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ABSTRACT

Jack L. Glenn, Jr. M.S,l Purdue University. Decémber, 1988. InSb / CdTe
Heterostructures Grown by Molecular Beam Epitaxy. Major Professor: Robert
L. Gunshor A

Given the poténtial for quantum effect device application, the growth, by
molecular beém epitaxy, and characterization of InSb-CdTe heterostructures is
described. Two procedures for growth of these heterostructﬁres are employed.
For the growth of InSb/CdTe double heterostructures, InSb and CdTe layers .
are -grown- in sepa‘rate MBE growth chambers connected via an ultrahigh
vacuum transfer module. Here, antimony originating from a compound InSb
source oven is used for growth of InSb layefs. For the growth of CdTe/InSb
multiple quantum well structures, InSb and CdTe layers are growh in a single
MBE growth chémber‘, where antimony is derived from an antimony cracking
furnace.

"To study the optical nature of heteroepitaxially grown InSb, infrared pho-
toluminescence from InSb based double heterostructures has been examinéd.
Despite the. Vt'ransfe'rral of grown layers between III-V and II—VI chambers,
luminescence gathered from "thick” InSb active layers has shown‘thdexistence
of recombiﬁation features which are similar to bulk InSb. For multil'ayer
str_uctureé, grown in a single chamber with the uée of an antimony cracker,
emphasis has been placed on structural examination by transmission electron

microscopy and x-ray diffraction techniques. Examination of multilayer



structures by transmission electron microscopy suggests that the cracker may
be useful for the growth of InSb at low substrate temperatﬁres and low growth
rates. Using the cracker, CdTe/InSb superlattice structures have been grown

showing multiple satellite peaks in the x-ray diffraction spectrum.



CHAPTER I
- INTRODUCTION

‘The creation of thin film heterostructures which ‘exploit reduced
diménsionality has given semiconductor research a new direction. Crystal
growth by means of molecular beam epitaxy (MBE) is at the forefront of these
efforts due to the wultrahigh vacuum environment a.nd » atomic level
controllability which it provides. To this end, a multiple chamber MBE
research facility has been establiéﬁed at Purdue University. Accounting for a
large portion of the research to date is an effort to pro‘duce’ high quality InSb-
CdTe thin film heterostructures. Motivation for this work stems from the
desire to utilize narrow-gap InSb in quantum well configurations With_;néarly’
~ lattice matched (fa/a = 0.05%) wide-gap CdTe. Band offset values
determined by theoretical and experimental means have indicated that Type 1
carrier confinement should exist in a CdTe-InSb-CdTe quantum well of proper
dimensions [1,2]. Uniformly strained single crystal heterostructures and
quantum wells may yield tunable infrared detectors spanning the 2 to 5.5 um
range [3]. Single InSb-CdTe heterostructures are also predicted to yield an
ultra-high mobility, two dimensional electron gas at the hetero-vint'erface [4]. _'
In the event that very high electron mobilities can be achieved, a high electron
mobility transistor (HEMT) structure might be possible. ' ’_

To date, growth of high quality InSb and CdTe epitaxial layers has been .
achieved by numerous workers on both InSb [5-9] and CdTe [10] bulk
.»’substrates, and InSb epilayers [7,11-13]. Multilayer CdTe/InSb structures
have also been grown [11-17]. Problems have been encountered, however, due
‘to a difference in the optimal growth conditions for CdTe on InSb (T =
200° C), [5] and for InSb on CdTe (225°C < T < 275°C) [10‘]. Electrical

properties for InSb layers grown on InSb substrates have been shown to be



‘ optimal for layers grown between 360 ° C and 420° C [9,18]. Mixed interfacial

layers composed of In,Te3 and segregated antimony have been reported for

CdTe layers grown on InSb substrates under stoichiometric conditions at

~ temperatures above 150 ° C [19]." The extent of intermixing between InSb and

CdTe layers was also : reported to increase with an increase‘ in growth
_ | ternper‘ature as;judg'edby: secondaryjonmass spectroscopy (SIMS) [8]: Cross
g»doping between III-V and II-VI source materials used in the same MBE
chamber has been reported to cause s1gn1ﬁcant 1ncorporat1on of tellur1um in

‘InSb layers grown with a CdTe source present [9].

In llght of the aforementioned tendency for InSb and CdTe to auto—dope

. ome another, two MBE chambers have been ut111zed for the isolated growth of
- (100) InSb and (100) CdTe epitaxial layers. For growth of InSb layers,
polycrystalhne InSb and elemental 1nd1um source ovens were used in the v -
~chamber. CdTe layers were derived from a smgle compound CdTe source in
the II-VI growth chamber. CdTe/InSb/CdTe (100) double heterostructures
were fabricated by repeatedly transfernng the InSb and CdTe layers through_
an ultra-high vacuum (mid 10710 Torr) transfer tube to the alternate -V or
VI,I—VIS chamber. During the sample transferral process, InSb and CdTe ﬁ_lm '
surfaces were not passivated with any form of pro_tective material.

- .- Given the need to _growr 'heterostr'uctures of more than a few periods in
length, InSb-CdTe multilayer structures‘ have been grown in a single MBE
chamber. For the _creation - of ,a,single III-V/II-VI growth chamber, an
antimony crackingfurnace and indium source oven were installed into the II-
VI charnber, previously designated for the growth of CdTe layers The -
, cracker was pr1mar1ly chosen to explore the low temperature growth of InSb
-.using Sby. As an additional consrderatlon, however, the general deslgnv of _the'r
’ cracking‘.cell suggested a level of self-isolation from the in—migrationbf atomic

: bspec1es, such as tellur1um Us1ng the cracker, multllayer structures, up to 20

- "per1ods 1n length Were grown on CdTe buffer layers- to prov1de a degree of

) electrlcal 1solat1on from the (100) InSb or (100) CdTe substrate

To prov1de further -motivation for. the aforementloned crystal growth
procedures, chapter 2 will summarize previous. MBE research performed on

_the_, InSrb/deTe material system. Primary _empha51s will be placed on



- ‘f'descri’ption of the MBE crystal growth processes which have been employed by
previous workers. Epitaxjr of InSb on InSb substrates and epitaxy'of CdTe on
both InSb substrates and InSb epitaxial layers will encompass the maJorlty of
the drscuss1on to reflect the amount of work which has been prevrously

:performed on these toplcs Other pomts of mentron Wlll be InSb substrate

o ",preparat1on methods and the examination of InSb / CdTe 1nterfac1al reg1ons by

' 'prev1ous workers.

“To lay the ground work for the growth of InSb/ CdTe heterostructures,
chapter 3 will contain a detailed descrlptlon of the 430 MBE facrllty and
“describe the homoepltaxy of (100) InSb epllayers on (100) InSb substrates.
The preparatlon of InSb substrates, the condltlonlng of source mater1als, and
a descrlptlon of the nucleation and growth of InSb layers w1ll be descrlbed
Use of reflection ‘high energy electron dlﬁractlon (RHEED) in determmmg

o growth conditions and general ﬁlm quallty will be discussed. A_nalys1s of these :

‘,ﬁlms by x-ray double-crystal rocklng curves (DCRC), and transm1ss1on
,electron microscopy (TEM) will be presented Optical analysis by infrared
photolummescence (PL) will be presented to estabhsh the optrcal propert1es of
these films and to serve as a basis Tor comparison with heteroeprtax1ally grown .
_ InSb layers. N ' : -

S Chapter 4 erl discuss the dual chamber heteroepltaxy of (100) CdTe on.
(100) InSb epllayers and the growth of (100) CdTe/InSb double -
heterostructures Emphasrs w1ll be on the growth and characterlzatlon of
. heteroep1tax1al CdTe and InSb layers The structural and optlcal propertles
. of s1ngle CdTe buffer layers, grown on InSb epllayers, will be examlned by
TEM, DCRC and PL measurement technlques to ‘assess their utlhty for
growth of InSb based heterostructures The growth, by substrate transferral
of InSb active layers (160A 56004) on CdTe buffer layers, followed by the
~ growth of CdTe - capping layers (2200A), “will be described. . Double
" heterostructures (CdTe/InSb/CdTe) grown in this way will be exammed by
TEM and Raman scatterlng in an attempt to determlne 1nterfac1al and in-
‘ layer structural properties. The InSb active layer will be examined by PL and

.'vcomparlsons will be made with InSb epilayers and bulk» material.



: Chapter 5 will descrlbe the growth and characterlzatlon of CdTe/InSb.

' ;f_f‘multlple quantum - well and superlattlce structures grown 1n a s1ngle MBE

o %:__bchamber Prlmary emphas1s will be on descr1b1ng of the use of the antlmony '

"; cracklng furnace for growth of InSb at low substrate temperatures (280 to .

| :‘:V;'310 C) and very low growth rates (02 - 04 A/second) CdTe substrate o

. v preparatlon ‘techniques ~ will be outhned along with: procedures for the

e lnucleatlon and growth of homoep1tax1al CdTe layers Examlnatlon of layer_ '

' quahty and 1nterfac1al nature of multlple quantum Well structures by TEM .

o and DCRC measurernents W111 be presented

} A summary of research and a d1scus31on of conclus1ons Wlll be given in
-‘nchapter 6. Ideas for future research prOJects w1ll be presented in attemptmg

‘to extend the eﬁ'orts began “here. Appendlx A, presented after chapter 6, Wlllb
E detall the procedure used in formulatlng the effus1on cell ﬂux-vs—temperature

o curves for the 1nd1um and antlmony ovens. °




'~ CHAPTER 2 |
'PREVIOUS MBE of InSb - CdTe

A large amount of research has been performed on the MBE growth of
single InSb layers on CdTe and on the growth of single CdTe layers on InSb.
A review of this work was helpful in guiding our research efforts. The
following section will thus be dedicated to this topic. Primary emphaSis will
be given to previous work performed' on the MBE growth of these

semiconductors and relevant examination of material properties.

