for the 

Varshni model of α = (4.2 ± 0.2) x 10-4 eV/K and β = (189 ± 9) K.   The results of our 

analysis are shown in Fig. 29 and Table 4 for a representative set of alloy compositions.   
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Figure 29. Energy gap versus temperature for GaAs1-xSbx epilayers with x 

values as indicted in inset. The dashed line represents the fit to the 
data using Varshni coefficients of  α = (4.2 ± 0.2) × 10-4 eV/K  and 
β = (189±9) Κ. 
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Recall that the temperature dependence of Eg is due to both the thermal expansion of the 

lattice and renormalization of the band energies by the electron-phonon interaction [127]. 

At low temperatures, where few phonons are present, these two mechanisms compete and 

nearly cancel each other, corresponding to flat response seen at low temperatures.  At the 

higher temperatures, the electron-phonon interaction dominates, giving rise to the almost 

linear decrease of Eg with increasing temperature. As seen in Fig. 29, a good fit to the 

experimental data is obtained for the entire range of alloy compositions. Upon comparing 

these values with those in the literature we note that these parameters are markedly 

different from the Varshni coefficients, α = 13.5 x 10-4 eV/K and β = 135 K, reported by 

Merkel et al. [24] (to our knowledge the only other Varshni coefficients for the GaAs1-

xSbx alloy system reported). However, our parameters also describe well the experimental 

results of Merkel et al. [24], and also those of Biryulin et al. [25], as shown in Fig. 30.  

Further, as shown in Fig. 30, the Varshni coefficients reported by Merkel et al. [24] do 

not accurately describe their data, which strongly implies that Merkel’s values are 

erroneous, possibly due to typographical errors. 



 100

0 50 100 150 200 250 300
0.5

0.6

0.7

0.8

1.3

1.4

 

 

E g (e
V)

Temperature

 Biryulin et al.
 Merkel et al.
 Merkel et al.
 This work

 

Figure 30. Energy gap versus temperature for GaAs1-xSbx alloys taken from 
Figure 3 of K.G. Merkel et.al (Ref. 24) and Figure 2 of Yu.F. 
Biryulin, (Ref. 25). Also shown is Varshni fit to their data using 
our coefficients (dashed – lines), and the temperature dependence 
of the energy gap using the coefficients reported in Ref. 24. (solid 
– line.) 

 
 

 In addition, the analytical models proposed by Vina (eq. 5.3) and Pässler (eq. 5.4) were 

employed to fit the temperature dependence of the energy gap and the parameters for 

GaAs1-xSbx alloy were obtained, which are presented in Table 5. 
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   Varshni   Vina    Passler  

Sample x  E0 Var (meV) αVar 
(10-4eV/K)

β (K) E0 (eV) α  
(10-4 eV/K) 

Θ(K) E0 (eV) α 
(10-4 eV/K) 

Θ(K) p 

472 0.529 795.8±0.3 4.3±0.2 200±30 794.3±0.4 3.7±0.1 205±7 794.8±0.3 3.7±0.1 190±20 2.5±0.2 

473 0.647 733.7±0.4 4.0±0.2 180±10 732.4±0.5 3.3±0.2 181±9 733.0±0.1 3.5±0.1 190±20 2.3±0.1 

474 0.643 609.7±0.3 3.7±0.2 230±30 608.4±0.3 2.8±0.1 193±8 609.1±0.1 3.2±0.1 183±12  2.0±0.1 

478 0.568 771.2±0.2 4.4±0.1 190±10 770.0±0.4 3.6±0.1 170±9     771.1±0.3  4.0±0.2  180±20 2.1±0.1 

479 0.669 724.0±0.5 4.3±0.2 190±20 722.6±0.4 3.5±0.1  184±8     722.8±0.3  3.4±0.2  158±12 2.9±0.4 

480 0.650 715.9±0.3 3.8±0.1 160±10   714.8±0.4 3.3±0.1  148±6     715.0±0.3    3.2±0.1 146±16 2.4±0.3 

483 0.711 714.9±0.2 4.1±0.1 190±20 713.8±0.4 3.2±0.1  185±6     714.2±0.4    3.2±0.1 173±14 2.4±0.1 

