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ABSTRACT

The research described in this dissertation has involved the use of
transmission electron microcopy (TEM) to characterize thectstral properties
of 1I-VI and IlI-V compound semiconductor heterostructures and superlattices.

The microstructure of thick ZnTe epilayers (~2.4 um) growmblecular
beam epitaxy (MBE) under virtually identical conditions on GaSAs InnP and
GaAs (100) substrates were compared using TEM. High-resolutiotroelec
micrographs revealed a highly coherent interface for the ZnTe/&a8ple, and
showed extensive areas with well-separated interfacialtrdisfocations for the
ZnTel/lnAs sample. Lomer edge dislocations antidi€locations were commonly
observed at the interfaces of the ZnTe/InP and ZnTe/GaAs sampi&smount
of residual strain at the interfaces was estimated to be Ololt%e ZnTe/InP
sample and -0.09% for the ZnTe/GaAs sample. Strong PL spectri nTa
samples were observed from 80 to 300 K.

High quality GaSb grown by MBE on ZnTe/GaSb (001) virtual substrates
with a temperature ramp at the beginning of the GaSb growthbhas
demonstrated. High-resolution X-ray diffraction (XRD) showed clear
Pendelldsung thickness fringes from both GaSb and ZnTe epilayers. Cross-secti
TEM images showedaxcellent crystallinity and smooth morphology for both
ZnTe/GaSb and GaSb/ZnTe interfaces. Plan-view TEM image leevdhe
presence of Lomer dislocations at the interfaces and threadilogations in the

top GaSb layer. The defect density was estimated to be ~Icxt0The PL



spectra showed improved optical properties when using the GaSb drahesyter
grown on ZnTe with a temperature ramp.

The structural properties of strain-balanced InAs/in&&y SLs grown on
GaSb (001) substrates by metalorganic chemical vapor deposit@GVD) and
MBE, have been studied using XRD and TEM. Excellent structural gudlihe
InAs/InAs; Sk SLs grown by MOCVD has been demonstrated. Well-defined
ordered-alloy structures within individual InASh, layers were observed for
samples grown by modulated MBE. However, the ordering disappedred w
defects propagating through the SL layers appeared during greartisamples
grown by conventional MBE, high-resolution images revealed thatfaes for
InAs;xSb, grown on InAs layers were sharper than for InAs grown on i@l

layers, most likely due to a Sb surfactant segregation effect.
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Chapter 1

INTRODUCTION

1.1Introduction to semiconductors

Semiconductors are a class of materials with electrical bindy that is
intermediate in magnitude between that of conductors and insulatoes T
conductivity values are typically in the range of*1® 10° siemens per
centimeter, and are strongly dependent on temperature. Thergsantialy two
types of semiconductors: elemental semiconductors, which are compbsed
single species of group-1V element, and compound semiconductors, many of
which are formed from combinations of group-Ill and group-V elementslbat
from combinations of group-Il and group-VI elements and other elemerite Ta
1.1 lists a few of the more common elemental and binary semiconsludtbree-
element, or ternary, compound semiconductors, such &aAlAs, and even
more complex compound semiconductors, can also be formed, providing more
options and flexibility in electronic engineerifg.

A pure semiconductor is often called an intrinsic semiconductor, amith
energy-band structure shown schematically in Fig. 1.1. The conduetivixK is
effectively zero since all states in the valence band (\B)naarly filled with
electrons and all states in the conduction band (CB) are vacamteveQ
electrons are easily excited thermally from the VB to tmeptg CB as
temperature is increased, leaving holes in the VB. Both eleammaihe CB and
holes in the VB can contribute to the electrical conductivity. Ese evith which

1



electrons can be excited from the VB to the CB depends on the barehgay,

as shown in Fig. 1.1. Each semiconductor has a characteristic enangy
structure and thus different band gaps. Table 1.1 lists the band gapmef s
common elemental and binary semiconductors at room temperaturébamnbe
gaps of ternary, or more complex, compound semiconductors can be changed
controlling the composition, which is usually called band-gap engineering
Moreover, the electronic properties, especially the conductivity, aof
semiconductor can be dramatically changed but in a controlled mdiyne
introducing very small quantities of other elements, usuallgad@aopants, to the
material, thereby changing an intrinsic semiconductor into armninsixt

semiconductor

Table 1.1 List of some common semiconductors.

Elemental Band gap Compound Band gap
semiconductors (eV) semiconductors (eV)
Si | Silicon 111 InP | Indium phosphide 1.35
Ge | Germanium 0.67 GaAs | Gallium arsenide 1.43
Sn |[Tin - CdTe | Cadmium telluride 1.49

AlAs | Aluminum arsenide 2.16

ZnTe | Zinc telluride 2.26
SiC | Silicon carbide 2.86
GaN | Gallium nitride 3.40




A Conduction hand

=

e

Band Gap

Energy

vaience band

Fig. 1.1. Schematic of energy bands for an intrinsic semiconductor.

The development of semiconductor materials has had a long histony da
back to the 19 Century. A big breakthrough came in 1947 when the very first
transistor was fabricated using polycrystalline germaniuriVidifam Shockley,
John Bardeen, and Walter Brattain at Bell Telephone Laborafofiemsistor
properties were soon also demonstrated in silicon, and were tbeliegiroved
greatly through the use of either single crystal germaniursilicon. The first
integrated circuit (IC) was fabricated using germanium dk Kilby at Texas
Instruments in 1958and the first silicon IC chip made later by Robert Noyce at
Fairchild Camera solved several practical problems of Killsirsuits® The
development of transistors and ICs has lead to the remarkable m@ng
capabilities of semiconductors, which have become the foundation of modern
electronic devices, such as solar cells, light-emitting-diodggtadiand analog
ICs. Silicon has been studied most extensively, and is by far thiecarmsnon

semiconductor used for commercial electronic products. Gallium desemhich
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exhibits superior electron transport properties and good optical pespenas
also been intensively investigated, and it has been employed significant

number of electronic device applications in recent years.

1.2 Semiconductor heterostructures
1.2.1 Introduction to semiconductor heterostructures

Junctions between two dissimilar materials are usually reefeto as
heterojunctions in contrast to homojunctions where only one matemafolsed.
Semiconductor heterostructures are composed of two or more semicvnduct
materials which are likely to have different band gaps, eledfbnities, and
indexes of refraction. The properties of devices based on semitonduc
heterostructures strongly depend on the characteristics of éntac#t, where the
mismatch in band gaps has to be accommodated by discontinuities ludritie
edges. The CB and VB discontinuitiesc and AEy, are the most important
factors in determining the behavior and performance of heterostructure dasices
illustrated in Fig. 1.2. These discontinuities may form barriergliarge carriers
crossing the interface and thus influence the operation of heterastraetvices.
Another characteristic feature is the presence of interdtates, such as defects,
which can also influence device behavior by acting as charge traps or
recombination centers. Finally, the position of the Fermi levegld&ermines the
barrier height on the two sides of the interfacg! ®ind \&?, illustrated in Fig.
1.2, represent the band bending that is present on the two sides whdhen,
which keeps the Fermi level constant everywhere in the system.

4
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Fig. 1.2. The energy band diagram of a heterostructure consltrfrom two
semiconductor materials with band gap &nd E°. Ec and E are the CB and VB

edges, and s the Fermi level.

Theoretical analysis of the current-voltage characteristiof
heterojunctions was initially carried out by Gubarov in the ed@$0s’'°
Shockley and Kroemer pointed out potential applications of heterojunctions and
the advantages of heterojunction devices over homojunttiénin 1962,
Anderson proposed an idealized model for heterojunctibmkich explained the
basic parameters of the junction in terms of the two componergriaigt
although ignoring the quantum effect, defect states and otherlgstions that

may result in imperfect matches of the materials. Accorthnrgnderson, the CB

and VB discontinuitiesAEc andAEy, can be formulated by the following:
5



AEc+ AEy = B - Ef
AEc= X2 ) Xl
wherey! andy® are the electron affinities of the two semiconductors.

The next big step was taken in 1963, when lasers based on double
heterostructures were proposed to dramatically improve the operation of
conventional semiconductor laséfs® In a double heterostructure, constructed
from a pair of heterojunctions, non-equilibrium charge carriers@réned in the
narrow-band-gap semiconductor, which lies between two wide-band-gap
semiconductors. The first ideal heterostructures of AlGaAs, wisich lattice-
compatible system for GaAs, were fabricated by the liquid-papgaxy method
in 19671%' with further investigation of semiconductor heterostructures, the
concepts of quantum wells, quantum dots, quantum wires and superlggtisgs
were proposed, and additional important devices were fabricated. ddeinator
heterostructures are nowadays key elements in the semiconchdiistry, and

they determine the development of novel types of semiconductor d&ices.

1.2.2 Lattice mismatch in semiconductor heterostructures
In a heterostructure that is composed of two semiconductors featuring
different lattice spacings, there is a lattice mistmate¢hich can be represented by
the simple expression:
f=(-a)la,

wherea; anda, are the strain-free lattice constants of the two materials.



The lattice mismatch between the two semiconductors can usally
accommodated either by elastic strain within the layers @elgrating an array
of misfit dislocations at the interfa¢&.During epitaxial growth, the deposited
material is pseudomorphic with the other material when the thickadsss than
the so-called critical thickne$8 The deposited layers initially have biaxial lateral
strain with a magnitude that brings the epitaxial layercire into perfect lattice
match with the crystal structure of the other material. As the layer tisskgrews
to more than some critical value, the strain will start toréleased by the
formation of misfit dislocations at the interface. Thus, the clattmismatch
effectively prevents the growth of defect-free heterostructurdsss the layer
thickness is less than this value. The concept of critical thiskmdsch depends
on the lattice mismatch between the two materials, waspiicgiosed by Frank
and van der Merwe in 1949 When the lattice mismatch is sufficiently small, the
critical thickness could effectively become infinite, whereasgda lattice
mismatch would result in the generation of large quantities oftrdisfocations.
In practice, the amount of lattice mismatch might be anticiptdedpact the
nature of the interfacial misfit dislocations. Moreover, it bagn reported that
experimental measurements of critical thickness for lathisgnatched II-VI
semiconductors tend to be larger than calculated vatues.

Lattice-matched heterostrucures have attracted much attersiioce
interfacial defects strongly affect the performance of devibased on
semiconductor heterostructures. These defects representveffectittering and
recombination centers for the charge carriers. Table 1.2 lists the latisreatch
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Table 1.2. Lattice mismatch for some semiconductor heterostreicatireoom

tem peratu re.

A.B1/AB; a (A) ax(A) f
ZnTe/InP 6.1037 5.8686 3.85%

ZnTe/GaSb 6.1037 6.0959 0.13%
CdSe/InAs 6.0500 6.0584 -0.14%
CdTe/InSh 6.4820 6.4794 0.04%

AISb/GaAs 6.1355 5.6533 7.86%
AlAs/InP 5.6605 5.8686 -3.68%
ZnS/GaP 5.4200 5.4512 -0.58%

for some heterostuctures based on the combinations of binary semicosiductor
For heterostrucures consisting of one binary semiconductor and oney terna
semiconductor, the lattice mismatch problem may be more essiyed by
controlling the composition. For examplep $§Ga 47ASs is lattice-matched to
InP, and lp4GasiP is lattice-matched to GaASror heterostructures of two
ternary semiconductors, lattice matching can be achieved withioaa range of

compositions.

1.2.3 Photovoltaic solar cell applications

Photovoltaics is the technology of generating direct current elgcvier
by converting light energy into a flow of electrons. A solall ¢s simply an
individual photovoltaic element that has been designed and constructiesiord

and convert solar energy into electrical energy. Semicondudtave the
8



capability to absorb photons with energy greater than the semicondactbgap

and then excite electrons from the VB to the CB. In a photovoltaicelaViere is
usually some built-in spatial asymmetry which can drive theteskatlectrons
within the conduction band and holes in the valence band through an external
circuit to do electrical work and thus generate electrical poageillustrated in

Fig. 1.3. In principle, the generated electric power is the numee@ktlectrons
times their potential, while the potential of the electronsgs than the band gap

of the semiconductor. For example, in a semiconductor with band gag\gfah

electron excited by a photon with 2 eV or higher energy will deliver energytof jus

Sun light

r Antireflective layer

[ 1
» n-type layer

Load

A 4

Photons P _type layer Ny

Photons

Electrons
Electrons

‘ L Mctal contact

Fig. 1.3. Schematic illustration of a simple semiconductor photovoltaic dévice.




Table 1.3. List of some advantages and disadvantages of photovditaics.

Advantages of photovoltaics Disadvantages of photovoltaics

Fuel source is vast and essentially infin Fuel source is diffuse (sunlight is a

relatively low-density energy )
No emission or radioactive fuel for disposal
Low operating costs High installation costs
No moving parts

Ambient temperature operation
High reliability in modules Poorer reliability of auxiliary elements
including storage

Modular

Quick installation
Daily output peak may match local demanq Lack of economical efficient energy
storage

Excellent safety record

less than 1 eV to the external world. It should be obvious thattie diap of the
semiconductor determines how well the solar cell is coupled tothespectrum
and thus the cell efficiency. The advantages and disadvantagesirgf
photovoltaics are almost completely opposite to conventional fossibmeér
plants, as listed in Table 1.3.