2.1 (100) InSb / (100) InSb Substrates
2.1.1 Surface Analysis

Thin InSb films of (100) orientation have been grown by MBE on InSb
substrates by a number of groups (7,8,20,21]. Oe et al. [20] and Noreika et al.
[21] have identified detailed RHEED reconstruction features which were
dependent upon -substrate temperature and flux ratio (Jgp/J), and are
summarized in Figure 2.1. Noreika et al. [21] report that two phase growth
consisting of poly-crysta.lhne InSb and hexagonal phase antimony, resulted
when layers were grown with a substrate temperature below approx1mately
250° C. Growth under an excess of indium flux (Jsb/JIm < 1) was reported to -
result in a c(8x2) RHEED reconstruction [20,21], Excess antimony flux was
’reported to yield a wide range of surface recomstruction features strongly
~dependent upon the exact flux ratio and substrate temperature [20,21].
unity flux ratio was seen- to glve a "psuedo” -(4x3) pattern, where the three-fold
'surface reconstructlon was seen to be unevenly spaced between the bulk
features [10,20,21]. In nearly every case, the InSb films were ‘derived from
_elemental antlmony and indium sources which yield predominantiy Sb, and

In; species.



54 :
o
g3 .- / .
a . S ,," ]
c |
< T l ‘ X transition
a | - c(8X2) |

200 30 T 300 30 400
" SUBSTRATE TEMPERATURE (°C)

- Figure 2.1 - ' ’ '
RHEED patterns for growth of (100) InSb eplla,yer on (100) InSb

- substrate as a function of Sb:In flux ratlo and substrate temperature
Reprinted- from Oe et al. [20]. ,



2. 1 2 Crystal Analys1s
‘Reports of structural data by TEM have. shown that crystalhne InSb

layers can be grown on InSb substrates over a range of growth conditions -

: (230 C<<T< 510° C), desplte the presence -of 1nd1um precipitates at the -

ﬁlm/substrate interface [7, 8] These pre01p1tates, Wthh were reported to be
'1nduced by in-situ surface preparation (ion bombardment followed by thermal
annealmg or thermal oxide desorption under an Sb4 ﬂux) were shown to be
ahgned with the InSb matrix and are therefore coherent w1th the 1nterface
'Films grown below 230°C were reported by TEM to be polycrystalline
regardless of the flux condition used. The'poor quality of InSb layers grown
at low temperatures has been attributed to a reduction in the moblhty of
molecular species which ‘are adsorbed onto the InSb surface pr1or to’ being

incorporated into the lattice [8] The aforementloned InSb layers were grown
W1th the use of an elemental antlmony source - yielding the tetramerlc Sby

spec1es

Transport measurements have been reported on InSb films and bulk N
_materlal [9,18,22,23]. Experiments by Williams et al. [9], have 1nd1cated that
_‘unintentional n-type carrier concentratlons are lowest for InSb layers grown at
420° C and Jgp/J;; = 1.4. It was also reported [9] that the incorporation of
tellurium, an n-type dopant, into the grown InSb films was llmltmg the
reduction in carrier conecentration. Furthermore, the tellurlurn doping was
reported to be derived from the antimony source which was used for growth of
InSb films. Tellurium atoms from a compound CdTe source,‘ used’ in the same
MBE growth chamber as the antimony source, were reported-to be the cause
of contamination in the antimony. source material [9]. The contamination of
antimony source material with tellurium Was further reported to occur "as a
result of merely loading antimony and CdTe sources in the same chamber,
- with or without baking the system. Problems with the growth of‘multilayer
CdTe/InSb structures in a single chamber with optimal carrier ‘transport'

properties in the InSb layer would not be unexpected.



- 2 1 3 InSb Substrate Preparat1on I R " |
Several methods for InSb substrate preparatlon have been reported

vap1cally, InSb substrates Were degreased in llquld solvents followed by
";etchlng in an ‘acid solution such-as 25: 4:1 (lactic acid: HNO3 HF) [21] or 10:1

- -’-V(lactlc acid: HNO3) [24].. The substrates were then rlnsed in deionized “water

B and drxed in nltrogen gas (N2) InSb Wafers Were commonly mounted using a .

metal such as indium [15,24] or galhum [23] In some. cases," metal films.
v (especlally 1nd1um) were av01ded due to reports of preferentlal d1ﬁ’usmn into

--»:substrates durlng growth and ‘the suspected formation of h1gh temperature

1nd1um—molybdenum alloys [21 23] An alternatwe to bondlng the substrate -

_' with the use. of a metal ﬁlm was. reported to be the use a, solutlon of graph1te-' :

f‘im Water (aqua—dag) Reports also differ as . to the optlmal method for

- Temoving InSb surface ox1des ( m situ ) prior: to film growth Thermal.-'

'desorptlon of the ox1de layer. has been reportedly achieved by heating samples :

: _rfto temperatures above 400 C W1th the use of an Sby flux [11, 13] Alternately,

! several Workers have preferred to use repeated cycles ‘of argon ion
g ’~bombardment followed by thermal anneallng to remove native oxides (7, 8]
Several authors [9,20,21 25] have reported the existence of a c(8x2) 1nd1um—

stablllzed surface in the RHEED pattern, after ox1de removal

2: 2 (100) CdTe / (100) InSb Substrates and Epllayers

o ‘.‘2 2‘_1;,” Layer Exam1nat10n 7'

G ‘In addltlon to the efforts axmed at optumzlng InSb epllayer growth a
s great ‘deal of work ‘has been prev1ously reported on the - growth and
. »character1zat1on of (100). CdTe films on (100) InSb’ substrates [5- 9] and InSb

t.,\epllayel‘s l J F1gure 2.2 shows a. hypothetlcal band dlagram for a CdTe/ InSb

‘fheterOJunct1on [3] Several valance ‘band “offset values which have ‘been

;-,proposed by - theoret1cal and experlmental means are listed -in the ﬁgure

".f._::captlon [1 2,26].. For growth of CdTe layers, pr1mary emphas1s has been

o y ,reportedly placed on InSb substrate- preparat1on by argon ion- bombardment_

~and thermal annealmg procedures Photolummescence (PL) studies have been
reported 1nd1cat1ng that the best opt1cal character1st1cs, spec1ﬁcally, dominant

: free exclton and bound exc1ton trans1t1ons, w1ll occur in ﬁlms grown between
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Figure 2.2 InSb/CdTe h‘eteroju‘nction band diagram (reprinted from van
Welzenis, et. al. [3]) and possible valence band offset values:

AE,(eV) METHOD REFERENCE
0.96 electron affinity rule Anderson (26|
0.84 tight binding model Tersoff 1]

0.87 soft-XPS Mackey et. al. [2]
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160° c and 200" C [5] These results have been confirmed by structural data
gathered on CdTe ﬁlms grown at 200° C. -In this case, diffraction peaks,'_-.'
generated by the DCRC technlque, have been reported wrth full w1dth at half 3
'maxrmum (FWHM) values of less than 20 are seconds for the best CdTe layers "

[5] All of the aforementloned work was performed at growth rates between 1

and 2 & /second Wlth the exceptlon of very recent work by Goldlng et al.. o

(1 ] CdTe films have been prevlously grown ruslng a compound CdTe source

~ known to yield f.—.congruent amounts of 2Cd and Te,  species "at cell
temperatures of interest [6, 25]. In addition, Farrow et al. [26] have utilized an
" 1nsert to restrict the molecular beam emanatmg from the CdTe source oven to .

“a 3mm dlameter hole

2. 2 2 Interfaclal Analys1s ‘ v v :
' Desplte evidence for h1gh quahty CdTe layers grown at 200 C, TEMp

analys1s has indicated that the sharpest heterointerfaces oceur for layers grown
- on InSb at 150°-C. Unfortunately, CdTe is observed to be polycrystallme
when grown at or below 150°C. Closer examlnatlon of the CdTe/InSb"--_
1nterface has further indicated several problems. A series of studies “were

g undertaken by Mackey et al. [19]).in an attempt to examine thls 1nterface Ton-

: cleaned (100) InSb substrates were used for the growth of ultra thin (up to 40
o A) CdTe epilayers at temperatures between 200°C and 220° C. Soft X-Tay -

: photoelectron spectroscopy (SXPS) and Raman scatterlng were used to show | o

. that the. grown CdTe layers’ possessed large fractlons of segregated antlmony
'_.f"and In Te complexes These complexes Were reportedly 1dent1ﬁed as extra
. peaks in the Raman scattermg data (other than the CdTe LO phonon at 168

“em 1) in the range of 120 and 175cm . To 1dent1fy the exact composutlon of

o these layers, bulk InzTe3 crystals Were grown by the horizontal Brldgman'_ -

’ method and examlned by Raman spectroscopy -While- the spac1ng between"_ R

"‘the LO phonon peaks in- questlon was the same’ for both the grown ﬁlm and
'»bulk sample, a distinct energy shift was seen . between peaks characterlstlc of -
bulk InzTe3 and those characterlstlc of the film. This was explalned [19] by -
assummg that the lattice mlsmatch (5a/a == 57) between In,Te; and InSb

L ‘was elastlcally accommodated in the grown layer and would therefore produce
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a stram shlft

In addition to the studies . on (100) InSb substrates, CdTe ﬁlms were-
'depos1ted on ‘in-vacuo cleaved: (110) InSb surfaces at 250°C. Raman’
scatter'ing‘ and SXPS performed on these films revealed the seme In- Te
compound formation as for the (100) depositio’ns‘ In contrast to the (100)
'surface, which has a slight polar nature with the presence of an indium-
stabilized surface, the (110) is completely non-polar and has a stoichiometric
surface Mackey et al. [19] therefore suggest that a preponderance of indium
on the nucléating (100) surface is not a prerequ1s1te for the formatlon of In-Te
'm1x1ng layers, given that the same formations are observed on' the (110)
surface. Less emphasis has been paid to the microstructural -examination of
heterointerfaces formed by the growth of CdTe layers on InSb epitaxial layers.
In a related material system, the MBE growth of ZnSe (II-VI) on GaAs (HI-V)
has been reported in some 1nstances to produce a (Ga,Se) (II-VI) mixing layer
at the II-V/I-V1 heterointerface [29]. With this fact, it seems clear that the
“area of interfacial chemistry needs a great deal of exploratlon as 1t pertalns to
r III-VI and I-v bondmg conﬁguratlons ' '

2. 3 InSb/CdTe Multilayer Structures

- In light of the 1nformatlon presented here, there would seem to be a
number of problems associated with InSb /CdTe multllayer growth. Flrst the
previously reported [10] window for growth of InSb on CdTe (225 to 275° C)
- appears to be somewhat incompatible to that for growth of CdTe on InSb
_(160 - 220 ° C)." Further, transport properties for InSb layers indicate the need -
'~ for growth temperatures in excess of 1400°C [9,18]. In add1t1on, interfacial
‘regions are reported to form between the respective compound material
systems and are reported to increase in thickness as growth temperatures ‘
increase. Despite these difficulties, both, our research group [12,14-16], and
Gold.ing et al. [13] have very recently reported the growth of multilayer
CdTe/InSb structures at temperatures near 300° C. A complete ‘discussionof

all work on multllayered structures will be addressed in chapter 5.