484 0.688 707.8±0.2 3.9±0.1 190±10 706.8±0.4 3.4±0.1  183±6 706.8±0.3 3.2±0.1  170±10 2.4±0.1 

485 0.511 797.5±0.2 4.3±0.1 190±10 796.8±0.4 3.4±0.1    182±8 796.5±0.3 3.8±0.1 180±20 2.6±0.1 

439 0.190 1148.3±0.3 4.1±0.1 170±10 1147.1±0.4 3.4±0.1 163±7 1148.3±0.3 4.0±0.2 167±11 2.7±0.1 

 

Table 5.        Values of the Varshni, Vina and Pässler model parameters for GaAs1-xSbx/GaAs epilayers 
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A comparison between three models used to fit the temperature dependence of the 

energy gap of GaAs1-xSbx samples is shown in Fig. 31 for sample 472. As in the GaAs, 

the main differences between these models, for the GaAsSb alloy, occur in the range of 

low temperatures (4K < T < 30K). In this temperature range, the Varshni model leads to 

an overestimation of the measured temperature dependence and the Vina model leads to 

an underestimation. The Vina model exhibits its typical plateau behavior. It has been 

shown that these plateau behaviors are the consequence of neglecting [21] the dispersion 

of the phonon energies, i.e., overlooking the contribution of the long-wave acoustic 

phonons to the non-vanishing band gap reduction effect at low temperatures. The curve 

obtained by Pässler’s expression gives a better fit to the experimental points, as can be 

seen from the inset in Fig. 31. In the higher temperature range, the three curves diverge 

significantly. This divergence showed a difference of 20meV in the Varshni model, 7 

meV in the Vina model and 4 meV in the Pässler model between the fitted curves and the 

experimental point at the room temperature. Thus, the Pässler and Vina estimates are 

found to be in better agreement with the experimental results throughout the entire 

temperature range. Similar results are obtained for all the other samples listed in Table 5. 

 From the data it can be seen that the values for α and Θ are rather close. This is 

expected because, these two parameters have essentially the same meaning, as has 

previously been shown. The deviations between comparable parameter values due to 

equation (5.3) versus equation (5.4) are of the order of 0.2% for α and 9% for Θ. The 

corresponding Varshni coefficients αVar and β have a larger values, which is also the case 

for other III-V materials [119]. 
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Figure 31.  Temperature dependence of the energy gap for GaAs0.47Sb0.53 epilayer 

on a (115)B oriented GaAs substrate fitted by Varshni relation 
(dashed line), thermodynamic model by Vina (dotted line) and Pässler 
model (solid line). 

 
 

In the Pässler model the effective phonon energy can be expressed as ε = kΘ. If 

the mean value of Θ from Table 5 is used, ε is found to be (15 ± 1) meV. This value of 

the effective phonon energy compares well with the value of 15.3 meV obtained from 

linear interpolation between the effective phonon energies of GaAs and GaSb [128,129]. 

Since the longitudinal optical phonon energy in ternary compounds is of the order of 24 

meV, this result indicates that the major contribution to the variation of the energy gap 

with temperature is due to acoustic phonons rather than optical phonons.  
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Electron-Phonon Contributions to Eg (T) 

 A general complication in the interpretation of empirical parameter values 

extracted from the models, which are obtained by fitting the measured energy gap data on 

the basis of a mechanisms-specific by the analytical formula, is due to the fact that there 

is always present in the experimental data a certain contribution of thermal expansion of 

the lattice to the total band gap reduction. This effect, however is not included in the 

models which describe the Eg versus T. One approach recently suggested [115] is to 

subtract this contribution from the experimental data and refit the revised experimental 

data only with the contribution of the electron-phonon interaction mechanism.  