The photovoltaic effect was first reported by Bequerel in 1839, when he
observed an electric current produced by the action of light orver-sbhated

platinum electrode immersed in an electrofjt&he first large solar cell was
10



produced by Charles Fritts in 1894, with a layer of selenium batgekl and
another metad® In early photovoltaic devices, a semi-transparent layer of metal
deposited on top of the semiconductor provided both asymmetry of theriectr
junction and access to the junction for incident light. In the 1950s, the
development of silicon electronics followed on from the discovery whg to
manufacturegp-n junctions in silicon. The first silicon solar cell was repdrbg
Chapin, Fuller, and Pearson in 1954, with an energy conversion effioiéney
6%.2° Silicon solar cells were widely developed for applicationspiace in the
1950s and 60s. In the following years, theoretical studieg-ofjunction
photovoltaic devices indicated that higher efficiency could be achigsied I11-

V semiconductor heterostructurésTo further increase solar cell efficiency,
multi-junction solar cells have been proposed, with energy conversiormty

in excess of 30%° An efficiency of 27.3% in GalngsP/GaAs tandem solar cell
was reported in 1984, and an efficiency of 43.5% at greater than 400 suns has
been achieved by Solar Junction, a multi-junction cell developer, on a
GalnP/GaAs/GalnNAs multi-junction cell in 203%.

The major improvement of multijunction solar cells compared to eing|
junction solar cells is that efficiency can potentially bereased by taking
advantage of a greater portion of the solar energy spectrumsagsmgonductors
with several different band gaps. A practical multijunction desigedban the
monolithic integration of II-VI (MgZnCd) (SeTeand IlI-V (AlGaln)(AsSb)
materials, for example, consisting of two IlI-V subcells (Ga8d AlGaAsSb)
and two II-VI subcells (CdSeTe and ZnTe), has been proposed, with band-gap

11



energies spanning a broad range of the solar spettriitre I1-VI (MgZnCd)
(SeTe) materials can be grown lattice-matched on the leotca.1-A 11I-V
substrates, such as GaSb or InAs, with very low densities ot wiisfications’
Moreover, some of the lattic-matched II-VI and IlI-V heterofimt interfaces,
such as CdSe/ZnTe and InAs/GaSb, have type-ll band alignment, which i
desirable for tunnel junctions between each individual subcell of tandem
structures. ZnTe is nearly lattice-matched to GaSb with only O.l8f%ce
mismatch, and the thermal expansion coefficient of ZnTe is \‘esg ¢o that of
GaSb. Thus, ZnTe is considered to be an essential constituenaimataavel II-

VI/III-V multijunction solar cell structures.

1.3 Semiconductor superlattices

1.3.1 Classification of semiconductor superlattices

The semiconductor superlattice (SL) concept, first presentecdlyi Bnd Tsu in
19703 defined a new group of semiconductor materials having a one-
dimensional periodic arrangement of alternating thin layersm@aldy several
nanometers in thickness). The amplitude and period of the SL poteanidbe
varied over a range of values, which is different from that of mdkerials. Two
types of SLs can be defined, based on the method used to form thei@lret
The doping SL is fabricated using a periodic variation of donor oepaor
impurities in a single semiconductor; and the compositional Scasnaplished
by periodic variation of the alloy composition. Figure 1.4 shows tergy
diagrams for these two types of SLs, where the solid artteddses represent

12



sinusoidal and periodic square-well potentials, respectively. Ther& the
magnitudes of the energy gap of the semiconductors, ansl ttie amplitude of
the periodic SL potential. For doping SLs, the amplitude of the periodanpait
can, in principle, be chosen to be any value up to that of the engrgwigereas

this value would be limited for compositional SLs to about half of the difference

[__ ]-m Conduction
Yoo
Valence

I .
~ i g L LS
i
T, 3Ee, Condnction
I 5 =
2Fy, |
Y Y
T R e % i - P
1 i i
H L T— —_— s e e ) -
= Valence
[§a]
S - -l . . 1 1. . —
r rd d 3d 2 3
A
®)

Fig. 1.4. Electron energy in the valence and conduction bands of semitmaduc
as a function of distance in the direction of the SL for: (a) alternation of dodor a

acceptor impurities; and (b) periodic variation of alloy composition.
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between the energy gaps of the two alternating semiconducteriaigt Both
methods can be introduced simultaneously during the epitaxial growth of
semiconductor SLs, but it is more desirable to form compositional sBice
thermal diffusion of impurities in doping SLs is hard to control durirmgvtr,
and sophisticated epitaxial growth techniques have been developed to grow
sufficiently thin layers with high quality heterointerfacdfhe most common
growth methods are molecular beam epitaxy (MBE) and metalorgheiical
vapor deposition (MOCVD), although other growth techniques, such as
metalorganic MBE, low pressure MOCVD, chemical beam epitaxy,wait
epitaxy and atomic layer epitaxy, have also been explored.

Semiconductor SL structures have been epitaxially grown using Il
VI, and IV-IV compound and elemental semiconductors, as well as amorphous
materials. Semiconductor heterointerfaces exhibit abrupt discomsunt their
local band structure, usually associated with gradual band bendingei
neighborhood, which reflects space-charge effects. According to the band
alignment, the SL structures can be classified into threerdtiffeypes, called
type-I, type-Il (T2) and type-lil, as illustrated in Fig. 1.5. Bgve-l SLs, such as
the GaAs/GaAlAs and GaSb/AlISb systems, the bottom of the condsatayand
and the top of the valence subband are formed in the same semicotalystor
with an energy gap differenceE, = AE; + AE,. Thus, electrons and holes are
confined in the smaller-band-gap semiconductor material. Amongsl 28ch as
the InP/AllInAs and InAs/GaSb systems, the bottom of the conducildvasd is

formed in one layer and the top of the valence subband is formee iottbr
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layer, withAEg = | AE.— AE, |. Thus, electrons and holes are confined in different
semiconductors. In particular, there is a T2 misaligned SL stejctifferent
from the T2 staggered structure, where the top of valence subbdochisd
above the bottom of the conduction subband, as shown in Fig’® Tt all-
binary GaAs/AlAs SLs are also interesting, since both typed T2 staggered
structures can be achieved in the same set of materialsabgiaog the SL layer

thickness. Type-Ill SLs, such as HgTe/CdTe SLs, involve semimetal iatsater

a3

(®)

©

@

Fig. 1.5. Discontinuities of the band-edge energies at differents tyge
heterointerfaces: band offset (left), band bending and carrier neoméint

(middle), and SL alignment (right§.
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Although the bottom of the conduction subband and the top of the valence
subband are formed in the same semiconductor layer, which isrsimiigpe-I
SLs, the band gap of the type-lll SL can be continuously adjusted from a
semiconductor to a zero-band-gap material or even to a seminigtalegative

band gap®

1.3.2 T2SL-based infrared detectors

The theory of electronic subband structure of T2SLs was first presented by
Sai-Halaszet al. in 1977%° with an experimental demonstration for InAs/GaSh
SLs by Sakaket al.in 1978 It turns out that this type of SL structure has a
novel and important feature: the band gap of the SL can be snhafethat of
either semiconductor bulk material forming the T2SL. Moreover,eflectron-
hole wave-function overlap is small in T2SLs and decreases expdiyenita
increasing layer thickness of the semiconductors involved. Thus, the daraf g
T2SLs depends on the length of the periodic variation of the reliife
semiconductors. In principle, interaction of these bands vanishes for large
separations so that the band gap tends to zero, resulting in m8tadlicThis
property forms the basis for the utilization of T2SLs for infdar@R)
photodetectors.

The range of electromagnetic energy that covers the wavileegion
from ~1 um to 1000 um is called infrared (IR) radiation, and is lysdalided
into near-IR (0.75 ~ 1.4 um), short-wavelength IR (1.4 ~ 3 um), mid-eagt
IR (3 ~ 8 um), long-wavelength (LW) IR (8 ~ 15 pm) and verglaravelength
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IR (15 ~ 1000 pum) regions. The two main types of IR detectortharmal and
photonic detectors. For thermal devices, the absorption of incident I&ioadi
raises the temperature of the device, causing some tempergiereideat
phenomena, such as changes in electrical conductivity that bolonasters
microbolometers are based on. Thermocouples and thermopiles use the
thermoelectric effect; while Golay cell detectors rely bermal expansion. For
photodetectors, the absorption of IR radiation results directly infEpgaantum
events, such as electronic interband transitions, or photoelectigsi@em of
electrons from the surface. Photodetectors operated in the LWi&rasually
need to be cooled down to temperatures of less than 80 K to reducel therma
background noise. However, response time is faster and the sgnsstiviuch
greater for photodetectors than for thermal detectors.

The materials used for IR photodetectors are semiconductors with
relatively narrow band gaps. Figure 1.6 illustrates the band gagsff
wavelengths and lattice constants of some common IlI-V, [I-VI #&’d
semiconductors. Most IlI-V compounds shown in Fig. 1.6 radiate in the IR region,
but only InSb has a cutoff wavelength approaching the LWIR region. Therefore, it
is very difficult to achieve band-to-band transitions in the LWABian from any
of these 1lI-V bulk semiconductors. The InAsSb alloy system hadotigest
cutoff wavelength among all conventional 11I-V bulk semiconductors, hvisc
just 9 pm for INAs3Shy s:at 77K In the 11-VI material system, combinations of
CdTe and HgTe can span a wide range of wavelengths, allowixigldéldand
gap engineering throughout much of the whole IR region. Howeves, hbth
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expensive and difficult to grow Hg-based materials with precisehrolled Hg
composition. Extrinsic Si has also been used as the materift fietectors® A

major disadvantage of Si-doped detectors is that cooling to temgsrafur20 K
is essential for satisfactory noise performance.

In principle, 1lI-V semiconductor SLs represent viable altewestifor IR
detectors, with important advantages over HgCdTe, which has long thee
dominant semiconductor material for IR photon detection technology. These
advantages include: i) better control of alloy composition, resultinghore
uniform material and cutoff wavelength, which are of major condemdetector
arrays; ii) stronger bonds and structural stability; iii) lespensive, closely

lattice-matched substrates, such as GaSb; iv) mature IlI-V growth aoelsgimg
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Fig. 1.6. Band gaps, cutoffs wavelength and lattice constants of sexhdIiVI

and IV semiconductor materials at room temperature.
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technology; v) lower band-to-band tunneling due to larger electron effectisg; m
vi) lower Auger recombination rates due to substantial splitiindpe light- and
heavy-hole bands; and vii) larger cross section for photon absorption.

In the design of IlI-V semiconductor SL structures for IR detec
applications, the strain of heterostructures constructed fromelattismatched
semiconductor materials is an additional factor that can affleet band
alignment!! in addition to the SL thicknesses and the semiconductors involved.
SLs consist of alternating thin layers that can allow compéstic strain
accommodation due to lattice mismatch. The SL layers with esmalilk lattice
constants are under biaxial tension, and exhibit reduction of the GBnum

energy and splitting of the light-hole (LH) and heavy-hole (HH) bands, as

Energy

® ‘ ® | (;)
Fig. 1.7. (a) Band structure of unstrained direct-gap tetrahedmiconductor,
where the LH and HH bands are degenerate at the Brillouin zatex Eeand the
lowest conduction band (CB) is separated by the band-gap energiyqighe
valence bands; (b) the shifted band structure under biaxial tensiorng)amatér

biaxial compressioff:
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nstramed . . .
. compression
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) ' Unstrained
lension .

Fig. 1.8. Schematic illustration of the effects of strain inrairstd-layer T2SL.
The full lines represent the quantum well potentials and barriérg the dashed

lines represent the resulting energy levels and the arrqgwssent band-to-band

transitions*°

illustrated in Fig. 1.7 (b). The SL layers with larger blgitice constants are
under biaxial compression, and exhibit an increase in the CB minimengye
and splitting of the LH and HH bands with reversed directionsljustrated in
Fig. 1.7 (c). In addition to VB splitting, strain introduces a stlpragisotropic
valence band structure in both cases. The effects of strains barttiealignment
of strained-layer T2SLs are illustrated in Fig. 1.8, where tinel lgap of the SL

structure decreases with respect to the unstrained case.
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1.3.3 Antimonide T2SLs for LWIR detectors

Antimonide-based T2SLs show great promise for low-cost LWIR detect
applications, and have attracted much attention for investigatioss uaftural
properties’®*" 40424 The ability of the INAs/GaSb SL system to achieve small IR
energy gaps was first realized when the T2SL concept was first pekdettehe
InAs/GaSb SLs have T2-misaligned bands, as illustrated inlFg(c), with the
InAs CB lower than the GaSb VB. Electrons are confined withinrtAs layer;
whereas holes are confined within the GaSb layers. Consequentlyedtrere
hole wavefunction overlap, which determines the optical matrix ezierfor IR
absorption, decreases rapidly as the InAs and GaSb layer thicknasse
increased. Therefore, this system does not provide useful opticaiptabs
coefficients with increasing layer thicknesses to reach LWffcwiavelength, and
is thus not suitable for LWIR detector applicati6hs:

The InAs/GalnSb SL system has been proposed as an alterngte llI-
candidate for LWIR detectors, since it is possible to simultaheaghieve LW
cutoffs and large optical absorption coefficietit&’ This system has similar band
structure to the InAs/GaSb system, but differs in the use ahstiue to small
lattice mismatch between the InAs and GalnSb layers. The tAsdnd GalnSb
layers are grown alternately in biaxial tension and compressibichviead to
reduced band gap for the SL structure, as illustrated in Fig. 1.8. As a result, the SL
layer thicknesses required to reach LW cutoff wavelength ateceel, and thus
large optical absorption coefficients can be achieved at the tvameSignificant
success with LWIR focal plane arrays using InAs/GalnSb SlLs Ieen
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achieved” The performance of InAs/GalnSb T2SLs is approaching that of
HgCdTe, but the minority carrier lifetimes of InAs/GalnSBSLs is limited by
Shockley-Read-Hall (SRH) recombinati&hThe life time remains in the tens of
nanoseconds range compared to microseconds for HgCdTe. This shortyminori
carrier lifetime is detrimental to both the device dark curesmd the quantum
efficiency?’