Reports concerning the heteroepltaxy of InSb on CdTe substrates have-

ibeen given, but with limited success [10]. In general, the growth of InSb



layers on CdTe appears to be more dlfﬁcult than the converse, -as CdTe
‘ »'substrates are prone to the ex1stence of low angle grain boundarles and other

4 :defect related problems By compar1son, InSb substrates are’ ava1lable with

-' 'f"very h1gh crystalhne qual1ty “An add1t1onal tradeoff between InSb and CdTe

: ’Isubstrates occurs in. the form of substrate res1st1v1t1es whlch are currently

e ’ava1lable InSb Wafers are presently avallable w1th max1mum res1st1V1t1es of

:kv-jn1000 ohm-cm [30],‘ in contrast to CdTe wafers wh1ch are’ ava1lable with

T res1st1v1t1es of 1 Mohm—cm [31] To. th1s end “the choice between InSb and

CdTe substrates presently const1tutes a tradeof:f between h1gher structural and

hrgher lnsulatlng propertles, respect1vely

2. 4 Concluswns

_ To summar1ze th1s section, the contrlbutlons of other Workers on the
MBE growth and character1zat1on of InSb CdTe, and InSb/ CdTe structures N
: have been rev1ewed It was seen that the growth of InSb/ CdTe
heterostructures has been compl1cated by a number. of d1ﬁicult problems For
"the successful growth of InSb layers with desuable transport character1st1cs a

jway must be found to prevent the 1ncorporat10n of tellurlum into- the grown

InSb layers One poss1brl1ty mlght be to isolate the InSb and CdTe source -

‘materlals to separate growth chambers The growth of multllayers would then -

: have to be achleved by some form of sample transferral process between“. ,

growth chambers In this case, the quest1on of contammatmg the grown InSb -
,:or CdTe layer surface would be of prlmary 1mportance Alternately, InSb and

“"_CdTe layers mlght be grown in a s1ngle chamber, 1f contam1nat1on of the

"'..“','iant1mony source materlal by tellurrum, could be m1n1m1zed A two-stage

furnace or crackmg cell m1ght be useful in prov1d1ng a thermal barr1er to the
mrgrat1on of tellur1um 1nto the oven, by keeplng the -oven (especrall_y the )

'crack1ng end) at elevated temperatures

The problem of the growth temperature 1ncompat1b1l1ty between InSb ‘
- and CdTe ep1tax1al layers may be d1fﬁcult to solve The continuous growth of
" CdTe and InSb- layers becomes a quest1on of whether to raise the CdTe

' ;growth temperature or lower that of InSb To accommodate the problem of 3

N 1nterfac1al m1x1ng it would appear as though the InSb layer should be grown
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- at. as low a substrate temperature as possible. To achievé this, reports
concerning the low temperature growth of GaAs may prove insightful. The .
low temperature growth of GaAs epilayers has proven more successful when -

performed at very low growth rates and with As, rather than Wi‘t.h As4: [32,33].

Specifically, the density of deep level electronic traps has been shown to

decrease for films grown at low ‘temperavtures if the films are "‘gr"ow_n' at low

growth rates and with As,. in films growrn at low growth rates ‘and low.

substrate temperatures with dimeric As, as cdmpared to those grown with the
tetrameric As; (under otherwise similar conditions). A possible éxplanatioﬂ
for the aforementioned reduction in deep level traps (advanced by [32] 1an:d
[33]) is that the easier surface incorporation of As, over that of As, may lead
to a reduction in arsenic vacancies within the grown layer.. In light of ‘these
- findings, the use of Sby rather than the more conventional Sb, species in the

low temperature growth of InSb seems an interesting prospect.
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- _ ‘CHAPTER 3 |
HOMOEPITAXY of (100) InSb / (100) InSb SUBSTRATES |

8. 1 Overv1ew of MBE

, - A detailed descrlptlon “of the science -and. technology of molecular beam
V'e'pltaxy is available in other references’ [34]. Briefly, MBE is a non—equlhbr;um
crystal’ growth process performed under ultra high vacuum conditions. Unlike
. processes for growing bulk materlal thin film crystals are grown by the
surface migration and kinetic motlon of atomic and molecular species, derlved
.from effusion cell furnaces. Control over growth parameters is therefore given
to th_e operator by nselection .of 'beam type, beam ‘-moflecular";;dehsity' and
,Siibstrate temperature.  To the Ae_x‘tent that they are physically jr-ealiz"afble,"a
" wide variety of thin film semiconductors may be grown, inclu‘ding ‘-JvariOus '
~ metastable structures not available by equilibrium -growth techniques, on a
wide variety * of substrate imaterials.. The success of " quantum  wells,
superlattices and -other ‘structures which exploit: reduced d1mens1onallty is

contmgent on the use of exacting crystal growth techniques like l\/EBE

3.2 Molecular,B.eam Epitaxy System
3.2.1 Equipment ‘ , :
K ', A dlagram of the model 430 Perkin-Elmer MBE system is given in Flgure :

3.1. In this conﬁguratlon, three vacuum chambers are used for the growth of -

III-V and II-VI semiconductors, while a fourth is designated forthe depos‘ition

- of metal films. These chambers are maintained at-base pressures in the mid

10~ Torr range using cryogenic, ionic and titanium su'blimation-pu‘mps A

- fifth” chamber equlpped with ‘Auger electron spectroscopy (AES) capab1llt1es o

malntams a pressure of 2x10™ 10 Torr using an ion pump. Samples may be .

' loaded mto the system by either of two cryo—pumped 1ntroductlon chambers
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whlch can support up to six - 3 1nch molvbdenum sample holders in'a cassette '
type rack. The cryogenlc pump - maintains a low 10~% Torr. vacuum in the
1ntroduct10n chambers Interconnecting all. of these chambers are two 1on
 pumped transfer tubes which- operate in the low 10710 Torr range ‘A series of
trolley mounted forks and probe arms allow for sample manlpulatlon to all"
"”pomts in the system The addition of new chambers and transfer tubes may
‘take ‘place in a modular fashion allowmg for future expanswn of the MBI‘
j 'system ' '

, To accommodate a varlety of source materlals, each growth chamber is
equlpped -with eight source -ovens posrtloned symmetrlcally in front of a -
vsample manlpulator assembly InSh layers are grown in an InSb or "II-V"
chamber by use of 60cc effusion cells containing polycrystalhne InSb and
'elemental indium, while for 1solat10n of dopant species; cadmlum and_
tellurium spec1es are restricted to;ithe "CdTe" or "II-VI" chamber in: {the form
of a smgle 60cc compound CdTe source. Tt will be pomted out later (chapter
5) that for experlments involving the growth of InSb/CdTe mult1ple quantum
*Wells, ‘an antimony cracking furnace and elemental mdlum source oven are "
placed in the CdTe chamber. All oven crucibles (with the exceptlon of the
antlmony cracker) are made of pyrolytic boron nitride (PBN) In addltlon,
the CdTe source contains a PBN insert to restrict. the flux beam to al / 8 inch

' 'hole -Each chamber is separated from the transfer tubes by an UHV gate

~wvalve to allow independent servicing ‘and proper isolation of cross doping
‘~mater1al systems ‘ . ‘ ‘
In order to momtor in-stty conditions, a variety of analyt1ca1 equlpment
“has been installed in each growth chamber. A measure of resrdual or .
‘background pressure is given by a nude ion gauge located in the ion pump
~well. A secorid gauge located behind the sample manipulator -assembly is used
to give an indirect measure of beamrﬂux. More accurate readings of 'ovenﬂux -
are obtained by measuring th—e'frequency changes in a quartz crystal oScillator_
'Whlch may be placed near the actual substrate position. The presence of
residual atomlc or moleculer species may be determined by a quadrupole mass
analyzer (QMA) located near the ¢ryopump.. A 10 kVolt reflected high energy'

electron'diffraction (RHEED) apparatus, and adjacent phosphorus screen are



L :f‘used for the study of. ﬁlm growth processes, and as an 1nd1cator of ﬁlm quallty |

T 3 2 2. Sample Temperature

i N Images prOJected onto the RHEED screen represent a Fourler transform of the

substrate surface and as’” such prov1de 1nformatlon on- recrprocal latt1ce’

K ’:3 : ]perrodlclty

Sample temperature ‘is measured by a non contact thermocouple o

s _pos1t10ned 1n the center of each sample heater assembly The 3 1nch sample

= ﬁ‘tblocks used in- thls work ‘are’ dlSC shaped and hollow in the center Once

g loaded onto the growth manlpulator assembly, the sample block covers the :

L f':heater and thermocouple, creatlng a closed cav1ty The cavrty radlatlon 1sv o

‘»:’-,_‘fvthen read by the thermocouple as the block temperature Opt1onally, an

o 1nfrared pyrometer may be used to measure the substrate/ﬁlm temperaturelg‘

_"through a sapphlre wmdow in the source ﬁange [35] ~This. was deemed _
necessary in ‘someé cases where the thermocouple read1ng Was found to deV1atev '
«_~from block to’ block The pyrometer works by. measurmg the black body ‘

.s_'radlatron emanatlng from the materral it is focussed onto Srnce the: materral

: will'not be a perfect emltter of. radratlon, the pyrometer will accept 1nput for

‘w“‘ﬂ"the actual em1ss1v1ty of the ob_]ect and will. correct the output temperature_“

j‘baccordmgly Block temperatures have also been cahbrated by observ1ng the .
L gphase change of a Au: -Ge eutectic’ at 356°C. The eutectrc con31sts of a 5004

o ;thlck gold ﬁlm evaporated onto an’ etched degreased germamum substrate L

- At 356 C the Au: Ge mterface changes as. the two. materrals form- an alloy

: The result is a reductlon in surface specular1ty Taken together the dlfferent
'ff"temperature cahbratlon techmques allow for redundancy in determlnlng the, :

) actual block temperature '

b :,"”3 2 3 Source Mater1als

Source materlals for the growth of InSb and CdTe layers may be_ ’

ST purchased from many vendors Table 3.1 summarrzes pertrnent 1nformat10n,

"'gabout the pur1ty and orrgm of source materlals After the loadlng of source

i l;;materlals, and the subsequent system bakeout each oven was outgassed for 4 . L

' l-i”'—vhours at elevated temperatures to dr1ve oﬁ' surface ox1des and res1dual»
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_Table 3.1. Elémental and compbund source materials for effusion cells.

| MATERIAL =~ FORM PURITY ~ VENDOR
| Indium 1mm bead BN ~ Johnson Matthey AESAR
| Antimony - random lump 6N5 Johnson Matthey AESAR
InSb polycrystalline B8N : Cominco Electronic Materials
| CdTe polycrystalline 5N6+ [36] II - VI Company Inc. ,




impuriti’es To gain a relatlon between source temperature and molecular

- beam' ﬂux, crystal monltor readmgs for each oven were taken at varlous :

temperatures and plotted agamst an. 1deal (Knudsen) curve [34] As a further' o

measure, 1nd1um, antlmony, and InSb .source materlals were separately‘,.