The temperature shift of Eg (T) contains contributions from both thermal expansion and 

electron-phonon coupling effects [130,131]. Therefore, in order to obtain parameters 

directly related to the latter influence, it is necessary to eliminate the contribution of the 

former. The energy shift ∆Eth (T) due to thermal expansion can be written as [131]: 

 ∫=∆
T

th dTTaTE
0

')'(3)( α     (5.5) 

 

where a is the interband hydrostatic deformation potential and α(T) is the temperature 

dependent linear expansion coefficient. For the GaAsSb epilayers, the values for a and 

α(T) were obtained from the linear interpolation between the coefficients of GaAs and 

GaSb. For GaAs and GaSb the values were taken from references [128,129]. 
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Separating the thermal expansion contribution, the expressions for the 

temperature dependence of the energy gap (equations (5.1), (5.2), (5.2a) and (5.3)) can be 

rewritten as 

T
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Upon refitting the results using the expressions given above, the values obtained 

for E’
g(0), α’

Var, β’, α’, Θ’ (K)  and p are listed in Table 6. Mannogian and Woolley  [132] 

have suggested that after the thermal-expansion term is removed, the parameter β’ of eq. 

(5.6) is related to the Debye temperature, ΘD by the relation β’ = 3/8 ΘD. Again, the value 

of ΘD = 360 for a 50%-50 % composition of GaAs1-xSbx alloy, was estimated by the 

linear interpolation between the binaries [128]. Comparing the results from Table 6 it can 

be seen that there is a fair agreement between β’ and 3/8 ΘD. 
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   Varshni   Vina    Passler   

Sample x E0
’
Var 

(meV) 
α’

Var 
(10-4eV/K)

β’ (K) E0
’ (meV) α’ 

(10-4eV/K
Θ’ (K) E0

’(meV α’ 
(10-4eV/K

Θ’ (K) p 3/8ΘD  

472 0.529 798±1 7.1±0.3 180±30 795.1±0.5 5.9±0.1 193±5 794.9±0.4 5.6±0.1 150±5 3.6±0.3 135 

473 0.647 735±1 6.6±0.4 158±26 733.1±0.5 5.5±0.1 174±7 733.1±0.3 5.7±0.1 150±5 3.7±0.3 130 

474 0.643 611±1 6.1±0.3 164±10 609.2±0.2 4.9±0.1 181±3 609.1±0.2 4.7±0.1 143±5 3.5±0.2 130 

478 0.568 771±1 7.6±0.4 180±30 770.9±0.4 5.9±0.1 198±7 770.7±0.4 5.6±0.1 150±5 3.7±0.4 135 

479 0.669 726±1 8.2±0.6 180±30 723.3±0.6 6.5±0.1 192±7 722.9±0.5 6.1±0.1 150±5 3.9±0.4 130 

480 0.650 718±1 6.9±0.4 138±23 715.8±0.6 6.1±0.1 158±7 715.1±0.5 5.7±0.1 120±3 5.0±0.8 130 

483 0.711 716±1 6.9±0.4 158±20 714.8±0.4 6.1±0.1 192±7 714.3±0.5 5.6±0.1 150±5 3.7±0.3 130 

484 0.688 709±1 7.3±0.3 165±10 706.8±0.6 5.9±0.1 193±5 706.2±0.3 5.8±0.1 150±5 3.9±0.3 130 

485 0.511 798±1 7.3±0.1 170±10 797.8±0.4 5.4±0.1 182±8 797.2±0.4 5.9±0.1 150±5 3.8±0.2 135 

439 0.190 1150±1 7.3±0.3 175±18 1147±1 5.8±0.1 179±9 1418±1 5.6±0.1 160±3 3.7±0.2 135 

Table 6. Values of the Varshni , Vina and Pässler  parameters after removal of the thermal expansion 
contribution for GaAs1-xSbx/GaAs epilayers.
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The solid and open symbols in Fig. 32 represent the experimental values, Eg(T) and 

Eg(T)-∆Eth (T), respectively for the GaAs1-xSbx/GaAs samples. For clarity, only four out 

of ten samples are shown. The dashed and solid lanes represent the least square fit to 

equations (5.4) and (5.8).  