T2SLs based on InAs/InAsSb represent an alternative to InAs/@alnS
T2SLs for IR detector applications. The InAsSb strained-layeisy@item was
first proposed as a novel IlI-V semiconductor system for potenfidR_detector
applications in 1984% Theoretical study showed that certain InAsSb SLs with
intentional layer strain could achieve wavelengths beyond 12 umv7lat
Photoluminescence of near 10 um has been reported for InAgéidAsss SL
grown by MBE?® and 11.1 pm for InAs/ InAs:Shy.e SL grown by MBE was
recently reported® It has been proposed that the absence of gallium in the
InAs/InNAsSb SL system can simplify the SL interfaces and énghe growth
processy and therefore result in longer carrier lifetinfeg he stabilized Fermi
level due to intrinsic point defects in bulk InAs is expected toldueeathe CB
edge, rendering any mid-gap defect states inactive for PRidesses. In
comparison, the stabilized Fermi level for bulk GaSb is expectbd in the band
gap near the VB edge, leaving the mid-gap states availableSRif
recombinatiorr* A minority carrier lifetime of ~ 412 nanoseconds at 77 K under

low excitation for a LWIR InAs/InAg;.Shy2s SL grown by MBE has been
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reportecf? thus demonstrating the possibility of Ga-free InAs/InAsSb SLs

achieving longer carrier lifetimes.

1.4 Outline of dissertation

The research described in this dissertation has involved the use of
transmission electron microcopy (TEM) techniques to charactetize
microstructure properties of II-VI and 1lI-V compound semiconductor
heterostructures and superlattices. The materials investigatedrntduded thick
ZnTe epilayers (~2.4 pm) grown on various llI-V substrates, GaBWwngon
ZnTe virtual substrate with a temperature ramp during growth, amh-st
balanced InAs/InAs,Sh, T2SLs.

In chapter 2, essential information about material growth methods,
including MOCVD and MBE, are provided. X-ray diffraction (XRD),
photoluminescence (PL) and TEM techniques are briefly introduced.anhgles
preparation methods for TEM observation involved in this researchalaoe
described.

In chapter 3, the microstructure of thick ZnTe epilayers growiMBfE
under virtually identical conditions on GaSb, InAs, InP and GaAs (100)ratdsst
were compared using TEM. Digital image processing was usethdlyze the
distribution of misfit dislocations at the interfaces of the zmkre/and
ZnTe/GaAs samples. The amount of residual strain at the icg¢srfavas
estimated, and was compared to the XRD results. PL measureohehts four
samples were also presented.
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In chapter 4, GaSb layers grown on ZnTe virtual substrates with a
temperature ramp at the beginning of the GaSb growth were matesti The
temperature ramp used differs in ramp rate or starting tetyer High-
resolution XRD measurements and cross-section TEM images westéaustudy
the material quality and interface morphology. Defect densityesisiated from
plan-view TEM images. Improved optical properties were demoeadtriay PL
measurements.

In chapter 5, the structural properties of strain-balanced ImAs/,Sh,
T2SLs for possible long-wavelength infrared applications grown orb GaEL)
substrates, by MOCVD and MBE, were investigated. High-resoluti®&D X
measurements were used to determine the SL period and the Sb tiomgosi
Microstructural properties, such as interface sharpness and oradosd
structure, were characterized using TEM and STEM.

In chapter 6, the important results and achievements of this digserta
research are summarized, and possible studies that could hesl cautiin the

future are described.
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Chapter 2

EXPERIMENTAL DETAILS

This chapter provides essential background information about the methods
of growth for the materials that have been studied in thigw&sn, including
metalorganic chemical vapor depositidM@CVD) and molecular beam epitaxy
(MBE). X-ray diffraction (XRD), photoluminescence (PL) and transmission
electron microscopy (TEM) techniques, including high resolution electr
microscopy (HREM) and scanning transmission electron micros¢SpiEM),
which are heavily used in the experimental studies, are also inttdEBmally,

some details about sample preparation for TEM observation are provided.

2.1 Material growth
2.1.1 MOCVD growth of InAs/InAs,Sh type-I1l superlattices

The MOCVD technique has been used for the growth of many material
and high performance devices, including virtually all of the IlI-wYI, and IV-
IV semiconductors.It lends itself to mass production, since several wafers can be
accommodated in an MOCVD reactor at the same time. For ¢ualgof I1I-V
semiconductors, MOCVD relies on the pyrolysis of metal-organmopounds
containing group Ill elements in an atmosphere of hydrides containoug ¢/
elements. The fractional atomic composition in ternary compound semiconductors
can be well controlled by fixing the flow rates and thus thagbgmtessures of the
various reactants, while complex multilayer epitaxial strustwwan be readily
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grown by exchanging one gas composition with another. High-qualmhpound
semiconductor heterostructures with abrupt interfaces grown by MOKA/E
been demonstratéd.

MOCVD-grown samples of various InAs/InASh, type-Il superlattices
(T2SLs) were provided for examination by Professor RusselDpuis and
colleagues at Georgia Institute of Technology. The epitax@hth was carried
out using 2-inch (001n-type GaSb substrates in a Thomas Swan MOCVD
reactor system equipped with a close-coupled showerhead growtibehat a
pressure of 100 Torr. Epi-PUPe trimethylindium (TMIn, In(CH)s) and
trimethylgallium (TEGa, Ga(éHs)s) were used as column Il precursors, and
trimethylantimony (TMSb, Sb(C#k) and arsine (Ask) were used as column V
precursors. Prior to growth, the substrates were cleaned indd@move the
native surface oxide and then rinsed in isopropyl alcohol followed by-tiging
in Np. The growth was typically initiated by depositing a 100-nm-thidSks
buffer layer at 600 °C. The growth temperature was then ramped down € 500
for all layers in the InAs/InAsSb T2SL structures, with a ¢gpigrowth rate of

~0.1 nm/s’

2.1.2 MBE growth

MBE, first applied to the growth of 11l-V compound semiconduc{oris
suitable for growing epitaxial films of a wide range oftenls. MBE provides
several advantages over other growth techniques, such as precist abttie
growth rate, atomically abrupt crystalline interfaces anddrapange in atomic
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composition. Figure 2.1 shows a schematic of a basic MBE grchamber. It
primarily consists of an ultrahigh-vacuum (UHV) chamber, effuselis d¢or the
source materials, a substrate heating holder and a cooling pariee MBE
growth process, localized beams of atoms or molecules are nhaigen the
heated substrate, with a previously processed clean surface, itJHNe
environment. The arriving constituent atoms then form an epitaxmldi the

crystal surface. The UHV conditions avoid incorporation of unwanted impurities,
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Fig. 2.1. Schematic illustration of a basic MBE growth charfiber.
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and the cooling panel helps to avoid thermal interference and suggpress
outgasing from the chamber wall. Mechanical shutters that amategefrom
outside the vacuum chamber are used to switch the beam fluxes onfand of
Reflection-high-energy electron diffraction (RHEED) systentommonly used
to monitor growth, and can also provide information about any ordering of the
crystal surface during growth.

The control of composition in mixed-group-Ill alloys, such agliGaAs,
is relatively straightforward, and is achieved simply by chapghe group-lll
beam flux ratios. This is because the sticking coefficiemtsgrowth parameters
are similar for most group-Ill species. However, therelamge differences in the
incorporation coefficients for group-V species, such as As and Sheféhs
accurate control of compositions and reproducibility of mixed-group-vysll
becomes challenging. The modulated MBE technique was initiallglaleed to
provide more accurate control of As and Sb incorporation ratio in rgs@p-V
alloys, such as AlIASb,.,, during solid-source MBE growttf Modulated MBE
growth uses timing of the shutter operation rather than changée imdident
flux ratios to control the group-V incorporation and composition. Fig.##%s a
schematic time sequence for the As and Sb shutter positions durimgduwated
MBE growth of an InAg,Shy alloy, with x determined by the ratio of spher-
time/ (ASshutter-time + SRnutter-timg- ThisS modulated MBE growth technique yields an
ordered alloy structure, in effect building a short-period Shiwithe alloy, and
has been demonstrated to produce improved crystalline quality and enhanced
optical propertie$?®
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2.1.3 MBE growth of InAs/InAg,Sh, T2SLs

Samples of InAs/InAs,Sh, T2SLs, with random and ordered InASh
alloys, were grown by Professor Diana. L. Huffaker and her growmiaersity
of California, Los Angeles. The epitaxial growth was carriedimat solid-source
MBE system, using both conventional and modulated MBE growth techniques.
All samples nominally consisted of a 0.2-um-thick GaSb buffer layer grown on an
n-type GaSb (001) substrate at 500°C, followed by deposition of 7-nk-thic
InAs;«Shy layers alternating with 18-nm-thick InAs layers for 20 perjcatsa
growth temperature of 435°C. Finally, a 0.1-um-thick GaSb cappirey \ags
deposited at 480°C. During the modulated MBE growth of these;l®8s
layers, the In shutter was kept open throughout the entire growth ,pshibe the

As and Sb shutters were alternately opened and closed for very short periods.

Fig. 2.2. Schematic illustration of In, As and Sb shutter sequencey dhe
modulated MBE growth of InAsSb alloy layers and InAs layers. fillesl bars

represent intervals when the corresponding shutters ar€ open.
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Samples of other MBE-grown InAs/InAgSh, T2SLs studied in this
thesis were grown by Dr. Amy. Liu and colleagues at IQE, Ind, Rrofessor
Yong-Hang Zhang and colleagues at Arizona State UniversityUJAS
respectively. The growth conditions used were similar; morelslethout these

specific samples are included in Chapter 5.

2.1.4 MBE growth of ZnTe and GaSb materials

Samples of ZnTe epilayers grown on GaAs, InP, InAs and GaSb (001)
substrates, and samples of GaSb epilayers grown on ZnTe virtuahtegstere
provided by Professor Jacek K. Furdyna and Dr. Xinyu Liu at Uniyes§iNotre
Dame. The epitaxial growth was carried out using a Riber 32 Mafem
consisting of two separate IlI-V and II-VI growth chambers, whigbre
connected via a UHV transfer module. The vacuum of this trankenber was
typically about 5x18 Torr, which prevented any significant contamination during
sample transfer. The substrate temperatures were meastined thermocouple
on the back of the substrate holder. During ZnTe growth, the sw@bstrat
temperature was 330 °C and the flux ratios of Zn to Te (1.2:1) adjusted to
optimize the growth conditions by monitoring the surface reconsingtising
RHEED. During the growth of GaSb on the ZnTe virtual substeatajn GaSb
transition layer was deposited first under a temperature rantp asticom 320°C
to 470°C during a period of 200 seconds, and the remaining GaSb epikser w

then deposited at the normal growth temperature of 470°C.

34



2.2 X-ray diffraction

When X-rays pass through materials, scattering occurs andisoitent
photons are deflected away from the original direction of travedse elastically
scattered X-rays do not lose energy, but they carry information #iatomic
structure of the material. When the atoms are arranged inaalipgnanner, such
as in a crystalline material, the diffracted waves consisthafrp interference
peaks that are directly related to the atomic separationsm&suring the
diffraction pattern, the distribution of atoms in the material bardeduced®*?
High-resolution XRD can be used to characterize Ilattice ncma
misorientation, thickness, alloy composition, dislocation, relaxation t&auh $n
epitaxial films*®

The high-resolution XRD measurements reported in this thesie wer
performed using a PANalytical pert Pro MRD. Diffraction patterns from the
multilayered heterostructures consisted of satellite peaksusuting the primary
diffraction peaks originating from the epitaxial film. The SLripds of
InAs/InNAsSb T2SLs and Sb compositions in 1n4Sh, alloys were determined

by comparing simulations with (004) high-resolution XRD measurements.

2.3 Photoluminescence

PL is a process that includes optical excitation and luminescd?pL
spectroscopy is an important technique for studying the optical lacttomic
properties of semiconductors, because of its high-sensitivity, classcand
nondestructive character. During the PL process, photon absorption by
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semiconductors, considered as the optical excitation, generatesreleale pairs
that are separated in the conduction band (CB) and valence Y8nd The
electron-hole pairs could easily recombine in different waysdbald possibly
transform the energy to heat or light. The light energy loandissipated as
radiation, which results in luminescence emission by the semicmmduthe
radiative energy of the emitted photon from one energy band to anotrgye
band is determined by the band structure of the semiconductor. Theniseatlod
PL of semiconductors excited by photons with energy no less théaitegap is
shown in Fig. 2.3. Transitions Il and Il are radiative, which can gaeto PL
phenomena, while transition IV is non-radiative. The radiative transitirom
the bottom of CB to the top of VB, such as transition Il shown in ERj. emit
energy that is equal to the band-gap energy. There are othdiveathansitions,
such as donor to valence band, conduction band to acceptor band, and donor to
acceptor, which generate excitonic PL signal. Those transittmmdve energy
levels lying within the semiconductor forbidden band that are atdbwd
impurity atoms, intrinsic defects or surface vacanties.