;-'deposlted on etched s1hcon substrates at room - temperature To glve a

.:‘-thlckness readlng, each s1l1con substrate was partlally shlelded from the flux

~ibya piece of nickel foil. An Alpha—step 200 surface proﬁler was then used to.

f‘frfdetermme the ﬁlm thlckness by 3cann1ng across the ﬁlm—substrate step which

' was created By a knowledge of the dens1ty of antlmony, 1nd1um, and InSb in

":_iamorphous form a ﬂux could be determmed as in Appendlx A

,' f3 2. 4 Substrate Preparatlon B

InSb (100) substrates were purchased from Commco Electronlc Materlals

g B Inc in- the four types llsted in: table 32 Surface preparatlon [24] was

. “f"v‘performed by degreasmg the Wafer 1n two cycles of mlldly b01llng TCA,

' followed by ultra—sonlc cleanmg in acetone and methanol Wafers Were then

S k_rlnsed in de—1on1zed water and blown dry usmg nltrogen (NZ) gas Etchlng in

a solutlon of . 10 1 (lact1c ac1d HNO3) was then performed for a per10d of 90

",'fseconds to remove approx1mately 1 ,u,m of materlal Etchlng Was halted byv

'»"-".;,;;'{ﬂoodlng the etchent solutlon with de—1on1zed Water, followed by r1ns1ng for C

" 'T"';:'-'several mlnutes Samples were then blown dry in N, gas and mounted on

molybdenum blocks Wlth a very thin film of 1nd1um Cleanlng procedure for
= the Mo blocks used 1n mountmg InSb (and CdTe): substrates is- descrlbed in -

‘ table 3 3 For the purpose of temperature calibration i in the chamber, abmm

square Au Ge eutectxc sample was mounted- (w1th 1nd1um) adjacent to each

"'_.»"”f_InSb Wafer After mountmg the eutect1c and InSb substrate, sample holders

"’were placed in. the 1ntroduct10n chamber and baked for one hour at

o approx1mately 200 C to dr1ve off water vapor

- :3 v3 (100) InSb Homoeprtaxral Layers
‘ 3 3 1 Ox1de Desorptlon and Epltaxy , P , ,
- After loadlng the InSb substrate into the InSb chamber, the observatlong

‘._vof the eutect1c change Was performed W1th the: sources below measurable ﬂux -
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Table 3.2 = InSb (100) Substr.atés;.

oYY 2

TYPE

- tellurium.
 cadmium
cadmium

_cadmium,

DOPANT  Npa (em™3).

1.4 - 1.9x10"7
3.0 - 4.2x10™*
1.2 - 1.9x10"3

P (Qrem)

7.0-7.4x107%"
1.5-2.5

45 - 175

800 - 850

~ 2.0x10"
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Table 3.3 Cleaning procedure for molybdenum blocks

- PROCESS CHEMICAL TOOLS ' TIME
remove indium v razor blade

etch indium HCI blk holder 1-3 min
rinse | H,O blk holder, tongs 5-10 min
etch Mo block =~ 4H,0:1HNO;  blk holder 1-4 min
rinse H,O ' bik helder, tongs 5 min
etch Mo oxide HCl blk holder, tongs 5 min
RINSE: |

acid bkr H,O0 - blk holder, tongs 10 min
degrease bkr H,O ~blk holder, tongs 30 min
DEGREASE: ,

boil TCA deg bkr, tongs 5 min
boil ' TCA deg bkr, tongs 5 min
USC ' ACE deg bkr, tongs . 5 min
USC Meth deg bkr, tongs 5 min
dry ‘ N, deg bkr, tongs




22

devels. The procedure involved ‘bringing the substrate temperature to a point
below .356 °:C (typically 300 °C) and raising the temperature by 1°°C/minute
%ﬁh'ereaﬂt;er. Upon -calibration ‘of the thermocouple temperature, the ‘sample
temperature would be lowered to 250°C and ‘the growth V‘m'ani'pulatm
'assembly would be retracted into a down position to shield the substrate from
the source -ovens. At this point, the indium, antimony and TnSb Soutce ovens
wouldbe brought up to the desired flux condition, for growth, and allowed to
stabilize for one hour. Beam fluxes were next checked by use of the quartz
crystal monitor and adjusted if necessary. (Preferential depletion of antimony
from the InSb source required use of higher InSb cell temperatures “during
éach successive growth cycle.) After achieving proper beam ~ﬂuxeé, oven
shutters Were closed and the sample was brought up into the RHEED /growth
position at 380°C. A faint set of substrate features were sometimes visible in
the otherwise diffuse (amorphousioxide) RHEED pattern. When raising the
substrate temperature, the diffuse background in the RHEED pattern was seen
to gradually decrease in intensity as the oxide layer would begin to desorb.
Updn' observation of integral order features, and sometitnes very faint surface
réconstruction features, an elemenﬁ‘al antimony source Sb, would be opened to

replenlsh preferentially desorbed surface antimony [23].

Full desorption of the oxide layer was characterized by the observatlon of
integral—order and fractional-order (surface reconstruction) streaks in the
<110> RHEED patterns. The sﬁr‘fac’e_ reconstriction present after oxide
desorption was not absolutely clear in the RHEED paitternis observed. The
oxide desorption process was seen to take place throtigh a range of substrate
temperatures (430 - 470 ° C). The observation of a4 wide temperaturé range,
through which the native indium and antimony oxides coild desorb, was
confirmed by desbrption of an oxide layer in the Auger analytical chamber. In
this. experiin'ent, the surface species on the InSb wafeér were monitored by AES
during the oxide »dbeso-rpti-on proeess.. An AES scan for the surface of an InSh
substrate prior to oxide desorption is shown in Figure 3.2. For this scan, the
surface appears to have large fractions of Iri, Sb and oxygen, whilé having .
almost no registration of carbon. After complete oxide desorption had been

observed, the substrate temperafure was immediately dropped and the Sby
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| Flgure 32 An AES scan 6f‘ an InSb substrate at 350° C prior to oxide
" desorption. The surface appears to be nearly free from carbon.
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flux discontinued. InSb epilayers were nucleated, by opening the InSb and
indium ovens, at a thermocouple reading of 25°C above the desired growth
temperature. During growth of the InSb layer, a (2\/5 X 2'\/5)45‘° surface
reconstruction was usually observed after several minutes of film growth.
Typical RHEED patterns taken after the growth of an InSb homoepilayer are
shown in ﬁgufe 3.3. InSb layers of up to 2 um in thickness were grown with
the (2V2 x 2\/5)45 ° RHEED pattern using a growth rate of 1.2 A /second.

3.3.2 Structural Analysis

Structural analysis has been performed on InSb layers by DCRC and
" TEM techniques. DCRC traces have been taken on a 2um InSb layer in the
(004) direction using Cu Ko radiation and 1x1 mm slit sizes. For this
purpose, an InSb substrate was utilized as a monochromating crystal (crystal
#1). Experiments on a similar InSb substrate were performed to determine
the limit of resolution for this set-up. Typical FWHM values for the substrate
as a test crystal were 13 arc seconds with values as low as 12 arc seconds being
seen infrequently. Diffraction peaks from grown films were typically
rsymmetric in nature and FWHM values of 13 arc seconds were common as
shown‘in Figure 3.4. Transmission electron microscopy (TEM) studies were
performed in the Materials Engineer'mg department of Purdue University by
D. Li and J. M. Gonsalves under the direction of Dr. N. Otsuka. A bright
field TEM micrograph revealingr the InSb layer/substrate homointerface is
shown in Figure 3.5. Layers were seen to be in intimate. contact with the
substrate despite the existence of dot-like features at or mnear the
homointerface. These dot-like features are suggestive of precipitate formation,
the nature of which is unknown. Previous reports [7,8] speculate that these
could be indium droplets. An observation of the spacing between lattice
fringes in the TEM image indicates that these precipitates might be In oxides,
Sb oxides, In or Sb. As with the previous studies, the quality of InSb layers is
~ apparently uneffected by the existence of these precipitates as they form
coherent regions which do not tend to nucleate dislocations or other extended
defects. .
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Figure 3.3 (2\/5 X 2\/5)45 ° RHEED patterns recorded after growth of a
,(100) InSb homoepilayer in the (a) [110] and (b) [110] directions.
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Figure 3.4 X-ray DCRC (004) trace for a 2um (100) InSb homoepitaxial
layer grown at 330° C.
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Figure 3.5. Bright field TEM micrograph showing the (110) face of an InSb
epilayer grown on InSb substrate. Dark features at the
homointerface may be In oxides, Sb oxides, In or Sb.
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3.3.3 Optical Studies

- Infrared photoluminescence (PL) evaluations of the InSb hemeepitaxial
layers have been performed at Brown University by M. Haggerott under the
direction of Dr. A. V. Nurmikko. For the pho‘-toluﬁminescen,cev experiments,
InSb samples were excited using YAG and green laser radiation at an incident
power of 200mW. Laser light was focﬁssed down to a spot of 500um m
diameter, and luminescence from the InSb samples was collected in a cooled
(77K) InSb detector. Figure 3.6. shows PL from an InSb substrate and 2 pm
InSb epilayer performed at 10K under identical conditions. Dominant band-
to-band recombination is seen for this and other InSb samples, (resembling
luminescence from high quality bulk material [37]) appearing at approximately
234 meV. Secondary features are also observed in the range of 228 meV. The
origin of the secondary peak in the InSb substrate would appear to be ‘caused
by a cadmium acceptor as the substrate is cadmium doped to a level of Np ==
3.0 - 4.2x10' (cm™®). The band-to-band recombination feature observed for
the InSb epitaxial layer, is seen to.be more intense than for the InSb substrate
by a factor of approximately seven. Due to the strong absorption of YAG
laser lines in InSb, it is believed that the lower energy feature in the epilayer
spectrum (which has been attributed to an impurity related feature) originates
from the epilayer itself. Zinc is ‘a possible candidate for the 'low-i.nteﬁsity
feature in the epilayer appearing at 228 meV in high quality InSb bulk
material [38]. The presence of zine in a separate MBE growth chamber
(connected by UHV transfer tubes)‘ used for growth of ZnSe or in the indium
or antimony source materials might explain the occurrence of a zine-related

recomnbination feature in the InSb photoluminescence.