From the results in Fig. 32 it can be seen that the thermal expansion effect is 

responsible for about 5% of the total energy gap variation at room temperature for sample 

439, 7% for sample 472 and 9% for samples 474 and 479. 
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Figure 32.  Temperature dependence of the energy gap for a representative set of GaAs1-

xSbx epilayers. The solid and open symbols represent Eg(T) values with and 
without the thermal expansion contribution, respectively. The dashed and 
solid lines represent the fits to equations (5.4) and (5.8).  
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From this analysis, parameters for each model were obtained, for theGaAs1-xSbx 

alloy system, and represent the first comprehensive work in this ternary system. In 

addition, the thermal expansion and electron-phonon contributions to Eg (T) were 

separated and it was concluded that the former was responsible for less than 10 % of the 

shift of Eg (T) at room temperature. 

 

Atomic Ordering in GaAs1-xSbx 

In this study, a series of GaAs1-xSbx epilayers (0.19 < x < 0.71) grown on GaAs 

substrates with surface orientations of (001), (001) - 80 toward (111)A, (001) - 80 toward 

(111)B, (115)A, (115)B, (113)A and (113)B  with different degrees of ordering were 

investigated using  temperature dependent Fourier transform infrared spectroscopy 

(FTIR) and transmission electron diffraction (TED).  The series of substrate orientations 

was chosen to induce a range of order parameters, S. Both CuPt-B ordering and 

modulation in the [110] direction with a periodicity of 4d110 have been observed in 

similar samples grown by MBE [47,114]. 

Like many III-V semiconductors, GaAs1-xSbx crystallizes in the zincblende 

structure. In ternary materials like GaAs1-xSbx the two kinds of group V atoms are usually 

randomly distributed on the sites of the group V sublattice (disordered). However, under 

suitable MBE growth conditions (e.g. temperature, rate, substrate orientation, etc.) there 

is a strong tendency towards an spontaneously ordered configuration of the group V 

atoms. This leads to a formation of group a V sublattice consisting of monoatomic As- 

and Sb-rich planes alternating along one [111] B direction, as shown in Fig. 33. The two 



 109

ordered variants are referred to as CuPt-B because the line of intersection of these planes 

with the (001) surface is parallel to the {111} B planes in which the group V atoms are 

uppermost. The relative surplus of one group V element in a {111} B layer is called the 

order parameter S (0 ≤ S ≤ 1) and describes the perfectness of ordering in the crystal (S = 

0: disordered crystal; S = 1: perfectly ordered crystal.  

 

 

Disordered crystal
Zincblende structure

Perfectly ordered crystal
CuPt-B structure

As Sb Ga
 

 
Figure 33. The crystal structure of disordered and ordered GaAsSb alloy. 
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From the temperature dependent FTIR absorption measurements, which were 

described in the previous section, the energy gap, Eg, at various temperatures was 

obtained. The observed Eg were found to be less, by varying degrees, than those predicted 

by the standard energy gap versus composition expression for a random alloy [133-135] 

as shown in Fig. 34, at T = 300 K.  The differences between the predicted and measured 

values for the samples investigated lie between 10 and 150 meV. The variation of the 

energy gap with composition for random GaAsSb alloy was predicted by Nahory [133] to 

be: Eg = 1.43-1.9x+1.2x2. This formula was obtained from the results of 

photoluminescence measurements of the random GaAs1-xSbx alloys of varying x-value at 

room temperature. During the past couple of decades this expression has shown a good 

agreement with experimental results obtained by different optical techniques [133-137]. 
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Figure 34.   Room temperature energy gap versus composition for a series of 
GaAs1-xSbx epilayers. The results of this work are shown as solid 
squares. All samples exhibit some degree of  CuPt-B type ordering, 
except sample 439 which exhibits different, CuAu type of atomic 
ordering. 