The PL measurements reported in chapter 3 were performed hsing t
488-nm line of an Argon ion laser for excitation, and a high-resolugrating
spectrometer equipped with a photomultiplier was used for detection.PL
measurements reported in chapter 4 were carried out using the 7@tenoh a
laser diode for excitation, and a Fourier transform infraredctspaeter
configured with a quartz beam splitter and liquid-nitrogen-cooled bh&éctor
was used for detection.
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Fig. 2.3. The mechanism of PL of a semiconductor excited by photihs w

energy no less than the band gap: (I) photon absorption; 1) CB-tcauitive

transition; (I1l) excitonic PL process; and (IV) non-radiative transitton

2.4 Transmission Electron Microscopy
2.4.1 High resolution electron microscopy

Conventional TEM uses amplitude contrast with a small objective aperture
for image formation, whereas HREM imaging uses phase contisdting from
the interference of several electron beams over a wider cragattering angles.
Phase contrast imaging is sensitive to many factors, inclugewsen thickness,
specimen orientation and atomic scattering factors, and istitsagly affected
by properties of the imaging system, such as variations irothes fand spherical

aberration of the objective lehSHREM allows imaging of the crystal structure
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of thin specimens at the atomic scale, and thus individual atom coltamnise
resolved. The applications of HREM to diverse materials, such as
semiconductors, metals, oxides and ceramics, and to the study cfatwshs,
interfaces and surfaces have been widely reported at mamyisciconferences
and in the scientific literatur€.

Both phase-contrast and diffraction-contrast images reported in this
dissertation were recorded using an JEOL JEM-4000EX high-resoluécimoa
microscope operated at 400 kV. This microscope is equipped with a ditible
top-entry sample holder, which can provide high stability against saaniiie
and it has a structural resolution of ~1.7 A. The microscope wagsivearected
for objective-lens astigmatism and axial coma before images taken. Digital
image processing based on lattice-fringe images was pedousig Gatan

DigitalMicrograph software.

2.4.2 Scanning transmission electron microscopy
A schematic diagram of a STEM instrument is shown in Fig. 2.4. The

image-forming lens focuses the electron beam to form @mi@tscale probe at
the specimen, and two pairs of scan coils are used to rastprotbe over the
sample. The focused beam passes through the sample and isdcatteatl
directions, so that a wide range of possible signals is avail@b& transmitted
electrons that leave the sample at relatively low an@esller than ~10 mrad)
with respect to the optic axis are used to form bright-fieldgesa while the
electrons scattered at relatively high angles can be tadldryy an annular-dark-
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field (ADF) detector. The technique of energy-dispersive X-spgctroscopy
(EDXS) makes use of X-ray generated by electronic exmisitin the sample to
provide information about elemental distribution. In addition, transmitted
electrons that have lost measurable amounts of energy whengptéssugh the
sample are analyzed using the technique of electron-energypldsescopy
(EELS) to extract further information about local variations imda
composition 2

High-angle annular-dark-field (HAADF) images are obtaineaimfrthe
collection of incoherently scattered electrons at relativety iggh angles (larger
than ~50 mrad) using the ADF detector, as initially developed teyv€ and
colleagues’ The image contrast is strongly correlated to the thicknesstamica
number Z of the specimen, and can provide direct identification ofi@tom
structure at heterostructure interfaces, based on atomic numb&bHinaging,
often referred to as Z-contrast imaginglies on Rutherford scattering, and
diffraction-contrast effects are smoothed Buh practice, the image intensity can
be expressed in the form bf~-Z" , wherev is usually in the range between 1.6
and 1.9 depending on the inner and outer ADF detection &fgles.

The HAADF images reported in this thesis were taken using &b JO
2010F TEM operated at 200 kV. This microscope is equipped with a field-
emission electron gun, double-tilt sample holder, charge-coupled-d&4ie) (
camera, ADF detector, EDX and EELS detectors. It hasuatstal resolution of
1.9 A in TEM imaging mode and an instrumental resolution of 1.4 A in ADF-
STEM mode. The focused probe size can be as small as 0.2 nm BT B\
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imaging mode, and the camera length is reduced to 6cm for HAALRGIng

using the ADF detector.

[ Electron gun

Condenser lens

Condenser lens
— — .
o Scan coils

Objective lens .
EDXS

~> X-ray | J

Sample

ADF detector

<» Bright-field detector

Fig. 2.4. Schematic diagram showing the essential components of the STEM.
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2.5 TEM sample preparation
2.5.1 Cross-sectional sample preparation

For cross-sectional TEM observation, samples were cut into slabs w
sizes of about 2.5 mm x 1.5 mm using a diamond wafer blade, andaipectves
were then glued together using M-bond, with face-to-face epitékrallayers.
Mechanical polishing successively using 30 pm, 9 um, 3 um, 1 um anan0.1 p
diamond lapping films, followed by dimpling using a cloth wheel, typjcal
reduced the sample thicknesses to ~10 um. The samples werelubdntay
copper grids suitable for the TEM sample holder. Finally, theismns were
thinned by argon ion-milling at low energy (2.5~3 keV), using double-mode of
the Gatan Model 691 precision ion polishing system (PIPS), until dm&ds
were formed in the films. A liquid-nitrogen-temperature coolingetaas used
during ion-milling for all specimens studied in this dissertatmminimize any
thermal or ion-beam damadeAll cross-sectional samples were prepared for
observation along {110}-type zone-axis projections so that the direofidhe
incident electron beam could be aligned perpendicular to the growtlcesurfa

normal.

2.5.2 Plan-view sample preparation

For plan-view TEM observation, samples were cut into slabs vziés ®f
about 2.5 mm x 2.5 mm using the diamond wafer blade. Mechanical polishing
using 30 um, 9 pm, 3 um, 1 pm and 0.1 pm diamond lapping films, and dimpling
using copper and cloth wheels, were applied to thin specimens feosulistrate
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side only down to ~10-um thickness. The specimens were glued to comjser gi
and finally thinned from the backside only using argon ion-millingat énergy
(2.5~3 keV), off-mode of Gatan Mode 691 PIPS, until small holes appédred
liquid-nitrogen-temperature cooling stage was again used dwmaqilling to
minimize any thermal or ion-beam damage. All plan-view sasnwkre prepared
for observation along the growth direction so that the direction otlgwron

beam would be aligned parallel to the crystal surface normal.

2.5.3 Focused ion beam

Focused ion beam (FIB) technique was also used for TEM crossregcti
sample preparation for InAs/InAsSb T2SLs. This technique has beery wikd
for preparing TEM specimens of various materials, including semictodyc
metal, ceramics, polymers, biological materials and tissuest Mssuments
nowadays combine the scanning electron microscope (SEM) and FIB column, and
the system is called "DualBeam”, "CrossBeam" or "Multibeam", depending on the
vendor. The FIB system uses a'@m beam to raster over the surface of a sample
in a similar way as the electron beam in an SHWe generated secondary
electrons (or ions) are collected to form an image of the saswpfface. The
major advantages of FIB over conventional TEM specimen preparatithodse
are that samples can be extracted from specific anedsame uniform thin areas
can be obtained. However, there are well knowh iBa-beam-induced damage

existing in FIB-prepared TEM specimens. ‘Gans are implanted into the
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specimen, which will affect the local composition of the materiihe
implantation will also amorphize the specimen surféce.

TEM cross-sectional samples of InAs/INAsSb T2SLs were prepsiag
an FEI Nova 200 FIB system. To minimize FIB damage, a platinuteqiron
layer was first deposited over the area of interest to prittedtim, as illustrated
in Fig. 2.5 (a). Low-energy low-current milling was also usedmnduthe final
stage of milling to minimize ion damage. Figure 2.5 (b) showXH&M image
of the InAs/InAsSb T2SL sample prepared by FIB. No majarcairal changes
in the SL layers were caused by the FIB milling, but the mottled appearathee of

SL layers suggested that some damage had occurred.
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Fig. 2.5. (a) Scanning electron micrograph showing the Pt proteetyan; I(b)

XTEM image of the InAs/InAsSb SL sample prepared using FlBinigce.
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Chapter 3
MICROSTRUCTURAL CHARACTERIZATION OF THICK ZnTe
EPILAYERS GROWN ON LATTICE-MATCHED AND

LATTICE-MISMATCHED IlI-V SUBSTRATES

This chapter describes a comprehensive investigation of thick ZnTe
epilayers (~2.4 pum) grown under virtually identical conditions on Gats,
InP and GaAs (100) substrates using molecular beam epitaxy)(MBE work
was carried out in collaboration with Prof. Y.-H. Zhang and colleagt Arizona
State University, and Professor J. K. Furdyna and colleaguesiagerklty of
Notre Dame. The samples were grown by Dr. Xinyu Liu at Usitseof Notre
Dame; and photoluminescence (PL) measurements were performetdHanJat
Arizona State University. My role in this work involved microstruatur
characterization using electron microscopy and analysis of #tabdtion of
misfit dislocations at the heterointerfaces. The major resdlthis study have

been published elsewhere.

3.1 Introduction

There is much current interest in strategies to increaae @l efficiency
by taking advantage of a greater portion of the solar energyrspecOne
obvious approach is to use a multi-junction design based on semiconductor
materials with band gaps that span a broad spectral range. Theithionol
integration of II-VI (MgZnCd)(SeTe) and IlI-V (AlGaln)(AsSlalloys that are
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lattice-matched to the so-called 6.1-A substrates of eita&bGr InAs provides
one possible option for achieving this objecfifeZnTe is a compound
semiconductor with a direct energy gap (2.27 eV at room temper#iateovers

the short-wavelength range of the solar spectrum. Moreover, withttiael
constant of 6.1037 A, zZnTe is nearly lattice-matched to GaSb and IsAs, a
illustrated in Fig. 3.1. The thermal expansion coefficient of ZnTalss very
close to that of GaSb. Thus, ZnTe epilayers might be anticipateave very low
densities of interfacial misfit dislocations when grown on sulestraf these
materials. Conversely, InP and GaAs are IlI-V semiconductorshthag greater
lattice mismatch with ZnTe. However, large-area semi-insigdhP and GaAs
wafers of high quality are commercially available, and legpensive in
comparison with GaSb wafers, which could become important whendeoing

the possible use of ZnTe epilayers on 1lI-V substrates for deappdications.
Hence, these latter 1lI-V materials are also potentiaflynterest as alternative
substrates for ZnTe growth. Thick ZnTe epilayers with high qualitythese
different 111-V substrates could serve as virtual substrates other 6.1-A
compound semiconductors, which would provide the possibility to achieve high
guality materials and to reduce the overall material casteasame time for both
optoelectronic and electronic device applications.

The growth of ZnTe epilayers on 1lI-V substrates has been igetsti
extensively over several decades, as described for exametteiance$:*! This
chapter reports a comprehensive study on a set of four, thick Znagezpithat
were grown on GaSb, InAs, InP and GaAs (100) substrates under virtually
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identical growth conditions using the technique of molecular beamxgpita
(MBE). Microstructural characterization of these four samplas carried out
using transmission and high-resolution electron microscopy (HRENgxfacial
misfit dislocations are analyzed using digital image procggsirestimate strain
relaxation. PL is applied to characterize the optical propedfeshe ZnTe
epilayers. Further material properties of these same sarhples also been
determined usingn situ reflection-high-energy electron diffraction (RHEED) and

high-resolution X-ray diffraction, as reported elsewHére.
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Fig. 3.1. Lattice constants and band gaps for some llI-V, II-VI and IV

semiconductor materials at room temperafure.
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3.2 Experimental details
The epitaxial growth was carried out using a Riber 32 MBE syste

consisting of two separate IlI-V and 1I-VI chambers, which wenenected via an
ultrahigh-vacuum transfer module. Before the ZnTe growth was tedtiahe
separate GaSb, InAs, InP and GaAs (100) substrates werdefirgtlized in the
[1I-V chamber, followed by growth of the corresponding buffer lay@xcept in
the case of InP). After cooling down to room temperature, the sammges
transferred under vacuum to the II-VI chamber where Zn itiadiaof the
substrate surface was performed for ~300 seconds. Thick ZnTes,layitn
nominal thicknesses ~ 2.4um, were then deposited on the buffer layensg D
ZnTe growth, the substrate temperature was 330 °C and the fluxabHogo Te
(close to 1) were adjusted to optimize the growth conditions by mimgttne
surface reconstructions using RHEED. Table 3.1 lists some iniormebout the

growth of this set of samples

Table 3.1. Growth information for ZnTe on different I1l-V substrates samples.

Substrate Zn: Te flux ratio Growth rate (nm/s)
GaSb 1.2:1 0.31
InAs 1.2:1 0.30
InP 1.2:1 0.28
GaAs 1.2:1 0.30
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Cross-sectional specimens were prepared for transmissionroelect

microscopy (TEM) observation using mechanical polishing and dimpling

followed by argon ion-milling. The mechanical polishing and dimpling cedu

the sample thicknesses to 10~12 um, and small holes in the fdnastihen made

by ion-milling at low energy (2.5~3 keV), using a liquid-nitrogemperature

cooling stage to minimize any thermal or ion-beam dantaBefore the sample

milling was finished, lower-energy (2 keV) ion beams wereflyriused to clean

the surface. The TEM characterization studies were mosthedaout using a

JEM-4000EX high-resolution electron microscope operated at 400 keV and with a

structural resolution of ~1.7A. All samples were prepared for ohtervalong
{011}-type zone-axis projections so that the direction of the electeambwould
be perpendicular to the surface normal. Selected-area electnactibii (SAED)
patterns were typically taken from 0.5-micron-diameter regionslapf@ng the
hetero-interfaces. For the characterization of optical propertesperature-
dependent PL measurements were carried out using the 488-nm linéigfoan
ion laser for excitation and a high-resolution grating spectroregtépped with a

photomultiplier for detection.