3.3.4 Non-idealities

For the majority of InSb films which have been grown at substrate
temperatures in the range of 300 to 330° C, an unusual phenomenon has been
observed in the RHEED patterns during growth. Quite often, the RHEED
pattern would be seen to fade in intensity after approximately one hour of
growth leaving diminished integral order streaks on the scrzen. A very sharp
(2\/:‘2_ X 2'\/5)4‘5" reconstructed RHEED pattern could be recovered by
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momentarlly interrupting impingement of the InSb and 1nd1um sources The -
(2 2'x 2\/—)45 RHEED pattern was always seen to fade back to the

dlmlmshed RHEED pattern after resuming- the growth process. Diminished
| RHEED pattern intensity has been observed during the growth of a 2,um InSb
layer demonstrating identical DCRC and TEM characterlstlcs to that of an.-
InSb substrate {as presented earlier). This suggests that, desplte the non—
' optlmal appearance of the RHEED pattern, the crystal formatlon process

appears to be proceedmg satisfactorily.

3. 4 Concluswns

v In conclusion, this section has presented -details of the growth and
characterization of InSb homoepilayers. The investigation of these layers for -
structural and optical properties"has indicated two main :poirits. First, InSb'_ o
layers grown on InSb .substrat%s have demonstrated excellent Stru-ctilral
quality as judged by DCRC and TEM techniques. The use of these layers as a
base for epitaxy of CdTe layers, therefore, appears prornis'ing; - Second, the
peak radiative intensity of epitaxial layers has.been. shown to eXceed that of
the bulk suggesting an enhanced quantum eﬂic1ency for the grown InSh layers.
‘The use of this InSb materlal in CdTe/InSb/CdTe heterostructures Would also
seem to hold promise for the emission of radiation. Further, several criteria
have been established for the evaluation of CdTe/InSb heterostructures in
comparing . the quality of heteroepitaxial InSb layers to the homoepitaxial

variety. .



31

CHAPTER 4 v o
DUAL CHAMBER HETEROEPITAXY of (100) InSb - CdTe

With the successful growth of homoepitaxial InSb layers on InSb
substrates (as described in chapter 3), the use of these layers for the growth of
epitaxial CdTe is promising. As part of an effort to explore the growth of
multilayer CdTe/InSb heterostructures, single CdTe films have been ‘grown on
InSb homoepilayers for independent study. Following completion of these
studies, the growth of CdTe/InSb double heterostructures was undertaken.
For growth of double heterostructures, as for the growth of single CdTe
epilayers on InSb epilayers, separated MBE chambers have been utiliied to
grow InSb and CdTe layers. An ultrahigh vacuum (10_10 Torr) transfer
module was utilized for the transfer of the sample block between growth
chambers. TEM, DCRC, PL, and Raman scattering techniques have been

utilized for analysis of heterostructures.

4.1 (100) CdTe / InSb Single Heterostructures
4.1.1 Transferral of InSb Epilayers

After the growth of InSb epilayers on InSb substrates, the sample
temperature was reduced from the growth temperature of 300°C to 250°C
and the sample was transferred from the InSb chamber to the CdTe growth
chamber. The sample transferral process, involving the movement of the
sample block from the InSb chamber through an ultrahigh vacuum transfer
tube and into the CdTe growth chamber, was accomplished within several
‘minutes. Durihg the transfer, the sample was not heated. Upon arrival in the
CdTe chamber, the InSh epilayers were heated to 200° C with the surface of
the sample facing away from the closed CdTe source oven. After stabilizing

the sample temperature at 200 ° C, the samples were brought into the growth
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position and observed by RHEED. For InSb layers exhibiting intense RHEED
patterns in the InSb chamber prior to transferral, RHEED patterns for
transferred layers were often seen to exhibit a (2V2 x ‘2\/5)45-°
reconstructed InSb surface. Other films were seen to exhibit only integral
order (bulk) RHEED streaks. (InSb layers were not passivated with a
protective material for transferral.) Final calibration of substrate temperature
was achieved, for some films, by measuring the InSb film surface temperature
in the CdTe chamber with an infrared pyrometer [35]. In ‘these cases,

calibration of the pyrometer was achieved by measuring the InSb film surface |

temperature in the InSb chamber immediately after growth of the layer.

4.1.2 Growth of CdTe/InSb
Growth of the CdTe layers was accomplished by means of a single CdTe

source oven containing polycrystalline CdTe. The early stages of epitaxy were
seen to occur by the conversion of the InSb RHEED pattern to a CdTe
pattern exhibiting (2x1) tellurium-stabilized reconstruction [39]. After several
minutes of growth at 200°C, the substrate temperature was raised from
200°C to 240°C by 1°C per minute. (This procedure is similar to a
procedure used by Williams et al. [8] where CdTe films were nucleated on
InSb at 200°C and raised to higher temperatures for grdwth). Growth at
240 ° C was usually characterized by retention of the (2x1) reconstructed CdTe
surface by RHEED observation. Figure 4.1 shows typical CdTe RHEED
patterns observed during the growth of a CdTe heteroepilayer. The CdTe
source oven used for these film growths was a standard PBN crucible with a
thin PBN cap covering the CdTe source charge. Flux from the CdTe oven
was evolved through a 1/8 inch hole in the center of the PBN cap. A
temperature of 670° C was typically used for the CdTe source oven, during
growth, to produce a growth rate of 1 A /sec.

4.1.3 Structural Analysis

Examination of CdTe/InSb heteroepitaxial structures has been performed
by TEM and DCRC technigues. ‘Cross-sectional TEM samples have been

}prepared by argon ion thinning in a similar manner to that described in
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(b) | | (c)

RHEED patterns for the growth of (100) CdTe on a (100) InSb
epitaxial layer: (a) InSb epilayer [110] after transfer to the CdTe
chamber, and CdTe layer during growth (t = 35 min) in the (b)
[110] and (c) {110] directions.
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chapter 3. The tendency for InSb to be sputtered at a faster raté than CdTe
has lead to a’ great deal of difficulty in preparation of these TEM samples.
Iodine thinning has been utilized by other workers [40] in the final milling step
and has tended to reduce the formation of defects caused by the thinning
proCess. Subsequently, iodine thinning has been utilized in the final milling

* step on a number of heterostructural samples and improvements in the quality

of TEM samples have been achieved. A 200 kV high resolution electron -

micrograph HREM image of a CdTe/InSb heterointerface is shown for the
| [100] direction in Figure 4.2. The [100] projection allows for observation of
chemical dissimilarities between the InSb and CdTe layers unlike the [110]
projection. In the HREM image shown here, the (220) fringes from InSb and
CdTe layers differ greatly, thereby revealing the interface [11]. For further
insight into the structural quality of CdTe epilayers, DCRC scans have been
performed. Diffraction peaks from the CdTe epilayer were found to have

FWHM values of 40 arc seconds as shown in Figure 4.3.

- 4.1.4 Optical Analysis '
4.1.4.1 Photoluminescence

To investigate the optical propérties of CdTe epilayers,
- photoluminescence measurements have been performed. Excitation from an
argon laser at 5145A was focussed to a 500um spot on CdTe films which were
mounted in a liquid helium cryostat. A 0.75 m SPEX monochromator was
utilized to collect the luminescence spectra and channel it to a cooled (-20° C)
GaAs photomultiplier tube. The 8K photoluminescence from a 1:3um thick
CdTe epilayer, grown at 240 ° C, is shown in Figure 4.4. Under 230 mW/ cm?
excitation, Figure 4.4a shows competition between near band-edge features
and impurity-band features for the recombination of electron hole pairs.
Excitation under a more modest power of 1.68 W/cm2 is shown in Figure
4.4b, while a magnification of the near band-edge region is shown in Figure

4.5. '

‘For the near band-edge spectrum, the (n=1) free exciton transition, at
1.596 €V, appears to dominate the luminescence spectrum [5,28,41]. We also

observe a weak feature at 1.6034eV which appears to be the (n=2) second
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Figure 4.2 Cross-sectional TEM (200 kV) high resolution electron
micrograph of a CdTe/InSb epilayer interface in the [100]
projection.
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excited sta‘te”of the free"ercciton, reported previously“v for (100) CdT‘e/InSb__
[5,41]. The peak at 1.5984 eV has also been reported for (100) CdTe/InSb and

was prewously assrgned to the. upper polarlton branch of a free exc1ton [41].

v Other - features in the PL- spectra have - been tentatively 1dent1ﬁed as ani_ o
. acceptor bound exciton (A,X) at 1.5903 eV [41], and an lon1z_ed donor bound

. exciton- (D*,X) at 1. 5921 eV [5]. Thebfeatures 1.5935 eV is in the ‘range

(1. 593eV) Where neutral donor: bound excitons have been reported for CdTe

Feng et al. [41] have recently reported that a feature at 1.593_1eV, seen in-

o (100) CdTe/InSb'; is not due to a's'imple donor bound exciton. but may be

related to a donor-l1ke defect in : the film structure or an lmpurlty—defect »

; 5 complex

. 4 1. 4 2 Modulated Reﬂectance T ‘ _ o ,
To give add1t10nal 1nsrght 1nto the band-edge optlcal nature of CdTe'

ep1layers, p1ezomodulated reﬁectance ‘has been performed by Lee et al [42]
"'Here, a lead-z1rconate—t1tanate transducer driven by a sinusoidal electric field
' was used to exc1te the sample A lock-ln ampl1ﬁer was used for detectlon of
| ;the reﬂectance signal through- a Perkin Elmer (E-1) monochromator ‘The
4 p1ezomodulated reﬁectance ‘spectrum for a '1.3um CdTe epllayer is shown in
F1gure 4.6, As in the ‘photoluminescence measurements (Flgure 4.5), a
a dommant free exciton feature i is observed in the reﬂectance spectra along with
other near. band—edge features of. lesser 1ntens1ty The upper branch polariton
" feature, seen at 1.5984 €V in the PL spectra is also identified in the modulated
reﬂectance spectra at 1. 5983 eV. As observed by Lee et al. [42], the polar1ton,
"'-'feature has also been observed in the spectra of very high pur1ty CdTe bulk
'lmater1al [43] and has been identified as an 1nd1catlon of hlgh structural

- qual1ty

e 42 (100) CdTe / InSb Double Heterostructures

_ Followrng the successful growth of smgle CdTe epllayers on InSb,
‘ ';,.homoepllayers, double InSb / CdTe heterostructures were grown “The growth

of double heterostructures was achleved by extendmg the substrate transferral

process used for the growth of s1ngle heterostructures, to the add1tlon of an




40

. T : ‘l — I I [

40T cate - epilayer | |
| (4=13pum) |

300_ InSb substrate I

~ 200

300
» | | .
1580 1590 1600

PHOTON ENERGY (eV)

Piezomodulated reflectivity spectrum of a 1.3um CdTe vépi‘layer.
grown on an InSb epilayer. Inset: Theoretical fitting to the first
derivative of a Lorentzian function. Reprinted from Lee et al.