 
The reduction of the energy gap has been noted before at room temperature in the 

MBE grown materials [136] as well as GaAsSb/InP epilayers [138], but never to such an 

extent as is seen in this work.  In order to confirm the presence of atomic ordering in the 

GaAs1-xSbx layers studied, TED measurements were performed on a representative set of 

samples. 
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Figure 35.  The [110] and ]101[  TED pattern planes for a sample 472 

GaAs0.471Sb0.529 on (115) B GaAs. The additional diffraction spots indicate 
the ordering on one set of (111) B planes. 
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Figure 35 shows diffraction patterns obtained from two orthogonal <110> cross-sections 

of sample 472 (x = 0.529) grown on (115) B GaAs. Diffraction patterns at the the ]101[  

zone axis only exhibit the Bragg reflections of the fundamental zinc-blende structure. In 

the [110] zone axis pattern, in addition to the base matrix spots, ½{111} superlattice 

spots of medium strength are also present, indicating the doubling in periodicity of the 

crystal structure along the ]111[  direction. Upon comparison with the diagram of Fig. 35 

this sample is ordered on one set of the {111} B planes but not the other. These results 

demonstrate the formation of the [ 111 ] variant of the CuPt-type ordered structure in the 

GaAsSb layer grown on (115) B GaAs. In the high-resolution image ( Fig. 36) the 

ordered domains corresponding  to one variant of the CuPt-B type ordering are indicated 

with black arrows. 
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Figure 36. Fourier filtered lattice image of [110] cross-section showing atomic   
ordering on one set of (111) B planes for a sample 472 GaAs0.471Sb0.529 on 
(115) B GaAs. The ordered domains are indicated with black arrows. 
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Figure  37. The [110] and ]101[  TED pattern for a sample for a sample 474 
GaAs0.357Sb0.643 on (115) A GaAs. The additional diffraction spots indicate 
the presence of ordering on both sets of (111) B planes. 
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The most striking findings of the TED measurements were seen in sample 474 (x = 

0.643), which was grown on the (115) A GaAs substrate. This sample contained domains 

of rather strong CuPt-B type ordering on both sets of (111) B planes. Figure 37 shows the 

[110] and ]101[  zone- TED patterns for sample 474. In the ]101[  TED pattern only 

diffraction spots due to zinc-blende structure are observed. However, in the [110] pattern, 

in addition to the fundamental zinc-blende spots, strong superstructure reflections 

corresponding to the new crystal structure at ±1/2 ]111[  and ±1/2 ]111[  from each 

fundamental reflection are present. The intensities of the reflections in both directions are 

nearly equal. The presence of these half ordered diffraction spots in the TED pattern 

implies that ordering on the )111(  and )111( planes has occurred. This result correlates 

well with the absorption measurements, which indicated that this sample had the largest 

energy gap reduction of 150meV when compared with the random alloy. This is the 

opposite behavior to that exhibited by GaInP layers grown by metal organic vapor phase 

epitaxy on (115) A GaAs substrates which are found to be almost completely disordered 

[29]. In fact, among the samples investigated, the three samples having the largest energy 

gap reductions (as seen from Fig. 34) were all grown on the (111)A type offcuts. These 

results suggest that A-type steps may play an important role in the CuPt-B type ordering 

process in MBE GaAsSb layers. 

From these results it can be concluded that the observed energy gap reduction for 

the GaAsSb layers is indeed induced by the formation of the ordered structure. This is the 

first observation of energy gap reduction due to CuPt-B type atomic ordering in III-Va-Vb 
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type compounds. It should be noted that the energy gap value of 0.55 eV for GaAsSb 

alloy at a given composition of x = 0.643 has never been achieved before this work. 

Since FTIR absorption spectroscopy and TED cannot directly measure the 

ordering parameter (S), only qualitative measurements of S can be made. In order to 

estimate the degree of ordering that was observed by TED and illustrated by the energy 

gap reduction observed in the FTIR absorption measurements, the theoretical approach 

proposed by Wei and Zunger [31,41] was employed. They proposed the following 

expression to describe the energy gap reduction resulting from the presence of CuPt-B 

type ordering in an alloy system: 

                        2)1()0()()( SEESESE gggg •∆=−=∆ ,                           (5.9) 

where ∆Eg(S) are the values of the reduced energy gap obtained from comparison of Eg 

with the predictions for the random alloy and the values obtained  from the absorption 

measurements (seen in Figure 34), Eg(0) is the energy gap of the random alloy and ∆Eg(1)  

is the energy gap reduction for the completely ordered alloy. The energy gap reduction, 

∆Eg(1), between fully random and fully ordered systems was theoretically calculated for 

most III-V ordered alloys. The calculated ∆Eg(1) for GaAsSb was used in the context of 

equation (5.9) to deduce S from measured Eg(S). 