3.3 Results and discussion

Lattice mismatch between tetrahedrally bonded semiconductors
received much attention over many yedr$he lattice mismatcH, between the
various lll-V substratesaf) and the ZnTe epilayersa(= 6.1037A at room
temperature) is given by the expression
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Table 3.2. Relevant substrate parameters for growth of ZnTeid€aé Lomer

dislocation separation are based on the room-temperature lattice parameters

Lattice Lattice Thermal expansion  Dislocation
Substrate | parameter mismatch coefficient separation
(A) (%) (1x10°K™) (A)

ZnTe 6.1037 - 8.33 -

GaSb 6.0959 -0.13 6.35 3320

InAs 6.0584 -0.74 5.00 579.0

InP 5.8686 -3.85 4.56 107.8

GaAs 5.6533 -7.38 5.75 54.2

f=@—a)la 1)

The values of lattice mismatch for the GaSb, InAs, InP, and Gabstrates are
given in Table 3.2. Other relevant structural parameters foothestibstrates and

the ZnTe epilayer are also listed.

3.3.1 Microstructural characterization

Cross-sectional electron micrographs of the ZnTe/GaSb sampldectvea
very high quality ZnTe epilayers with very low density of iraer&l defects. As
illustrated by the diffraction-contrast image shown in Fig. 3.2t(&),separation
between these defects was typically considerably greater 188 nm. This

morphology was attributed to the very small lattice mismatch (-0.13%) betwee
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the two materials. The ZnTe/GaSb interface was highly cohexerall and very
little strain-related contrast was visible away from the interface edter, the
precise position of the interface was extremely difficult toppint in HREM
images, due to the closely similar average atomic numbdéng ¢fvo materials. A
representative high-magnification image of a region close toZthiee/GaSb

interface (arrowed) is shown in Fig. 3.2 (b).
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Fig. 3.2. (a) Cross-sectional electron micrograph of ZnTe/GaBipls showing
highly-separated misfit dislocations at the interface; (b) EMR image

establishing highly coherent nature of the ZnTe/GaSb interface (arrowed).
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Low magnification, diffraction-contrast, images of the ZnTe/lrsasple
revealed occasional interfacial misfit dislocations, and somainselated
contrast was also apparent at the ZnTe/InAs interface, presurslalyresult of
the slightly larger lattice mismatch (-0.74%) between the rvaterials. It was
also noteworthy that the density of defects in the ZnTe epildy@pped off
rapidly with distance away from the interface, as cledrbms by the example in
Fig. 3.3 (a). Nevertheless, as should be apparent from the reprgsehigh-
magnification image in Fig. 3.3 (b), there was again a masksgénce of misfit
dislocations along the interface (arrowed). Very few defecte wisible in the
ZnTe epilayers, and the exact position of the interface was agad to identify
in high-resolution electron micrographs except for those locationsrewhe

interfacial misfit dislocations were present.

Fig. 3.3. (a) XTEM image of ZnTe/InAs sample showing rapid failofdefect

density upon moving away from the interface region; (b) HREM imbagwisg

enlarged view of the ZnTe/InAs interface (arrowed) region without angdefe
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In the case of the ZnTe/InP sample, low-magnification images) as
Fig. 3.4 (a), showed high defect densities close to the hetertaggewhereas
regions near the ZnTe top surface appeared to be virtuallpffréefects. SAED
patterns taken from the interface region, such as shown in Fig.b3.4 (
demonstrated that the lattice constant of the ZnTe epilaylee aterface already
differed from that of the substrate. The sharpness of the ZnTeisgbts SAED
pattern also confirms the highly-crystalline nature of the &epilayer. HREM
images revealed the presence of interfacial misfit distwts, as indicated by the
arrows in Fig. 3.5 (a), which were not usually spatially well-;ede The most

common types of defects observed at the interface were found after close

Fig. 3.4. (a) Low-magnification diffraction contrast image of AAP
heterostructure showing typical cross-section of the entire Apilayer; (b)
SAED pattern from interface region of the ZnTe/InP sample slpwiall-

defined and distinct ZnTe and InP diffraction patterns.
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inspection to be perfect Lomer edge dislocations with Burgers \m[c%ou<110>

along the interface, and %@islocations with Burgers vector of the same length,
but inclined with a 4% angle to the interface. These observations agree with
previously reported results® Figures 3.5 (b) and 3.5 (c) show enlarged images
of the ZnTe/InP interface. The Burgers circuit drawn in Fig.(B)3ndicates that
this specific interfacial defect is a Gdislocation, while the Burgers circuit drawn

in Fig. 3.5 (c) corresponds to a Lomer edge dislocation.

Fig. 3.5. (a) HREM image in {011}-type projection showing the ZnTe/InP
interface; (b) (c) Enlarged views of the interface, with Buggarcuit analysis
identifying 60 partial dislocation and Lomer edge dislocatiBnandF stand for

Start andFinish, respectively.
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In the case of the ZnTe epilayer grown on the GaAs substrdtgha
density of misfit dislocations was again observed at the ingsréescvisible in the
low magnification image shown in Fig. 3.6 (a). These defects can obvioels
attributed to the large strain caused by the large ZnTe/Gdase mismatch of
~7.38%. Moreover, further inspection of Fig. 3.6 (a) confirms that thsitglesf
dislocations again decreased greatly on moving away from the a#dddhe top
surface, as observed previously for the ZnTe/InP sample. The fatfiethe
upper surface of the ZnTe epilayer can also be observed. SAEDgdtom the
interface region, as shown in Fig. 3.6 (b), demonstrate the difeer@htattice
constants between the ZnTe epilayer and the GaAs substrasamdnfirm the

high quality growth of the ZnTe epilayer. HREM images of this sample again

—
S
|

m

Fig. 3.6. (a) Low magnification image showing the entire Zrgdinger grown on

GaAs (001) substrate; (b) SAED pattern taken from ZnTe/GaAs interigioare
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revealed the presence of both Lomer edge dislocations &rtiséfrations at the
interface. Some regions with roughly periodic Lomer edge distotatat the
interface were observed, as shown by the example in Fig. 3.7 l{#e, ether
regions had misfit dislocations that were more randomly spacedreF837 (b)
shows a magnified image of the ZnTe/GaAs interface with aeBsr circuit

drawn around one of the dislocations, which in this case can be dhamtyfied

as a perfect Lomer edge dislocation with a Burgers’ vectfea91110>.

MWRRR\‘{{Z \

W ‘l SO0 Qn

) n‘. . -‘n'\'\\\ \'\‘\\ \

\\ e - 'y
A

'.\l‘. .tt'i‘!‘

Fig. 3.7. (a) HREM image showing the region of ZnTe/GaAs interfaith
periodic Lomer edge dislocations. (b) Enlarged view of the interiegien, with

Burgers circuit analysis identifying Lomer edge dislocation.
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3.3.2 Distribution of interfacial misfit dislocations

In order to gain more insight into relaxation of interfacial isfra
guantitative analysis of the distribution of misfit dislocationthatZnTe/InP and
ZnTe/GaAs heterointerfaces was carried out. Lattice imagdseafnTe/InP and
ZnTe/GaAs samples were digitized and subjected to fast Foxamnsform (FFT)
processing. The FFT patterns were then appropriately filteresklegting only
specific {111} diffraction spots for the inverse FFT. These filterathges
contained information about the location and type of the interfaciafitmi
dislocations A 60° dislocation is identified when only one {111} plane
terminates at the interface, whereas a Lomer edge dislocatioand when two
corresponding {111} planes terminate at the same position. The procedure is
demonstrated in Fig. 3.8 for both a Lomer dislocation and a 60° dislocation.
Figure 3.8 (b) shows the FFT pattern of Fig. 3.8 (a) that isgbdhe digitized
lattice image of the ZnTe/GaAs interface. If only the {111}frdiftion spots
marked by the circles are selected for the inverse FFT,d8(c) is obtained,
and Figure 3.8 (d) is obtained by selecting only diffraction spotkedaby the
squares. The left dislocation is a Lomer dislocation because dwesponding
{111} planes, indicated by the dashed lines in Fig 3.8 (c) and Fig. 3,8 (d)
terminate at the same position. The right dislocation is a 60° dislocation since only
one {111} plane terminates at that position, as shown in Fig. 3.8 (d).

Using this identification method, the distribution of interfacial fris
dislocations could be quantified, and the types of defects at thiéagste could
also be identified. For the specific region of the ZnTe/InP sample shown in
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Fig. 3.8. (a) Part of the digitized lattice image of the Zn&&/&interface, with a
Lomer dislocation at left and a 60° dislocation at right (both arrqwbi)FFT
pattern of image (a); (c) Inverse FFT image obtained by tesled111}
diffraction spots marked by circles; (d) Inverse FFT imal&ined by selecting

{111} diffraction spots marked by squares.
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Fig. 3.9, the inverse FFT analysis identified fouf @Blocations and one Lomer
edge dislocation at the interface. In the case of the ZnTe/Gaple, regions
having Lomer edge dislocations, and regions with more randomly spasét
dislocations, were identified from the inverse FFT images, iardaace with the
TEM observations. Figure 3.10 shows four Lomer edge dislocations and tw
closely separated B@islocations at the ZnTe/GaAs interface. Since {100} planes
are not easy slip planes for materials with zincblende strydtureomparison
with glide on {111} planesthe 60 dislocations are created more easily than
Lomer dislocation$® After analysis of the defects present along 0.34 pm of the
ZnTe/lInP interface and along 0.36 pum of the ZnTe/GaAs interfaceas
discovered that the number of°6islocations was considerably larger than the
number of Lomer dislocations in both systems. The ratio of Lomer digins to
the total number of dislocations for the ZnTe/InP and ZnTe/GaAglsamvas
determined to be about 13% and 39%, respectively.
The magnitude of the residual interface strain present af@eration can

be estimated from the distribution and the type of misfit disimes. The lattice
mismatch between various substrates and the ZnTe epilayebedmsiefined in
eg. (1), and the biaxial compressive strain field in the ZnTe epilayer islgyven

& =(ay—a)/ao, 2)
whereaganda, are the unstrained, and strained, lattice constants, respe€tiuely.
the case of a pseudomorphic strained la§iewould be equivalent tb When an
array of misfit dislocations is created, the elastic strain is redyced b

d=b. &<110>/d, (3)
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dislocation type, where&.O and 60° stand for Lomer edge dislocatiand 60

dislocation, respectively.



Fig. 3.10. (a) (b) Inverse FFT images for ZnTe/GaAs sampleisbospecific
{111} crystalline planes; (c) Corresponding high-resolution image ifyamgi
dislocation type, wher& O and 60° stand for Lomer edge dislocati@amnd 60

dislocation, respectively.
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whereb is the Burgers vector of the misfit dislocatiéx110> is the unit vector
along the <110> direction, ardlis the average separation between the misfit

dislocations:"*® The length of the Burgers vector for a perfect Lomer edge

dislocation is% as <110>, which is 4.1503 A for the InP substrate and 3.9981 A

for the GaAs substrate. In the case of @di§location, the interface component of

the Burgers vector has a Iength%orbl, which incidentally explains why Lomer

dislocations are twice as efficient as®@fislocations in strain relaxatiénThe
remaining lattice strain can then be defined by

&=¢ +96, 4)
By regarding a Lomer dislocation as two°@fislocations with different edge
components, the average separatigabetween all 60dislocations having equal
edge components can be obtained from the FFT filtered images. Ttieales
strain at the interface can then be estimated.

The interfaces would theoretically be completely relaxedvatage Lomer
dislocation separations of 107.8 A for the ZnTe/InP sample, and 54.2 thefor
ZnTe/GaAs sample. After counting the number of dislocations and cangplet
analysis of the dislocation types along 0.34-um of the ZnTe/InFfaoggrand
along 0.36-um of the ZnTe/GaAs interface region, the average separa
between dislocations was determined to be 107.6 A with a standardateuiat
47.8 A for the ZnTe/InP sampland 54.8 A with a standard deviation of 9.2 A
for the ZnTe/GaAs sample. Figure 3.11 shows the distribution of sieeratf

dislocations with equal edge components at the ZnTe/InP interfacatahe
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ZnTe/GaAs interface. It is significant that the standardadevi for the ZnTe/InP
sample is much greater than that for the ZnTe/GaAs sampleh warc perhaps

be attributed to the fact that the ZnTe/InP sample did not hailrePdouffer layer

before ZnTe growth.
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Fig. 3.11. Distribution of separations of dislocations with equal edge comigone

for: (a) ZnTe/InP sample; and (b) ZnTe/GaAs sample.
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Based on these numbers, the residual interfacial strain can tlestirbated
to be about 0.01% for the ZnTe/InP sample and -0.09% for the ZnTe/GaAs
sample. Thus, it appears that the interfaces of these two samcgrede
considered as being fully relaxed, which was confirmed by thedatonstants of
ZnTe in the layer plane jacalculated from high-resolution XRD resulfs.
However, it is noteworthy that the high-resolution XRD studies alsgygested
that some residual tensile strains were present, since the lattitantsrasong the
growth direction (g of all ZnTe epilayers were smaller than that of bulk ZnTe at
room temperature. This is presumably caused by the differeanddermal
expansion coefficients between the epilayers and the various sesiale has
a larger thermal expansion coefficient than any of the substrate agtand thus
the thermal shrinkage of the ZnTe epilayers is greater tiarof the substrates

when cooling down to room temperature after growth.