[42].

' Figure 4.6



41

_InSb active layer and CdTe capping layer After growth of the InSb and
'CdTe "buffer layers, the sample would be transferred through ultra-high
vacuum from the CdTe growth chamber to the InSb growth chamber. Upon
.arrlval .at -the InSb chamber, the sample would be heated to the growth

o temperature (300 330° C) and- allowed to stabilize. At this point, the sample

~ would be brought into the growth posmon and ‘observed by RHEED. A
comparison- of RHEED patterns for the CdTe layer before and after
transferral indicates that the surface reconstruction. features have not

51gn1ﬁcantly changed as a result of the transfer process.

- 4.2.1 Growth of InSb and CdTe layers

Nucleat1on of heteroep1tax1al InSb ﬁlms was ach1eved as for the
: homoepllayers by opening the InSb and indium source shutters. A very
dramatic- change was instantly observed in the RHEED pattern’ with the
formation of spots: throughout the entire RHEED screen. The spotty RE[EED
: pattern, whlch 1nd1cates a three-d1mens1onal nucleation mechamsm, was seen
to evolve into a streaked pattern within approx1mately 75 seconds (growth
rate: — 14 /sec). RHEED photos for the nucleation and growth of a 1604
InSb layer on a transferred CdTe "buffer” layer are shown in Figure 4.7. For
the growth of the InSb active layers,'the expected (2V 2 x 2\/— 2)45° RHEED
» pattern was observed shortly after nucleation of InSb on CdTe and was seen
. to pers1st throughout the growth of InSb layers (at least, up to a thickness of
5600A /sec). The intensity of the RHEED images was typically lower for the
growth of heteroepitaxial InSb ‘layers than for the growth of homoepitaxial
InShb layers ‘As was observed for InSb homoepilayers, the intensity of the
RHEED patterns for heteroepllayers was seen to increase after the termmatlon

of growth , ‘
o Follow1ng the complet1on of InSb layer growth the InSb substrate

: temperature was immediately reduced, and upon reaching 250 ° C, the sample
‘was transferred in vacuum, to the CdTe chamber In the CdTe chamber, the

‘Inqb film would. be heated to 240 C for the growth of a- CdTe capping layer |
The sample temperature was set to 240° C (and not-200°C) for nucleatlon of

the CdTe layer as the growth perlod for the layer was short (’” 34 m1nutes)
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(a) ‘ (b)

(d)

Figure 4.7 RHEED patterns observed during the growth of an InSb (1604)
quantum well structure: (2) t = 5 sec, (b) t = 75 sec, (¢) t =
115 sec, and (d) after film growth (t = 152 sec).
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Growth of the CdTe film was again performed by means of a single CdTe
effusion source at a rate of 1 A /sec. Upon nucleation, the RHEED pattern was
seen to re‘mvain streaked, but was seen to evolve into the CdTe RHEED
pat’bern. CdTe capping layers were typically 2000 - 22004 in thickness. CdTe
layer growth was ended by closiﬁg the CdTe source oven shutter, and

reducing the sample temperature.

4.2.2 Structural Analysis

Structural analysis for CdTe/InSb heterostructures has been performed

by TEM. A dark field TEM micrograph for an InSb (1604) quantum well

v structure is shown in Figure 4.8. The structure consists of a 0.5um InSb
epilayer on InSb substrate, a 1.53um CdTe buffer layer, the InSb active layer,
and a 0.21pym CdTe capping layer [15]. The InSb layer is shown as dark

~ contrast with the CdTe layer showing up as a light contrast in the
" micrograph. Closer eXamination of double heterostructures by TEM cross
- sectidnal micrographs has indicated that the CdTe-InSb heterointerfaces are
'plan‘ar (flat) across the layer. The presence of interfacial mixing layérs, such
as In,Tez, reported to be of‘tens of angstroms in thickness [19], and
segregated antimony are eXpected to be visible by TEM analysis. As yet, the
existence of a mixed interface has not been confirmed in the TEM samples
examined here. Further study into the existence of these layers through TEM

analysis will be pursued.

4.2.3 Optical Analysis .-

Infrared photoluminescence data has been taken at 10K with a YAG laser
and cooled (77K) InSb infrared detector. The luminescence from a 56004
InSb active layer, confined bétween: CdTe layers, is plotted with the
luminescence from an InSb substrate in Figure 4.9. In this ‘case, the double
heterostructure is based on an InSb substrate with a 0.42A InSb epitaxial
layer, a 1.63um CdTe buffer layer, the InSb active layer, and a 0.22um CdTe
capping layer. Two peaks are seen in the luminescence spectra for the
heteroétruéture, with the higher energy feature being attributed primarily to
band-to-band recombination in the InSb layer [12,15,38]. Spectra for the



Figure 4.8  Cross-sectional dark field TEM micrograph of CdTe/InSb
double heterostructure in the [110] projection. Dark stripe is the
1604 InSb single quantum well surrounded by CdTe (light
contrast).
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double heterostructure is seen to be broader (to the bigh energy‘ side) than
that observed for the InSb substrate Tt is difficult to attribute ”this vhi;}.gh
energy broadening to InSb or CdTe layers alone. At this tlme, , the v
: lumlnescence observed on the high energy side for thls heterostructure has
»been attrlbuted to recombination at interfacial reglons Further 1nvest1gat1on '
‘of thls phenomenon is being pursued by the use of Raman spectroscopy in
addltlon to photolumlnescence in an attempt to characterlze the IH—V/II—VI v

.mterfaclal reg1on

| 4. 3 Conclusions

For the fabrlcatlon of single and double InSb/ CdTe heterostructures
separate III V and TI-VI chambers have been ut111zed for the growth of InSb
and CdTe layers Material propertles have been examined to determine the -
quahty of structures grown by 1nterrupted molecular beam epltaxy TEM and
RHEED have prov1ded 1nformatlon which suggests that the growth of
CdTe/InSb and InSb/ CdTe ‘could be accomphshed desplte the transfer of .
samples between growth chambers Photoluminescence from a double
heterostructure has been shown to resemble that of an InSb substrate while
be1ng ‘broader to the high emergy side of the spectrum. The influence of
possible 1nterfac1al layers on the properties observed is currently being

explored
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CHAPTER 5
SINGLE CHAMBER HETEROEPITAXY of (100) InSb CdTe

5 1 0verv1ew

The growth of CdTe/InSb heterostructures in a smgle MBE growth
chamber is described. In the prev1ous chapter, a multlchamber growth process
was employed for the fabrlcatlon of CdTe/InSb heterostructures, whereby
"InSb and CdTe layers were grown in separate chambers. * For the creation of
B multlple quantum well heterostructures, the process of transferrlng a sample
block between - V and TL-VI growth chambers was deemed impractical. A
single,. CdTe—InSb growth chamber was thus estabhshed by addmg an

b' antrmony crackmg furnace and elemental 1nd1um source to the chamber

prevrously de31gnated for the growth of CdTe layers. The antlmony cracker

»was employed to explore the low temperature growth of InSh using Sb,.

Structures grown with. the use of the cracker, have been analyzed by TEM

o ‘and DCRC measurements to determine their structural propertles Multllayer

heterostructures have ‘been grown which exhibit superlattice diffraction
- features when exam1ned by DCRC technlques New developments which have
&been made in' the continuous heteroep1taxy of CdTe/InSb structures will ‘be

dlscussed in the ongoing efforts to produce multllayer quantum well structures

Recently, there have been several reports concerning the growth and
characterrzatlon of CdTe/InSb multilayer heterostructures [12 17] In the
~ work reported by Goldrng et al. [13], multrlayer heterostructures were grown
E_at 300°C on InSb substrates To address the problem of 1nterm1x1ng between

) ._CdTe and InSb layers, Goldmg et al. have employed the growth of CdTe .
B 'layers in the presence of a cadmium overpressure (Jgoq/JTe = 3) In the work
"presented here, the growth of CdTe/ InSb heterostructures has been explored'
‘_at substrate temperatures between 280 and 310 C on both InSb and CdTe.
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substrates [12,14-16]. In light of previous reports citing several probleﬁls with
the growth of InSb with substrate temperatures ‘at or below 300° C, the low
temperature growth of InSb has been approached by utilizing very low growth
rates (< 0. 44 /sec) and Sb, from a cracking furnace The cracker was. chosen
over ‘the standard PBN effusion crucible for two main reasons. First, it was
, deemed necessary to experiment with the use of antimony dimer spec1es to
_investigate its potential for growth of InSb films at low temperatures. The use
of Sb, was motivated by experlments performed on the GaAs material system
where it was reported [32,33] that the density of deep level electronic traps, in
films grown at low temperatures, could be reduced by utilizing very low
growth rates and Asy rathcr than As,. Second, it has becn speculated that
the migration of tellurium species into a cracking furnace would be a.less
likely than the migration of tellurium into a standard crucible. To further
limit the migration of Te into.the cracker, the cracking zone has been
continuously maintained at eleva.ted temperatures (> 600° C) and the LN,

i

cryogenlc shrouds have been kept at a temperature of 77K

5.2'Set1‘1p 4 v . ‘
5.2.1 Use of Antimony Cracking Furnace
The antimony cracking furnace used in our work is diagramed in Figure
5.1. The unit is composed of a 120cc tantalum bulk evaporator and 0.5 inch
diameter cracking tube. To remove residual contamiuation, the bulk
evaporator (empty) was outgassed to 860°C for 6 hours while the cracking
zone was outgassed at 1380° C for 1.5 hours then reduced to 1000° C for 4.5
hours Source material, consisting: of 6N5 purity antlmony, was then loaded
into the cracker and the charge was outgassed at 600°C for 4 hours.
Concerns about a possible reaction between the tantalum bulk evaporator and
the antlmony source charge prevented us from raising the source temperature
‘to the melting point of antimony (631° C) [24]. To prepare an indium source,
a 60cc oven and PBN crucible were outgassed at 1200 ° C (empty), loaded with
6N pure indium, and outgassed at 820° C for 4 hours. ‘ "
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5. 2 2 Substrate Preparatlon