The results of these calculations are given in Table 7 for each alloy investigated.   
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Sample Substrate 

orientation 

Composition 

(x) 

Growth temperature     

(οC) 

            S 

472 (115)B 0.529 525 0.20 

473 (001) 0.647 525 0.18 

474 (115)A 0.643 525 0.41 

478 (001) 80 →(111)B 0.568 525 0.18 

479 (001) 0.669 525 0.20 

480 (001) 80 →(111)A 0.650 525 0.36 

483 (113)A 0.711 525 0.28 

484 (001) 0.688 525 0.02 

485 (113)B 0.511 525 0.06 

439 (001) 0.19 625 N/A 

 
 

Table 7.  Samples of GaAs1-xSbx epilayers used in this work. Substrate orientation 
and growth temperature have been varied to obtain different order parameter S. Sample 
439 exhibited different, CuAu-type of ordering and wasn’t included in the estimation of 
degree of ordering. 
 
 

Upon comparing the calculated order parameter with the TED results for samples 

472 and 474, the relative degree of ordering correlates well with the magnitude of the 

energy gap reductions. The value of S is somewhat larger than expected [31] and it is 

attribute to the limitation of the theoretical method. The detailed error analysis will be 

performed in the future publications. The theoretical model used in the calculations was 

developed to calculate the band structure of the ordered structure with S =1 at the 
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composition of 0.5. Since partial ordering has been achieved in real samples, an 

interpolation scheme should be used to determine the order parameter. However, the 

applicability of the interpolation scheme to band structure parameters has never been 

thoroughly examined. In general, making the judgment as to whether or not a physical 

quantity should follow the S2 rule is not trivial. An obvious problem with such an 

generalization is that not all physical properties are linearly related to each other. 

The value of the energy gap reduction for the completely ordered alloy is believed 

to be overestimated, but it is still the only theoretically calculated value found in 

literature for GaAsSb alloy. 

 From Table 7 and TED results, it is evident that the samples grown on the (111) A 

offcuts ( i.e. samples 474, 480 and 483) exhibited higher degrees of ordering than these 

samples grown on (111) B offcuts and (001) substrate orientations. At the same time 

these samples have slightly lower values of parameters αVar and α (as seen from Table 5), 

that were obtained from the fittings of the temperature dependence of the Eg. This 

suggests that the parameters which are describing the temperature shift of Eg (T) due to 

thermal and electron phonon coupling effects are dependent to some degree on the 

ordering. One of the reasons for this behavior might be the modification in lattice 

dilatation due to the change of crystal symmetry, which is the consequence of atomic 

ordering.  This remains an open issue for the future work on this material. 
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CHAPTER VI 
 
 
 

CONCLUSION 
 
 

 In this work a detailed investigation of the magneto transport properties of the 

quaternary semiconductor system AlxIn1-xAs1-ySby/GaSb and the optical properties of 

ternary semiconductor system GaAs1-xSbx/GaAs was presented and discussed. The  

AlxIn1-xAs1-ySby/GaSb quaternaries were studied for potential applications utilizing novel 

heterojunctions. The AlxIn1-xAsySb1-y/GaSb multilayer samples (0.43 ≤ x ≤ 0.73, 0.28 ≤ y 

≤ 0.59) grown by MBE on GaSb (100) substrates, were characterized using the Hall 

effect and the Shubnikov de Haas (SdH) effect.  