3.3.3 PL measurements

PL measurements were carried out to study the optical prepeftiznTe
grown on the various l1I-V substrat&sFigure 3.12 shows the PL spectra of all
samples measured at 300 Khe PL peaks are at 2.26 eV for all samples, and the
PL emission from ZnTe epilayer grown on GaSb has the strongessityt This
could be attributed to the minimal defect density in the epilayer tduthe
smallest lattice mismatch between ZnTe and GaSb, as confiosnélde TEM
results. The sample of ZnTe grown on InAs shows much stronger PLityptens
than that of the other two samples: ZnTe/GaAs and ZnTe/InP, ki larger
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lattice mismatch. Temperature-dependent PL spectra of Zrmdwengon GaAs
(001) substrate are shown in Fig. 3.12 (b). As temperature incrdaséd, peak
shows red-shift due to decrease in the band-gap energy, and the FWHR/Rbf
spectrum becomes broader as expected. In addition, a broad Fioantislow
the band-gap energy was observed at 80K, which is possibly due to reédead-

optical transitions.

g
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Fig. 3.12. (a) PL spectra of ZnTe epilayer grown on various llihsgates; (b)

Temperature-dependent PL spectra of ZnTe/GaAs sample.
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3.4 Conclusion

The structural properties of thick ZnTe epilayers grown by MBEaoom
different IlI-V (100) substrates have been investigated usingretemicroscopy.
The densities of growth defects dropped off rapidly with distamoe fthe
interfaces in all cases. The ZnTe/GaSb and ZnTe/InAs samphash wave
relatively small lattice mismatch, revealed highly coheiatdrfaces with very
low defect density, and the virtual absence of any interfacisfitndislocations
over large distances. Lomer edge dislocations, which are the effaséent
mechanism to relax epitaxial strain, were identified at thelnP and
ZnTe/GaAs interfaces. Using digital image filtering, therdbstion of interfacial
misfit dislocations was determined: the fraction of perfect Loreedge
dislocations was ~13% for the ZnTe/InP sample and ~39% for the GaAs/
sample. The residual strain was estimated from the averggmasen of
equivalent {111} planes terminating at the interface, and found to be 0.01% for
the ZnTe/InP sample and -0.09% for the ZnTe/GaAs sample. Stioisgdetra
for all the ZnTe samples were observed from 80 to 300 K. ThesBk jpositions

of the ZnTe epilayers are at 2.26 eV at room temperature.
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Chapter 4
STRUCTURAL CHARACTERIZATION OF GaSb EPILAYERS GROWN
ON ZnTe VIRTUAL SUBSTRATES WITH A TEMPERATURE RAMP

DURING GROWTH

This chapter describes the structural characterization of @ptdyers
grown on ZnTe virtual substrates by molecular beam epitaxyEMiBing a
temperature ramp during growth. This study was carried out iabayktion with
Prof. Y.-H. Zhang and colleagues at Arizona State University,Fanél J. K.
Furdyna and Dr. X. Liu at University of Notre Dame. X-ray @iffion (XRD)
and photoluminescence (PL) measurements were performed by JinAt&oaa
State University. My contribution to this work has been the miarogtral
characterization using electron microscopy. Major results sfdfidy have been

published elsewhere.

4.1 Introduction

A multijunction solar-cell design based on the monolithic integraifdi
VI (MgZnCd) (SeTe) and IlI-V (AlGaln)(AsSb) compound semiconductors
grown on the so-called 6.1-A substrates, such as GaSb and Zageyehn
proposed, providing band-gap energies spanning a broad range of the solar
spectrunt-® Dueto the high cost and limited size of commercial GaSb and ZnTe
substrates, thick ZnTe epilayers grown on conventional IlI-V substrauch as
GaAs and Si, have been proposed and successfully demonstrated as virtual
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substrate&? The realization of the growth of high-quality GaSb on ZnTe virtual
substrates should then enable the monolithic integration of other -laiditcdned
6.1-A semiconductors on large-area and low-cost conventional GaAsSiand
substrates for optoelectronic devices. Improved crystalline qudlBaSh grown
on GaAs (001) substrates using ZnTe buffer layers has recentiyrégserted,®
such as reduced dislocation density and residual strain in the GaSiy fKRD
measurements and Hall mobility measurements, and smooth surfgaeotogy
by atomic force microscopy.

In this current study, a temperature ramp during the growth ob GaS
ZnTe has been used in an attempt to further improve material yquahe
temperature commonly used for the growth of GaSb (470 °C), isdewably
higher than that used for growth of ZnTe (320 °C). The surfa@®é layer is
likely to be severely degraded when the growth of GaSb on ZnThdtiegad at
such a high temperature. The growth of a thin GaSb transition lsyeg a
temperature ramp before deposition of the remaining GaSb epétier normal
growth temperature could possibly overcome this problem. Thus, as®nples
was grown on ZnTe/GaSb (001) substrates under different growth conditions
using MBE. High-resolution XRD measurements were performed tonciet
the structural quality of the GaSb epilayers, and PL was appliddtermine the
optical properties. Transmission electron microscopy (TEM) wad s study
the surface morphology of the GaSb epilayers and to characterizkt

dislocations at the GaSb/ZnTe interfaces.
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4.2 Experimental details

The epitaxial growth was carried out using a Riber 32 MBE syste
consisting of two separate IlI-V and 1I-VI chambers, which wenenected via an
ultrahigh-vacuum transfer module. The ZnTe epilayers weregfiocstn on GaSb
(001) substrates, as described in chapter 3. After ZnTe growth irl-tHe
chamber, the wafers were transferred to the 1llI-V chambeh&GaSb growth.
Growth of a thin GaSb transition layer (=50 nm) under a temperaarp was
then carried out before the remaining GaSb epilayer was depatsttesl reormal
growth temperature of ~ 470 °C. During growth, the beam equivalergupees
(BEP) ratios of Ga to Sb were adjusted by monitoring the cireconstructions
observed using reflection-high-energy electron diffraction (RHEEDhe
parameters used for growth of the GaSb layers of these saanplesmmarized
in Table 1, and Fig. 4.1 shows a schematic of the sample structsrexdiéated
in Fig. 4.1, another thin ZnTe epilayer was grown at 320 °C on top @& dlSsbd
layer for Sample D, for further investigation of the influerafetemperature
ramps on the overall material quality.

The cross-sectional and plan-view TEM samples were prepared usin
mechanical polishing and dimpling followed by Argon ion milling. A liguid
nitrogen-temperature cooling stage and low-energy (2.5 - 3 keM)eams were
used to minimize any ion milling damay&lectron micrographs were recorded
using a JEM-4000EX TEM operated at 400 keV with a structural resolofi
~1.7 A. The high-resolution XRDw-20 scans were performed using a
PANalytical X'Pert PRO MRD X-ray diffractometer with multistal
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Table 4.1. Summary of growth parameters for the growth of GaSayepibn

ZnTe virtual substrates.

Sample Growth rate  Temperature =~ Ramping rate Ga/Sb BEP

(um/hr) ramp (°C/min) ratio

B (110408B) 0.8 360 — 470 °C 33 1:5

D (110718B) 0.8 360 — 470 °C 28 1:5

GaSb transition layer
with temperature ramp

{~JV 1im)

(=1 Jvi
with temperature ramp
(~50 nm)

AIlSDb buffer

(a)

Fig. 4.1. Schematic illustration of the epitaxial layer stricfor: (a) Sample A;

(b) Samples B and C; and (c) Sample D.
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monochromator. The K line of copper (1.54 A) was used as the incident beam.
For characterization of optical properties, PL measurements ea&reed out
using the 780-nm line of a laser diode for excitation. A Fourarsform infrared
(FTIR) spectrometer configured with a quartz beam-splitterligueb-nitrogen-

cooled InSb detector was used for detection.

4.3 Results and discussion
4.3.1 XRD measurements

The high-resolution XRD measurements were performed in the yiahit
the (004) diffraction peak of the GaSb substratee XRD patterns for Samples A
and B, displayed in Fig. 4.2, show clear diffraction peaks from the Zpilayer,
the top GaSb epilayer and the GaSb substrate. Simuatdd curves, also
included in Fig. 4.2 below each measurement, show good agreement with the
experimental data. It is apparent that the diffraction peak dbfh&aSb epilayer
is on the right side of the GaSb substrate peak, which indidaeshe vertical
lattice parametera() of the GaSb epilayer is smaller than that of the GaSb
substrate. The simulation results indicate that the ZnTe epilaygartially
relaxed, and the GaSb epilayer is thus subjected to tensile Eaaiing to the
smaller vertical lattice constant. For Sample B, the simdilat@0 curve shows
that the diffraction fringes are a combination of Pendellésung thiskineges
from both GaSb and ZnTe epilayers, indicating the high qualitheofzaSbh and
ZnTe single-crystal epitaxial layers with smooth interfacesform thicknesses,

and low defect densities.
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Fig. 4.2. XRDw-20 curves measured in the vicinity of the (004) diffraction peak

of GaSb substrate for: (a) Sample A and (b) Samgle B.
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4.3.2 TEM characterization

Cross-sectional TEM has been extensively used to investigate the mterfac
morphology and to identify interfacial misfit dislocations. Low-mifigation
TEM images of Samples A, B and C, as shown in Fig. 4.3, demonsinateth
morphology for both ZnTe-on-GaSb and GaSbh-on-ZnTe interfaces, andeekcell
crystallinity for both ZnTe and GaSb epilayers. No misfit didiocs were
observed over large lateral distance for all three sampkathat the ZnTe/GaSbh
or the GaSh/ZnTe interfaces, which confirmed the very low defagsity in the
epilayers. An AlISb buffer layer was grown on the GaSb substrateaimple A
before the GaSb buffer layer was grown, as previously indicatethébyXRD
pattern in Fig. 4.2 (a). For Samples B and C, the structuresiemécial, with
GaSb buffer layers grown on an GaSb substrate followed by ZnT&a8b
epilayers. The interface between GaSb buffer layers andutigtrate is barely
visible. The thicknesses of the GaSb and ZnTe layers werelglireeasured
from the TEM images, and were in close agreement with XRD measurements. For
Sample B, the GaSb and ZnTe layers were 380 nm and 300 nm thick,
respectively. For Sample C, the GaSb and ZnTe layers were 2&0d300 nm
thick, respectively.

Plan-view TEM images were also used to determine the defedtydens
the top GaSb epilayer. As shown in Fig. 4.4, threading dislocations anith
estimated defect density of i10'/cn? were observed in the top GaSb layers of
Sample C. Figure 4.5 shows Lomer edge dislocations at the ZnTeil@GeSéce.
Lomer dislocations were observed previously for ZnTe/GaAs and ZnTe/InP
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C) A A .. o e e
GaSbh

GaSb buffer

GaSb substrate 200 nm

Fig. 4.3. Low-magnification XTEM images showing interfaces forSample A;

(b) Sample B; and (c) Sample C.
77



(h)

e

Fig. 4.4. (a) Plan-view TEM image of Sample C showing thesgmee of
threading defects (circled) in the top GaSb layer; (b) Enlarged of the

threading defects.
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interfaces, as discussed in chapter 3. The Lomer dislocatione ZhTe/GaSb
interface of Sample C, as shown in Fig. 4.5, are very well segarahich is
attributed to the small lattice mismatch (-0.13%) betweenwbematerials, and

because the ZnTe layer is just partially relaxed.

Fig. 4.5. Plan-view TEM image of Sample C showing the presenceeld

separated Lomer edge dislocations at the ZnTe/GaSb interface.
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In the case of Sample D, low magnification images, such as shawig.

4.6 (a), revealed occasional interfacial misfit dislocationthatinterface of the

thick ZnTe epilayer (~1.2 pm) grown on the GaSb substrate and at the interface of

the GaSb epilayer grown on ZnTe. The thickness of the upper ZnTewager
measured to be ~140 nm, and it was ~110 nm for the GaSb epilayes.sFain-
related contrast was also apparent at those interfacescliais that there are
considerably more dislocations at the ZnTe/GaSb-buffer interfame &t the
GaSb/ZnTe interface. The average separation between misficatiens is on
the order of many micrometers at the GaSb/ZnTe interfduée wis about a few
hundred nanometers at the ZnTe/GaSb-buffer interface. Compared teSa&mpl
B and C, where no misfit dislocation were observed over largendetaat the
ZnTe/GaSbh-buffer interfaces, Sample D has a much thicker Zpileyer (~1.2
pm) grown on the GaSb buffer layer. Due to the small lattisenatch between
ZnTe and GaSb (~0.13%), the critical thickness value is expectezllivge but
below about 0.8 pri. The ZnTe epilayer grown on the GaSb buffer of Sample D
is well above this critical thickness, whereas the ZnTe epiiay®ell below this
critical thickness for Samples A, B and C, which would explairdifierences in
the appearance of interfacial misfit dislocations. Figure 4.6Hbyvs an enlarged
view of the upper ZnTe/GaSb and GaSb/ZnTe interfaces of SamNe Disfit
dislocations are visible at the top ZnTe/GaSb interface, coimfyrthe excellent
crystallinity and the very low defect density expected forrdietively thin (~140

nm) ZnTe epilayer.
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Fig. 4.6. (a) Cross-section electron micrograph showing the ioésriaf Sample
D; (b) Enlarged view showing misfit dislocations (arrowed) presgnthe

GaSb/ZnTe interface.
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4.3.3 PL measurements

The PL measurements were carried out to investigate the optical properties
of the GaSb epilayers. The PL spectra of samples A, B and C, which are measured
at 13 K, are shown in Fig. 4.7 (a)—(c). Low-temperature PL of GaSb has been well
studied by many authot$? Three main PL lines have been often observed and
discussed: i) A PL line with maximum at 796 meV, which is consii&s an
emission of an exciton bound to a non-specified neutral acceépidrA PL line
with maximum at 777 meV, denoted as the “A” line, which is ascdrito
recombination at a native acceptor level (A) via Band-AcceptoiDonor-
Acceptor Pair transition¥; ii) A PL line with maximum around 758 meV,
denoted as the “B” line, which is interpreted as a transition &oather acceptor
level (B)?