_For the growth of CdTe/InSb heterostructures in the Single growth
chamber, both InSb and CdTe substrates were utilized. “InSb .sample
preparatlon has been described in chapter 3. CdTe substrates, ‘purchased
from -Galtech Semiconductors, were examined for structural’ quahty by
‘ performing multiple DCRC scans over the surface of each substrate. For the
substrates examined, diffraction peaks were typically 20 - 30 arc seconds in
Wldth (FWHM) ‘After DCRC analysis, the substrates were degreased in two
cycles of b01hng TCA and ultrasonically agitated in acetone and methanol. ,
After drying in N2 gas, the substrates were etched in 1% Br: MeOH for 60
seconds. Etchlng was halted by ﬂushrng the etchant with methanol for several
'mrnutes ‘Substrates were then dried with N, gas and mourited, W1th gallium,
‘onto Mo sample holders [14,15]. For the purpose of calibrating the block
temperature, a bead of indium (mélting_point at 156 ° C) was mounted beside
each substrate. Sample holders were then placed in the sample introduction -

chamber. and heated to 200 ° C for one hour to drive off water vapor.

5.3 Contlnuous Growth of InSb ‘CdTe Multllayers
5 3 1 Growth Process ‘

o The growth of homoep1tax1al InSb buffer layers was accomphshed usmg a
’ nearly 1dent1cal procedure as.that described in chapter 3. After calibration of
the block temperature using a Au:Ge eutectic, oxide desorption was
accomphshed by raising the InSb substrate temperature Whlle observrng
RHEED pa_tterns from the InSb substrate. When the oxide layer was
_ beginning to .:desorbﬁ, a flux of antimony, in this case from the cracker,.Was
initiated, As for homoepilayers grown in the InSb machine, complete oxide
desorption was signaled by a signiﬁcant' reduction in the background
: Scattering observed on the RHEED Screen and an intensifying of the InSb

RHEED pattern Once the oxide was believed to be removed, the substrate
température was reduced and the antlmony flux discontinued. Nucleation of
" the InSb layer was achieved by opening the antimony cracker and 1nd1um
oven shutters s1multaneous:y at a substrate thermocouple reading 25 ° C above

_the des1red growth temperature For growth of InSb epilayers; a substrate
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temperature of 330°C was used along with a flux ratio (Jg,/Jp,) of
approximately unity. An antimony-stabilized (2V2 x 2\/2 )45° RHEED
pattern was typically observed during film growth.

Prior to completion of the InSb buffer layer, the substrate temperature
was reduced from 330°C to 300°C. Upon reaching 300°C, the InSb film
- growth was terminated and the substrate temperature reduced to 200° C for
the nucleation of a CdTe buffer layer. After the nucleation of CdTe at
200° C, the substrate temperature was raised by 1°C/min to a grewth
temperature of 240° C [14,15]. CdTe substrates were prepared for epitaxy by
in-situ heating to between 325 and 370 ° C, followed by immediately reducing
the substrate temperature to 200°C. At 200°C, CdTe buffer layers were
~nucleated and the substrate temperature stepped up by 1° C/min to a growth
temperature of 240° C. During growth of CdTe layers on InSb epilayers or
‘CdTe substrates, a (2 x 1) reconstruction pattern, characteristic of a Te-
stabilized surface [39], was typically observed by RHEED [15]. .

Before the end of CdTe buffer layer growth (= 1pm), on either substrate
type, the substrate temperature was raised from 240 ° C to 280° C at a rate of
2° C/min. After a short stabilization period, growth of InSb/CdTe multilayer
structures was commenced without interruption of epitaxy, by closing the
. CdTe shutter and opening the antimony cracker and indium source shutters.
In every case, InSb layers were seen to nucleate in a three-dimensional fashion
on CdTe, as suggested by the observation of a spotty RHEED pattern. In
contrast, growth of CdTe layers on InSb was seen to occur by the formation of
streaks in the [100] and {IIO} RHEED patterns which persisted throughout
growth. Following the compleﬁion of multilayer growth, a 500A CdTe capping

layer was typically grown to protect the structure.

5.3.2 Structural Analysis

Several multiple quantum well structures have been grown with antimony
eraeking zone temperatures of 850° C and 1040° C, under otherwise similar
growth conditions. DCRC measurements for a multiple quantum well
sfructure, grown with the lower antimony cracking zone temperature, show

- FWHM values of 32 arc seconds for the supporting CdTe buffer layer. Despite
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having a high quality buffer layer, TEM micrographs have indicated that these
structures exhibit a high density of dislocations which appear to form in the
InSb multilayers. Figure 5.2 shows a bright field TEM micrograph of a

multilayér structure grown with a cracking zone temperature of 850°C. By |
comparison, structures grown under the same conditions with the exception of .
a higher antimony cracking zone temperature, have shown a ten-fold decrease
in the density of these dislocations. Figure 5.3 shows a dark field TEM.
micrograph of a multiple quantum well structure consisting of 167A CdTe and
163A InSb layers. The structure was grown with an antimony cracking zone
temperature of 1040°C. Since the multiple quantum well structures were
grown at 280° C, the reduction in dislocation density is speculated to be due
to a reduction in the formation of antimony precipitates at these low growth
temperatures. The exact correlation between the occurrence of defects in
grown InSb layers and the temperature used to crack antimony is, however,

uncertain.

5.3.3 Optical Analysis

Raman spectroscopy has been employed to explore the issue of a mixed
interface by focusing on the optical phonon region of :the spectrum. (Raman
spectroscopy studies have been performed at Brown University by N.
Pelekanos and T. Heyen under the direction of Dr. A. V. Nurmikko.)
Typically, well resolved features reSulting from bulk-like InSb LO phonons
have been observed, even in the narrowest quantum well samples. Apart from
these bulk-like LO-phonon features in the Raman spectra, occasional weak
features have been observed (in certain isolated samples) which are apparently
related to lattice vibrations reported [19] for chemically intermixed
InSb/CdTe interfaces. For the majority of samples, such features, if present,
are below our current level of detection. This issue is presently being brought
under close scrutiny with respect to bphotoluminescence examinations, to

explore any possible interrelationships.
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Figure 5.2.  Cross sectional TEM micrograph in the [110] direction showing a
CdTe/InSb multilayer structure. The structure was grown at
280 ° C with an antimony cracking temperature of 850 ° C.
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Figure 5.3. Cross sectional [110] TEM micrograph showing a CdTe/InSb
multilayer structure grown with an antimony crackin
temperature of 1040° C. Light contrast regions are the 167
CdTe layers and dark contrast regions are the 163A InSb layers..
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5.4 Interrupted Growth of inSb - CdTe Multilayers
5.4.1 Growth Process

In a recent set of experiments, multilayer CvdTe/IIiSb heterostructures
have been grown at substrate temperatures in the range‘ of 310°C. To
examine the material properfies of CdTe grown at these temperatures, single
InSb and CdTe epitaxial layérs were grown at)310 °C and examined by x-ray
rocking curve measurements. InSb layers of approximately 1um in thickness
have been examined by DCRC 'measurements and were found to resemble
single InSb epilayers grown (without the cracker) in the isolated InSb chamber
(chapter 3). Figure 5.4 shows an (004) x-ray DCRC diffraction pattern for a
1um CdTe layer grown at 310° C with a rate of 0.44 /sec [15,16]. In this case,
the x-ray diffractometer was equipped with a four-pass silicon monochromator
instead of the conventional single-pass InSb monochromator. As can be seen,
the CdTe layer has a FWHM value of 17 arc seconds while the supporting
InSb epilayer/substrate crystal has a FWHM value of 12 arc seconds. Also
shown in the figure, are an array of periodic, low'intensity diffraction features,
located between the InSb and CdTe diffraction peaks. These peaks have been
attributed to the interference between x-ray waves reflected from the surface
of the CdTe layer and from the CdTe/InSb heterointerface. The occurrence
of these features has been interpreted as an indication of very high structural
uniformity in the grown CdTe layer as well as an atbmi__cally flat CdTe/InSb
interfacial region [44,45].

In addition to the multilyers grown at a substrate temperature of 280 ° C,
- we have grown CdTe/InSb multilayer structures at 310°C [16] InSb
substrates were used as a base for these structures upon which InSb and CdTe
buffer laj'ers were grown. Following the completion of CdTe buffer layér
growth, the multilayer sequence was commenced. As for growth of the buffer
layérs, the InSb and CdTe multilayers were grown at a substrate temperature
of 310°C using an’ antimony‘ cracking temperature of 1040°C. For these
films, the InSb and CdTe layers were grown at less than 0.4 A /second. To
allow for a partial relaxation of ‘each InSb or CdTe layer surface, growth
‘interruption periods of 12 'seconds, for InSb, and 6 seconds, for CdTe, were
used [16]. | | | |
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Figure 5.4. X-ray DCRC scan (004) of a 1lum CdTe epilayer grown on an
InSb epilayer at 310°C. Scan was taken using a four-pass Si

monochromator.
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’5.4.2 Structural Analysis 7 7 o

. Figure 5.5 shows the DCRC scan’ for a 15 period mu‘ltilabyer__structure
grown at 310°C [16]. Due to its high intensity and angular narrowness (ir
:‘ are seconds), the feature labeled "InSb" has been attributed to diffraction from
the InSb substrate and buffer layer. Accordingly,‘ the feature labeled."0", with