These transport measurements showed that nominally grown  

AlxIn1-xAsySb1-y/GaSb multilayers exhibit both p-type (sample#396 and #400) and n-type 

(sample #427) conductivity. The difference in the carrier type observed in sample #427 

resulted from an increased number of electrons available to the subbands, suggested by 

the SdH data, in the Al0.43In0.57As0.52Sb0.48/GaAs0.03Sb0.97 heterojunctions. Previous 

studies on these materials showed that AlxIn1-xAsySb1-y epilayers exhibit n-type 

conductivity with a high degree of compensation, while GaSb epilayers are p-type.  Since 

sample #427 has approximately 20% more AlxIn1-xAsySb1-y than samples #396 and #400 

(due to an increased layer thickness), a corresponding number of electrons are available 

to the subband. 
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In each sample, the carrier mobility was studied as a function of temperature. This 

temperature dependence was described using a combination of scattering mechanisms 

resulting in the delineation of carrier scattering in this material system, specifically: in the 

case of p-type samples, the dominant scattering mechanisms were found to be ionized 

impurity scattering at low temperatures and optical phonon scattering at higher 

temperatures (T ≥ 90 K).  For the n-type sample, ionized impurity scattering was found to 

be predominant at low temperatures and the electron-hole scattering dominated in the 

intermediate temperature range. Observation of SdH oscillations with the magnetic field 

perpendicular to the interface suggested the presence of the two oscillatory components 

with the periods of 0.031 T-1 and 0.081 T-1. The carrier sheet densities corresponding to 

these SdH periods were found to be 5.7 x 1013 cm-2 and 1.4 x 1013 cm-2, respectively, and 

they were in reasonable agreement with the sheet carrier density observed in similar 

semiconductor systems. The analysis of the SdH oscillations also revealed the presence 

of two-dimensional (2-D) confinement of carriers. The observed oscillations appear to 

result from a combination of carrier confinement mechanisms, i.e. band bending and 

conventional confinement in the energy subbands of the wells. The result is consistent 

with 2-D carrier confinement within two subbands. Since the thickness of the GaSb 

layers (≈ 200 µm) is too large for appreciable quantization effects (i.e. no GaSb quantum 

wells) it is believed that the subbands are generated due to band bending at the 

Al0.43In0.57As0.52Sb0.48/GaAs0.03Sb0.97 heterojunction interface. 

 For the GaAs1-xSbx alloy system, a detailed investigation of the temperature 

dependence of the energy gap Eg (T), in the temperature range of 4 K-300 K, was 
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performed using FTIR optical absorption measurements. The GaAs1-xSbx epilayers 

(0.19<x<0.71) were grown by MBE, on semi-insulating GaAs with substrate orientations 

of : (001), (001) offcut 8o towards (111) A and 8o towards (111) B, (115) A, (115) B, 

(113) A and (113) B. The various substrate orientations were chosen to induce different 

degree of spontaneous atomic ordering in these samples.  

The temperature dependence of E g  for each of these samples was modeled using 

three semi-empirical relationships (Varshni, Vina and Pässler) that describe the effects of 

lattice dilatation and electron-phonon interactions on the energy gap.  From this analysis, 

parameters for each model were obtained, for GaAs1-xSbx alloy system, and represent the 

first comprehensive work in this ternary system. The resulting coefficients for each 

model describe not only the temperature dependence of E g  for each of the alloy 

compositions investigated, but also for all published results for this alloy system. In 

addition, the thermal expansion and electron phonon contributions to Eg (T) were 

separated and it was concluded that the former is responsible for less than 10 % of the 

shift of Eg (T) at room temperature. 

 Finally, the optical and structural properties of these atomically ordered  

 GaAs1-xSbx layers were studied to determine the nature and degree of spontaneous 

atomic ordering in these samples. The effect of ordering in these samples was manifested 

by a marked deviation of the value of the energy gap from what would be expected from 

a random alloy. In addition a substantial difference in E g  was observed between the 

GaAs1-xSbx layers grown on (001) and  (111) B and those grown on (111) A GaAs 

substrates. This was found to correspond to the higher degree of CuPt – B type of 



 

 

 

123

ordering for the (111) A substrate orientations. The presence of CuPt-B type atomic 

ordering was verified by transmission electron diffraction measurements, and the 

resulting energy gap reduction was used to estimate the degree of ordering in the samples 

investigated. The order parameter was estimated for all the samples investigated and 

found to be larger for the samples grown on the (111) A offcuts orientations. These result 

strongly suggests that the A steps play an important role in the formation of the CuPt-B 

ordered GaAs1-xSbx alloy system. 
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