A broad emission peak is observed for Sample A in the range of 570-780
meV, which is ascribed to optical transitions from acceptorsodiner growth-
related defects. Within this range, emission peaks are vigtbdeound 777 and
758 meV, with intensities as strong as that from the bound excitosaraple B,
which contains the GaSb transition layer grown undgf, E 360 — 470 °C, the
PL spectrum shows a narrow peak from the bound exciton at 793 meVulith f
width at half maximum (FWHM) of 15 meV. Similarly, a broadhission is
observed between 650 meV and the bound exciton peak, which is attitbuted
emissions which have the same origins as for Sample A. Moredves, i
noteworthy that this emission is greatly depressed in inteasiyenergy range
(650 -780 meV), which suggests a large decrease in the density oftiespaind
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defects. For Sample C, the main PL feature is in the rah§e0 — 850 meV. The

emission from the bound exciton is not well resolved.

(a) P A _ Bound exciton

(b') ST _‘B(;I.ll'ld EKII—:it(‘)l"I‘
FWHM =15 meV

PL intensity (a.u.)

600 650 700 750 800 850 900 950
Photon energy (meV)

Fig. 4.7. PL spectra measured at 13 K for: (a) Sample A; (bplga® and (c)

Sample C.
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From careful comparison among Samples A, B and C, it is apgaednt
different temperature ramps during growth affect optical propediterently.
When the starting point of the temperature ramp is close to the growth
temperature (320 °C), the GaSb/ZnTe interface is expected lesbelamaged
while the optical properties of GaSb will be more deteriorated tduaefects
generated during the low-temperature growth. On the other haneh Wie
starting point of the temperature range is close to the Gafsttlgtemperature
(480 °C), the ZnTe surface would be more damaged during the initial GaSb
growth so that the optical properties of GaSb are adverselgtadfelue to the
interfacial defects. Thus, it can be concluded that using a temperamp
starting from a reasonable compromise temperature, which rené&io close to
the ZnTe growth temperature nor to the GaSb growth temperaturshigid the
GaSb/ZnTe interface from damage while bringing the temyeralose enough

to the normal GaSb growth temperature.

4.4 Summary
The MBE growth of high quality GaSb grown on ZnTe/GaShb (001) virtual

substrates with a temperature ramp at the beginning of the GaSth dnas been
demonstrated. High-resolution XRD results show clear Pendelldsucighess
fringes from both GaSb and ZnTe epilayers, and simulations fit {herienental

data very well. Cross-section TEM images shexcellent crystallinity and
smooth morphology for both ZnTe/GaSb and GaSb/ZnTe interfaces. No misfit
dislocations or stacking faults were observed at the interfaceSample A, B
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and C. Plan-view TEM images of Sample C revealed well-seggarabmer

dislocation at the ZnTe/GaSb interface and threading dislocatidhse top GaSb
layer. The defect density was estimated to be ~1/aitf) The corresponding PL
spectra indicated that the proposed GaSb transition layer grownTauging a

temperature ramp improves the overall optical properties.
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Chapter 5
STRUCTURAL CHARACTERIZATION OF InAs/InAg4Sh,

TYPE-Il SUPERLATTICES

In this chapter, the structural characterization of strain-batance
InAs/InAs; Sk type-Il superlattices (T2SLs) is described. This study \aased
out in collaboration with Prof. Y.-H. Zhang and colleagues at Arizowse S
University. The InAs/InAg,Sh, T2SLs grown by metalorganic chemical vapor
deposition (MOCVD) were provided by Prof. R. D. Dupuis and colleagues at
Georgia Institute of Technology; and InAs/InASh, T2SLs grown by molecular
beam epitaxy (MBE) were provided by Prof. Diana Huffaker amltbagues at
University of California, Los Angeles. X-ray diffraction (XRD)easurements
were performed by Elizabeth H. Steenbergen at Arizona Shaiteersity. My
contribution to this work has been the microstructural charadiemnzasing

electron microscopy. Results from this study have been published elséwhere.

5.1 Introduction

Type-ll superlattices (SLs) have attracted much interesin f the
semiconductor industry since first being proposédtimonide-based type-Il SLs
have been recognized as possible low-cost alternatives to the Elg@al€rials
system for infrared (IR) applications, due to several keya@aiges including
lower tunneling curreritgreater flexibility in band-gap engineeringnd reduced
Auger recombinatiofl. Extensive investigations of InAs/(In)GaSb type-ll SLs

87



have been carried out, including theoretical calculations of the bamtusé and
minority carrier lifetimes, and significant success has been achieved for device
performance in mid-, long- and very-long-wavelength infrared (VR\ange$:
1 Strain-balanced InAs/InAsSh, SLs have been proposed as another possible
alternative to HgCdT# and have already shown great promise for mid-IR laser
and photodetector structurEswith photoluminescence emission in the range of
5-10 um being achieved for SL structures containing Sb concensabf 14-
27%* The absence of gallium in these InAs/lngSh, SLs is expected to
simplify the SL interfaces and hence the growth protessid also result in
longer carrier lifetime$®!’ as recently demonstrat€iSo far, the growth of
antimonide-based T2SL structure and devices have been dominated by
MBE.?**>18|n comparison, the MOCVD technique has very high throughput
and could enable lower cost, which is preferable for mass productias, iths
worth investigating despite it being more challenging to grow gqghlity
InAs/InAs; Sk T2SLs by MOCVD.

In the growth of mixed As/Sb alloys by conventional solid-sour&EM
the As and Sb beam flux ratio is normally used to control the average group-V
composition of the epitaxial material. However, due to large difiegs in the
incorporation coefficients of Asand Sh, accurate control of composition in the
InAs;«Sh, alloys becomes challenging. Growth by modulated MBE involves
control of As and Sb incorporation by rapidly alternating the asl Sb beam
flux, using the timing of shutter operation to control the group-V cortipng?
This growth technique could possibly provide more precise control and
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reproducibility of the group-V alloy composition in the InASh layers of
InAs/InAs; Sk SLs. Improvements in composition control and crystalline quality
of AlAs,Shx and In(Ga)AgSh .« alloys grown by modulated MBE have been
reported-*?># Further advantages of modulated MBE are that the technique
could provide protection against composition drift and achieve more abrupt
interfaces’® which are important factors to take into consideration since the
transition wavelength and recombination efficiency are expdotdge strongly
influenced by the compositional abruptness at the interfaéés.

High quality InAs/InAs..Sh SLs require sharp and defect-free interfaces
between the InAs and InAgSh layers. In this study, structural properties of
strain-balanced InAs/InAsSh; type-Il SLs grown on GaSb (001) substrates by
MOCVD and MBE were investigated. Transmission electron micrgs¢bgM)
was used to investigate the microstructure of InAs/lp8b, SLs with random
InAs;«Shy alloy layers grown by MOCVD and conventional MBE, and with
ordered InAsg,Shy alloy layers grown by modulated MBE. XRD was used to
determine the average composition of the &, alloy layers and the SL

periods.

5.2 Experimental details

The MOCVD growth of the investigated InAs/InASh, T2SLs was
carried out carried out using a Thomas Swan MOCVD reactoemmystuipped
with a close-coupled showerhead growth chamber at a pressi@® dforr. The
epitaxial growth was typically initiated by depositing a 1004hmk GaSb buffer
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layer at 600 °C on 2-inch (00@jtype GaSb substratésThe growth temperature
was then ramped down to 500 °C for all layers in the InAs/INAS38L
structures, with a typical growth rate of ~0.1 nm/s. Figure 5.1 shasebiematic
of the sample structures.

The MBE growth of the investigated InAs/InASh, T2SLs was carried
out in a solid-source MBE system, using modulated and conventional MBE
growth techniques. All MBE grown samples nominally consisted 0f2gum-
thick GaSb buffer layer grown on amtype GaSb (001) substrate at 500°C,
followed by deposition of 7-nm-thick InAsSh, layers alternating with 18-nm-
thick InAs layers for 20 periods, at a growth temperature of 435°Cllyging.1-
um-thick GaSb capping layer was deposited at 480 °C. The modulated and

conventional MBE growths are expected to yield ordered and random,Bi&s

alloy layers, respectively.

InAs (~7 nm) InAs (~18 nm) InAs (~18 nm)
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Fig. 5.1. Schematic illustration of the sample structures forM@{LVD grown
SLs; (b) modulated MBE grown SLs; and (c) conventional MBE grown SLs.
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For the modulated MBE growth, the In shutter was kept open throughout
the entire period of growth of the InAsSSh, layers, while the As and Sb shutters
were alternately opened and closed for very short periods. oVeeall Sb
composition would then be controlled by the Sb-shutter duty-cyclg:«shmé
(ASshutter-time™ Sknutter-imd- Each of these ordered InASh;, alloy layers consisted
of six-period In(As)Sb/InAs(Sb) multiple quantum well (MQW) lesjeas shown
in Fig. 5.1(b).

The high-resolution XRD measurements were performed using a
PANalytical Xpert Pro MRD. SL periods and the average Sb compositions of the
InAs;.,Sh, alloys were determined by comparing simulations to (004) high-
resolution XRD measurements. Cross-sectional specimens werargutefor
TEM observation using mechanical polishing and dimpling, followed by argon
ion-milling. The mechanical polishing and dimpling typically reduttesl sample
thicknesses to 10~12 pm, and small holes in the films were thea hyatn-
milling at low energy (2.5~3 keV), using a liquid-nitrogen-tempegrtcooling
stage to minimize any thermal or ion-beam danfAgéne TEM characterization
studies were mostly carried out using a JEM-4000EX high-resolutentreh
microscope operated at 400 keV, and JOEL 2010F electron microscopedperat
at 200 keV. All samples were prepared for observation along {110}zgpe-
axis projections so that the direction of the electron beam wouldligpeed

perpendicular to the growth surface normal.
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Table 5.1. Summary of InAs/ InAgSh, SL samples grown by MOCVD.

Sample Number of SL period (nm) Xsp, Calculated Eg at 0 K
periods InNAs  InAsSb (meV)
A 100 7.0 3.3 22 224
B 50 7.0 2.3 23 250
C 50 7.0 2.0 37 171

5.3 Results and discussion
5.3.1 Characterization of MOCVD-grown samples
The InAs/InAs.Sh; SLs samples grown by MOCVD are summarized in
Table 5.1. The SL periods and the average Sb compositions, as dedelyine
high-resolution XRD measurements, are also listed. The XRD ripsttef
Samples A and B are shown in Fig. 5.2, and the simulation resulis balth
measurement closely agree with the experimental data. Samghews intense
satellite peaks with narrow full-width-at-half-maximum (F\WMB)) of less than
100 arcsec, indicating the high degree of crystallinity and umifoeriodicity of
this SL structure. The average relaxation of the SL was 74%etasmined from
(224) -26 coupled scans. The satellite peaks of Sample B are broadehtse
of Sample A, and the relaxation was determined to be ~83% from (224)
coupled scans. The XRD patterns of Sample C exhibited 100% relaxation.
Cross-sectional electron micrographs of Sample A, as for exahplen
in Fig. 5.3, revealed excellent crystallinity and well-defineAs/INAs 765k 22

SL structure. No defects were observed, which confirmed the very low dehnsity o
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Fig. 5.2. High-resolution (004) XRD patterns and simulations (offsktw each

measurement) for Samples A and B.
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growth defects, in agreement with XRD results. Figure 5.4 shbesentire
structures of Samples B and C, including 50 periods of InAs/InAdSBayeers,

GaSb buffer layer and GaSb (001) substrate. In contrast to Sambzsnple B
and C showed the presence of considerable growth defects, esdadialyype

stacking faults. These defects originate at either the stddburffer interface or
the buffer/SL interface, and propagate well into the SL regiba.broadening of
the FWHM of the XRD satellite peaks of Samples B and C cprddumably

arise from these defects.

GaSb buffer

Fig. 5.3. Cross-sectional electron micrograph of Sample A deratingtrthe

excellent crystallinity of the In INAs/INAgsSky 22 SL.
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5.3.2 Characterization of MBE grown samples

The InAs/InAs.Shy SLs samples grown by MBE, which include two
ordered alloy SLs and two random alloy SLs, are summarizedhle Ba2. The
SL periods and the average Sb compositions of the two random,Bi&slloy
samples, as determined by high-resolution XRD measurementisardisted.
The XRD patterns of Samples D and E are shown in Fig. 5.5, togeithethe
corresponding simulations offset below each experimental profile. mbst
intense SL peak for Sample D no longer corresponds to the zermojwdke
because of the large SL period. The XRD of the thick individual 1.g®g and
InAs layers show the envelope modulation of the SL peaks on eitleeokthe
substrate peak, causing some satellite peaks to be more intense than the zero-order
SL peak. From the separation of the substrate peak from the deroSir peak,
the average SL strain in the growth direction is determined to B960fbr
Sample D. In comparison, Sample E has broader peaks than Sample D, suggesting
the presence of increased defect density, which was latarnsedfin the TEM
microstructure studies.

Cross-sectional TEM images of Sample D, as for example showigi
5.6 (a), revealed excellent crystallinity and a very low derddityrowth defects,
and indicated an SL periodicity of 245 A, which was in close agneewith the
results of the XRD simulation. Higher magnification images of Sheshowed
sharp interfaces between the individual Ing&h, and InAs layers, and interfacial
misfit dislocations were not observed. Moreover, the ordered-afiycture,
consisting of six-period In(As)Sb/InAs(Sb) MQW layers, is clearly \asidhd
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Table 5.2. Summary of InAs/ InAgSh, SL samples grown by MBE.