- a FWHM value of -'221 arc seconds, has been attributed ‘to the zero-order
- reflection from the CdTe-InSb multilayer [16]. A periodic array of satellite
peaks, with a spac‘ing of approXimately 208 arc seconds, can be identified (*1,
%2) in symmetric angular arrangement about the feature labeled "0". The

spacing‘r'of these satellite fea’turevs ‘corresponds to an average CdTe-InSb

superlattice period of approximately 870A. Analysis by TEM micrographs has

~ 1nd1cated that the structure has an: average superlattlce period of 883 +10A

» Desplte these results, there appears to be a d1screpancy in the pos1tlon1ng
of the features 1abeled nSb" and 0" for the x-ray dlffractlon pattern shown»
in Fi 1gure 5.5 [16]. Since the growth- directed (az) plane spacxng for the InSb
substrate/buffer crystal should be smaller than the average lattice. plane'
spacing assoclated ‘with the perlodlc structure, the feature labeled' TnSb
should . appear at a higher Bragg angle than the feature labeled "0".
Prehmlnary calculations [45], lnvolvmg the minimization of strain -energy in
the multllayer region, have been used to account for the observed dlﬁ'ractlon
: features when several monolayers of zincblende In, Te; were assumed to be

'present in each CdTe/InSb multilayer perlod. In this model, it has been
' 'assumed‘ that theIng'Te?, layers could be incorporated at one or both of the
heterointerfaces in some regular fashlon For the calculation, a value of 6.14A
has been assumed for the unstrained InzTe3 lattice parameter {46] ‘Elastic
constant for these layers have been taken to be an average of the elastic
constants for CdTe and InSb A closer examlnatlon of the 1nterfac1al regions
o these samples is in progress using high resolution (HREM) 1mag1ng in an

| attempt to 1solate any such 1nterfac1al compounds
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X-ray DCRC scan (004) of a 15 period CdTe/InSb multllayer '

‘heterostructure grown at a substrate temperature -of 310 C
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> 55 Conc:lusiorls'- -

In conclusion, the growth and characterization of InSb/CdTe multilayer -
’heterostructure‘s has been described. For 'the‘Work»prese’nted here, the InSb
“and CdTe layers were grown in a single MBE chamber with the antimony (for
InSb«layer growth) being s‘upplied by a cracking furnace. Examination of
heterostructures using TEM, DCRC and Raman spectroscopy has been
descrlbed TEM analysis has indicated that the formation of dlslocatlons in
InSb layers grown at a sub_strate temperature of 280°C may have a
dependence on the antimony cracking zone temperature usedv Aualysis of
smgle InSb and CdTe ep1tax1al layers has indicated - that high structural
;quahty, indicated by narrow and symmetric DCRC diffraction peaks, may be
achieved for layers grown ‘at temperatures near 300°C. Examination of
multilayer heteroStructures by the DCRC 'technique has also indicated the
“existence of satellite fringes Whlch appear to originate from a perlodlc,
CdTe/InSb heterostructure e ‘
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CHAPTER 6 .
SUMMARY AND FUTURE RESEARCH :

To summarwe this report, InSb- Cd’l e single and multiple layorvd hctvros— -
tructures have becn successfully grown by molecular beam cpltaxy For the
‘ growth of these structures two techniques have been employed First,-InSb
and CdTe layers were .grown separate chambers to ‘avoid ‘the problem of
cross—doplng between III-V and II-VI material systems InSb-CdTe double_
heterostructites were fabricated by transferring the sample block between III-
Vand TI-VI chambers through an ultra-hlgh vacuum transfer module. ‘Alter-
natlvely, InSb and CdTe layers were grown in a single -chamber, where an
‘antimony cracker was utilized for:the growth of InSh layers. . With thls pro- -
,cedUre, multilayer 'heterostructures of up to “207vperiodswere 'g-rown' ' o

Infrared photolummescence and x-ray DCRC techniques have shown that
the optlcal and structural properties of homoepitaxial InSb layers appear to be
as good or better than that of InSb bulk material. Infrared ‘photélumines- -
cence of double heterostructures, ‘grown using two chambers, has indicated
that heteroepitaxial InSb layers can .exhibit bulk—hke band—to-band ermss1on
with some additional broadening to the high energy sxde TEM and HREM‘
. -micrographs indicate that double heterostructures may be grown which exhi- -

" bit good structural quahty desplte the growth of IIIV and TI-VI layers in:

. separate chambers.

. “With the need to grow multllayer heterostructures in a smﬂle MBE
) chamber, an antimony cracker was added to the II-VI growth chamber and
used for the homo- and hetero-epitaxy of InSb. Multilayer heterostructures
were grown using very low- growth rates and substrate temp.eratures near
300°C. These procedures were used in an attempt to (i) limit any possiblc r
'lnterfac1al rmxmg of the materlals and- (i1) grow the InSb and CdTe layers ata
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b'mutu'ally compatible substrate ’te’rnperatur(; Examination kof multilayer struc-
tures using TEM has indicated- that the formation of defects in InSb films may
vs.be a function of the antlmony cracklng temperature used. Evidence for super-

lattrce perlodrcrty in multllayers grown with long period lengths has been 1nd1- ’

o cated by multrple satellrte peaks in x- ray DCRC measurcments

) “The ultimate goa of this prOJect ‘was to achieve quantum conﬁnemeut in
. InSb/CdTe quantum W(—‘ll structures Although falling short of this goal, the'

 work presented here has made srgmﬁcant contrrbutlons to understandrng the

' k.‘v nature of CdTe/InSb heterostructures With the successful growth of srngle

’ and multrple layer heterostructures by d1fferent technrques, a wide range of
materlal related propertres have been studled At this time, the examrnatlon
,.of optrcal propertres in- the multllayer and superlattrce structures is being
explored by photolumrnescence and Raman scatterrng technrques In parallel
with these studies, “various. CdTe/InSb heterointerfacial ' regions are being
‘ vexamrned by HREM 1mag1ng techn1ques in an attempt to 1solate the: ex1stence

of mterfacral layers

The potentral for devrce apphcatlons has been establlshed with the
growth of multrple InSb CdTe layered structures exhibiting highstructural
quallty The growth of Cd Mnl_xTe in placé of CdTe as a barrrer layer to
"InSb may prove interesting, grven that a small fractron of manganese should

provrde for an exact lattice matchlng between materials. The examrnat1on of

‘transport properties 1n InSb epitaxial layers may be explored for the growth of

- InSb on. InSb or CdTe substrates One structure, havrng a great deal of tech— :
'_'nologrcal 1mportance would be an MIS capacrtor utrlrzrng CdTe or
| :Cd Mn, . xTe as an rnsulator to InSb In this way, C-V proﬁllng could be. used
vto l’urthor charac ter17e the mterf'acxal reglon of insulator on anb Tor the
long> berm, examrnatlon of III- V/II VI heterostructures,‘rn general Would
: appear to be of great screntlﬁc_lrl_nterest given the possibility for _useful dev'rce

_._applications.
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APPENDIX A
FLUX CALIBRATION

A1 -Proceduré for Flux Calibration

For the purpose of deriving a relationship between effusion cell
temperature and molecular beam flux, at the sample location, a flux
calibration procedure has been performed on each of the indium and antimony
sources used in this work. The first phase of this procedure was to establish a
theoretical flux-vs-temperature curve for each effusion cell by use of the ideal
Knudsen cell equation (equation A1) [34].

}(cos@)molecules Jem®sec (A1)

PA
J=(1.118x10%?) W

In equation Al, p(Torr) is the vapor pressure in the cell for a material at
tebmperature T(K) and with a molecular weight M(gms/mol). The equation
applies for an effusion cell with an aperture of area A(cmz) which is at a '
distance l{cm) from the substrate surface. The effusion source is directed
towards the substrate at an angle "©" to the substrate surface normal. The
molecular beam flux is therefore reduced at the substrate surface by a factor
of cos®.  The results obtained from calculating discrete flux-vs-temperature
values from equation Al were pldtted on a semi-log graph. A typical flux-
versus-temperature curve is shown, for a 60cc indium oven, in Figure A.1. To
obtain actual flux values, a film of indium was deposited on a silicon
substrate, with the substrate at room temperature (cold deposition). For the
deposition, the silicon substrate was solvent degreased, rinsed in deionized
water and etched in concentrated HF for 5 minutes to remove surface oxides.
The wafer ~vas then rinsed in deionized water and mounted, with indium, on a -
Mo sample holder. A small piece of Ni foil (approximately 1cm2) was secured,

with Ni wire, over a small central portion of the wafer to partially shield the
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Figure A.1 Indium-flux versus cell-temperature for a 60cc crucible.
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substrate from indium flux. After the cold deposition, the sample was
removed from the block along with the Ni shield. i

Using an alpha-step 200 surface profiler, a measure of indium film
thickness was obtained by scanning the profiler stylus from the afea where
indium was deposited to the area which was shielded by the Ni foil (scannin-g
_over a step edge). Similar deposition procedures were then performed for the
InSb, elemental antimony and antimony cracking cell ovens. - Using standard
values for the density and atomic weight of* indium and antimony, the film

thickness was correlated to a flux by use of equation A2.
; | 231} P 2enn) - ‘
J=(6.023x10 ){}M—}(atoms Jem*sec) : (A2)

In equation A2, p(gms/ cm3) is the mass density of the material in question,
t(cm) is the cold deposition film thickness and 7(sec) is the time taken for
deposition of the material. A list of the parameters used in solving éqﬁation
Al and equation A2 are given in Table A.1.- The data gathered tby cold
depdSition experiments was subse(iuently plotted beside the theoretical curve
generated by use of equation Al A new flux-versus-temperature curve was
then generated by shifting the ideal curve (laterally) to pass through the

experimental data point.

A.2 Results

Measurement of deposited film thickness was undoubtedly the largest
source of error in determining experimental flux values. The error, in this
case, arose from the observation that the deposited film surfaces were non-
uniformly rough (in the surface profiler scans taken) making it somewhat
difficult to determine the actual layer thickness. While the anﬁimony
depositions were seen to yield rélativély flat surface profiler traces, the
deposited indium surface was observed to be extremely rough. Determining
the thickness of the deposited indium was therefore performed by averaging.

the thickness variations which were observed in the profiler scans taken.
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Table Al Parameters {or calculating the indium and antimony flux for a
60cc crucible.

SYMBOIL DEFINITION VALUE ORIGIN
p (gms/cm®) density 7.31 indium
6.691 antimony
M (gms/mol) atomic weight 114.82 indium
' 121.75 antimony
©(%) projection angle 24° 430 MBE
I (em) flux path length  20.23 430 MBE
A (cm?) aperture area 11.34 60cc oven
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