Sample  Growth Tsbshuter Sb shutter Flux Ratio SL period Xgp

techniqgue (second) Duty-cycle Sb/(Sb+As) (nm)

D Modulated 3 35% - 24.5 -

E Modulated 4 47% - 24.1 -
F Conventional - - 0.35 24.6 0.28
G Conventional - - 0.37 24.6 0.29

well defined within each InAsSh, layer, as shown in Fig. 5.6(b). High-angle
annular dark-field (HAADF) scanning transmission electron osicopy (STEM)
was also used to investigate the SL structures. Figure 5.7 displapntrast
images for Sample D. The InAsSb layers are brighter than Iess, as shown
in Fig. 5.7 (a), since Sb has greater atomic mass than As. Xheersd
In(As)Sb/InAs(Sb) MQW structure within each InAsSb layer was contiyrmeéh
the brighter layers corresponding to the In(As)Sb layers, as shown in Fig. 5.7 (b).
In the case of Sample E, which is another SL sample grown by nhediula
MBE when the growth conditions were not yet fully optimized, low miagation
images revealed a more defective SL system. As shown in Fg(ah the
substrate/buffer interface is clearly visible, and it is fadt &lthough this lack of
flathess does not apparently cause any defects in the Slis.l&yewever, the
ordered-alloy structure was only well defined within the fings,; .Sk layer and
progressively disappeared in the later Ing&h layers, as shown in Fig. 5.8 (b).

Defective regions were visible within the SL structure that propagated dgwar
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InAs/InAsSb SL

100 nm GaSb buffer

Fig. 5.6. (a) Cross-sectional electron micrograph showing esitirstructure of
Sample D, confirming very low defect densifly) Higher-magnification image
clearly showing well-ordered In(As)Sb/InAs(Sb) MQW structuréhin the

individual InAs.Sh, layers of Sample D.
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Fig. 5.7. Z-contrast images for Sample D acquired using HAADF-STEM.
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GaSb buffer

GaSb substrate

& T

InAsSbh

InAs

InAsSb

GaSb buffer

Fig. 5.8 (a) Low magnification TEM image of Sample E showing cbipi
defective region; (b) Higher-magnification image showing thesgree of the
In(As)Sb/InAs(Sb) MQW structure apparently only within the fiiss; .Sk,

layer.
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similar to the behavior of self-aligned quantum dots in latie@natched
systems, but opposite to the conventional dome-like appearance. Mosteof thes
defects originated from the first SL layer, and are possiblytdubke longer Sb
shutter time used for this sample compared to Sample D. In addibore s
extensive {111}-type stacking faults were observed propagating upwaaigkhr
several SL periods to the top of the SL layer. The disappearanite ofell-
defined ordered-alloy structure within subsequent {n8b; layers is possibly

due to intermixing of As and Sb atoms induced by the strain as=beigth the
propagating defects.

Low magnification images of Sample F, which was a random alloy S
that was again not grown under fully optimized conditions, revealed tire ent
structure including the GaSb (001) substrate and buffer layer, 20-pekiod S
layers, and the GaSb capping layer, as shown in Fig. 5.9. Growthsgeiech as
{111}-type stacking faults, are clearly visible. Most of thesesdsf originated at
the substrate/buffer interface, but some originated in the middtaeobuffer
layer, and many were present within the SL layers.

In the case of Sample G, cross-section electron micrographsaltypi
showed no evidence of any defects across the entire field of s
demonstrated that excellent crystalline quality of the InAsiirf&y 29 SL could
be achieved. The entire structure showing 20 well-defined SL peasiaiisble in
Fig. 5.10. The substrate/buffer interface was again observed notlad, dsit no
defects in the buffer layer have been caused by this lack pnédkt (It is worth
noting here that such homoepitaxial interfaces are not always visible in the TEM
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GaShb buffer

GaSb (100)

Fig. 5.10. Cross-sectional electron micrograph of Sample G dentorgsttiae

well-defined and defect-free InAs/Inf&Sky 29SL region.
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images of samples grown under optimal conditions when there is e@mpl
desorption of the surface oxide layer present on the GaSb sulsirtdee.)
High-resolution lattice images of Sample G, such as Fig. 5.11Iéa)]Jycshow
the individual InNAsSb and InAs layers. As confirmed by the Foditiered
image of the indicated area shown in Fig. 5.11 (b), it is alsorapipthat the
interfaces of the InAs;:Sky 29 layers grown on InAs are more abrupt than those of
InAs layers grown on InAs:Shys Figure 5.11 (c) is a line profile averaging
across both InAs-on-InAsSb and InAsSb-on-InAs interfaces, as indibgtéte
blue dashed area boxed on Fig. 5.11 (b). It is clear that the intdreity rapidly
at the InAsSb-on-InAs interface, while the intensity increasash more slowly
at the InAs-on-InAsSb interface. This interface asymmetrthen SL layers is
most likely related to Sb segregation, whereby some unintent8ina initially

incorporated into the InAs layers during growth, as reported previgtsly.

5.4 Summary

The structural properties of strain-balanced InAs/In&&y SLs grown on
GaSb (001) substrates by MOCVD and MBE, have been studied usingaX&kD
TEM. Excellent structural quality of the InAs/InASh, SLs grown by MOCVD
has been demonstrated by TEM. Well-defined ordered—alloy In(Asy&{5b)
MQW layers within individual InAs,Sh layers, were observed for samples
grown by modulated MBE. However, the ordering disappeared whentslefec
propagating through the SL layers appeared during growth. Foresagmolwn by
conventional MBE, high-resolution images revealed that interfacdaAs; . Shy
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grown on InAs layers were sharper than for InAs grown on 1IR3l layers,
most likely due to some Sb surfactant segregation effecthwiagrants further
investigation. Overall, the microstructural results are higirlymising for the
future growth of InAs/InAg,Sh, SLs designed for operation at specific

wavelengths.
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Fig. 5.11. (a) High-resolution lattice image showing individual InA=d a
INAsy.71Sky 29 layers for sample G; (b) Filtered image revealing difféinterface
abruptness between layers, which is attributed to segregation $btkerfactant
during growth; (c) Line profile average across both InAs-on-InAm8bInAsSb-
on-InAs interfaces, as indicated by blue dashed area boxed abhoweng the

differences in interface abruptness.
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Chapter 6

SUMMARY AND FUTURE WORK

6.1 Summary

The research described in this dissertation has involved micresiuct
characterization of 1I-VI and Ill-V compound semiconductor heteroitras and
superlattices (SLs) using transmission electron microcopy (TEM).

The microstructure of thick ZnTe epilayers (~2.4 um) grownmwolecular
beam epitaxy (MBE) under virtually identical conditions on GaSAs InnP and
GaAs (100) substrates was compared using TEMgh-resolution electron
micrographs revealed a highly coherent interface for the ZnTe/&a8ple, and

showed extensive areas with well-separated interfacialtrdisfocations for the

ZnTe/InAs sample. Lomer edge dislocations with Burgers’ vectorasfl10>, as

well as 60 dislocations, were commonly observed at the interfaces of the
ZnTel/lInP and ZnTe/GaAs samples. Digital image processingiseasto analyze
the spatial distribution of misfit dislocations at the inteei&gcand the amount of
residual strain was estimated to be 0.01% for the ZnTe/InP samg}€).09% for
the ZnTe/GaAs sample. Strong PL spectra for all the ZnTeples were
observed from 80 to 300 K. The PL peak positions of the ZnTe epilayezsatver
2.26 eV at room temperature.

The MBE growth of high quality GaSb grown on ZnTe/GaSb (001) virtual
substrates with a temperature ramp at the beginning of the Gasth dias been

investigated. High-resolution XRD results show clear Pendelldsung thickness
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fringes from both GaSb and ZnTe epilayers, and simulations fit {herienental
data very well. Cross-section TEM images shexcellent crystallinity and
smooth morphology for both ZnTe/GaSb and GaSb/ZnTe interfaces. Plan-view
TEM image revealed the presence of Lomer dislocations at tHe/GaShbh
interface and threading dislocations in the top GaSb layer. Thetdakfnsity was
estimated to be ~1 x{@n?. The PL spectra show that using the proposed GaSb
transition layer grown on ZnTe with a temperature ramp improkiedoverall
optical properties.

The structural properties of strain-balanced InAs/in&&y SLs grown on
GaSb (001) substrates by MOCVD and MBE, have been studied usingaX&kD
TEM.2>* Excellent structural quality of the InAs/InASh, SLs grown by
MOCVD has been demonstrated. Well-defined ordered—alloy struetitie six
periods of In(As)Sb/InAs(Sb) multiple quantum well layers, witmdividual
InAs;.,Sby, layers, were observed for samples grown by modulated MBE.
However, the ordering disappeared when defects propagating throeigBLt
layers appeared during growth. For samples grown by conventional M@z,
resolution images revealed that interfaces for {n&8, grown on InAs layers
were sharper than for InAs grown on InASh, layers, most likely due to some
Sb surfactant segregation effect which warrants further inadsting Overall, the
microstructural results seem highly promising for the future drowt

InAs/InAs; Sk SLs designed for operation at specific wavelengths.
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6.2 Future Work

6.2.1 Minimization of ion-milling damage

lon-milling damage during TEM sample preparation has beeni@user
ongoing issue for TEM observations of II-VI and some 1lI-V matsy such as
CdTe, ZnTe, InAs and InSh. Structural damage induced by argon-iongwilhs
observed in many of the TEM images reported in this dissariaven when the
sample was milled at very low energy and held properly at liquticbgen
temperature. A consistent and reliable chemical etching metheds e be
developed to eliminate the damaged surface layers of the sategpl@afmilling,
such as using methanol solutions of either dilute bromine or dilute joalne

citric acid®®

6.2.2 Atomic arrangements around the core of dislocations

In chapter 3, the microstructure of ZnTe epilayers grown on varibys |
substrates were studied using TEM. Lomer edge dislocations 8uiisB®ations
were commonly observed at the interfaces of ZnTe grown on Gaéddn®
substrates using high resolution electron microscopy. The atanaicgaments
around the core of Lomer edge dislocations and 60° dislocations are astinger
topic to study in the future. The ability of high-angle annular-dieitd (HAADF)
imaging, also called Z-contrast imaging, to provide informatibrtha atomic
scale has been greatly improved through the recent developmengrodtiain-
corrected scanning transmission electron microscopy (STEMiments’® The
annular-bright-field (ABF) configuration, which takes advantage haf farge
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convergence angle of the incident beam, provides an approach tbydirege
light element column32° Individual atoms of Ga, As, In, P, Zn and Te should be
resolved from HAADF or ABF images acquired using aberratiorected
STEM. Hence, the atomic arrangements around the core of dislocatiolasbe

obtained.

6.2.3 Interfacial intermixing in INAs/INAsSb T2SLs

In chapter 5, the atomic-scale structural properties of InAs{lx#%, SLs
have been investigated. The interface of /& deposited on InAs was
revealed to be sharper than the interface of InAs deposited onBiAusing
high-resolution electron microscopy. The asymmetry in intenfagghness of the
SL layers may have a direct impact on the electronic and bptimerties of the
InAs/InNAsSb T2SL-based devices. Thus, a systematic study shoulcde oh
the interface roughness of samples with fixed thickness but ehtfeSb
composition, and samples with fixed Sb composition but changes in thickness.

To determine the composition profile across both InAsSb-on-InAs and
InAs-on-INAsSD interfaces of the InAs/INAsSb T2SLs, TEM-based OfK2fadd
(DF) imaging provides a reliable and straightforward methdds Techinique
relies on the contrast variation analysis of the two-beam DEdroatained with
the diffraction vectorg=002, which is highly sensitive to the chemical
composition of semiconductors with zincblende structtitd. The method has
been demonstrated in the study of In segregation of InGaAs/Gasgum well
structure$, and the determination of composition profile of InAs/GaSb STise
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resolution of this technique of approximately 0.5 nm is limitedheysize of the
objective aperture used for cutting off electrons with larger scattemgigsa
Atomic-resolution HAADF images acquired using STEM provides
another method to study interface sharpness. With aberrationtedrr8¢EM,
individual atomic planes can be easily resolved. A recently developage
processing technique for HAADF images, called column-ratio mgppises the
change in the ratio of group Ill and V column intensities in each duirddbag
<110> direction to study the local compositional variation acrossnteeface*
This technique involves the conversion of a standard HAADF image intapa
that displays the column ratio value, which is measured in the abeéribe
background signal, and thus makes it possible to observe the distrilodition
dumbbell shapes and hence the local compositional variation. The method has
been demonstrated on the determination of interface width for the/@éAs
material system, where the interface of AlAs-on-GaAs is faionde generally

rougher than that of GaAs-on-AlAs, as shown in Fig.'8.1.
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Fig. 6.1. (a) HAADF image of an isolated AlAs-on-GaAs integfat a specimen
thickness of ~50 nm; (b) Example of a column ratio of the AIAR&SL at a
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entire column ratio map in (b). The interface width was medstardoe 3.23 +
0.21 ML for GaAs grown on AlAs, and 3.53 + 0.27 ML for AlAs grown on

GaAs?®®
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APPENDIX B

TABLE OF ACRONYMS
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ABF

CB

EELS

EDX

FFT

FIB

FWHM

HAADF

HREM

HH

LH

LW

MBE

MOCVD

PIPS

PL

RHEED

T2

TEM

SAED

SL

Annular-bright-field

Conduction band

Electron-energy loss spectroscopy
Energy-dispersive X-ray spectroscopy
Fast Fourier transform

Focused ion beam

Full width at half maximum

High-angle annular-dark-field
High-resolution electron microscopy
Heave-hole

Light-hole

Infrared

Long-wavelength

Molecular beam epitaxy

Metalorganic chemical vapor deposition
Precision ion polishing system
Photoluminescence
Reflection-high-energy electron diffraction
Type-Il

Transmission electron microscopy
Selected-area electron diffraction

Superlattice
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SRH

STEM

UHV

VB

XRD

Shockley-Read-Hall

Scanning transmission electron microscopy
Ultrahigh-vacuum

Valence band

X-ray diffraction
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