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I. GENERAL REMARKS

We believe that our original éxpectations that GaAs would emefge as
critical electronic material for government and civilian applications has
been proven perfectly valid. During the tenure of the'program we have
made a basic contribution to the art and science of GaAs growth and
characterization by developing novel ' techniques and the necessary
fundamental framework of theory and applications. A direct outcome of
this work has been the joint venture between NASA and Microgravity
Research Associates for the growth of GaAs in space on a commercial
basis. - In addition, our findings have been édopted and used in a number
of industrial and non-profit organizations.

We are now in an excellent position to see cleérly the realization
of our goals in the near future, i.e., the growth of superior quality
GaAs in space, and the analysis, assessment, and formulation of the
micro- and macro- effects of near-zero gravity conditions.

II. SUMMARY .

Our program on "Crystal Growth of Device Quality GaAs in Space" was

initiated in 1977, and it has been carried out in two stages. The

initial stage covering 1977-84, was devoted strictly to ground-based
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" research. By 1985 the program evolved into its next logical stage
whereby the ground-based research is carried out in parallel, in direct
correlation with and in support of the space growth experiments.

The results of our ground-based research on fundamental aspects of
crystal growth in zero—-gravity environment have clearly surpéssed our
expectationsiz;T;;f established that the findings on elemental
semiconductors Ge and Si'regarding crystal growth, segregation, chemical
composition, defect interactions, and materials properties-elecfronic
properties relationships are not necessarily applicable to GaAs (and to
other semiconductor compounds). In——feet; in many insfanceszﬁeléeund
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tofally unexpgcted relationships to ptevail\ﬂgf;fkgfher established that
in compound semiconductors with a volatile constituent, control of
stoichiometry is far more critical that any other crystél growth
" parameter. | Detailed results of our ground'studies and their discussions
have appeared in about seventy publications which haye_ provided a
fundamental back-up for technological advancement in GaAs. f%éig::e-also
shown that, due to suppression of noﬁstoichiometric fluctuations, the
advantages of space for growth of semiconduqtor compoﬁnds extend far
beyond those observed in elemental semiconductoréa
Having developed the necessary characterization techniques, having
identified the ‘immense importance of stoichiometry, and having assessed

the potential benefits of processing GaAs in space, we proceeded recently
with the development of a suitable configuration for the growth of GaAs
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from the melt in space. we‘have*discovereefg novel configuration for
"partial confinement of GaAs melt in space" which overcomes the two major
problems associated with growth of semiconductors in total confinement:

volume expansion during solidification and control of pressure of the

Ce\(%'\ (‘;» {'4 C\‘KOW 15}-
MELTS (uwcmt CRow 13 : Soy O o s Ny

. . . -"‘\i 51‘3. - ?:;"; R
OALLOw Pl 8Ly CRCETRL e T 705
Soaw ¥ O STy DOut LD ; :
cpe (g 90 Cesei NG SR D A

SPROVCE L Caby v



3
volatile constitueng:a(details discussed below). Development of this

~ configuration for space experimentation has been approved and is realized

under the sponsorship of the Office of Materials Processing in Space.

We should also point out that our experimental arguments and
discussions on the potential benefits of space processing of GaAs led to
an already-signed Agreement between the National Aercnautics and Space
Administration and Microgravity Research ASsociates, Inc., for a Joint
Endeavor in the Area of Materials Processing in Space. This endeavor
involves the growth of GaAs and other compound semiconductors employing
liquid phase electroepitaxy. For about the last two—andéa-half years the
development of a breadboard configuration for space growth of GaAs with
this method has been sponsorgd in our laboratory by Microgravity Research
Associates and is distinctly separate from our work supported by NASA.

At‘its present stage our program combines three elements: crystal
growth, device-related properties, and characterization on a micro- and
macro-scale. We believe, based on our several years of experience, that
the research along these 1lines is now critical for ensuring the
successful growth of device quality GaAs in space.

During recent years continuous improvements in GaAs crystal quality
have been made on earth having an immgdiate impact on GaAs electronic and

opto-electronic devices for governmental and commercial applications. We

‘believe that significant improvements will continue to be made one earth.

However, we are convinced that the quality and findings potentially
attainable in space can under no circumstances be obtained on earth, as

discussed later on.



III. PROGRESS TO DATE

III.1. Introduction

In order to present last year’s accomplishments and their analysis
in the proper perspective, we wiil discuss them in the context of the
program’s achievements in recent-years, as they are direct derivatives of
those achievements. We believe that last year’s results provide
indispensable knowledge and tools for effectively exploiting the iﬁmense
advantages of zero gravity conditions in GaAs crystal growﬁh. For
example, our earlier findings on dislocation formation {n ﬁelt—grown GahAs
led us to a definitive model of the origin of dislocations in GaAs which
is founded on the condensation of vacancies in dislocafion loops. On the
basis of this model we can now optimize the parameters of crystal growth
in space and minimize the concentration of dislocations, one of the most
undesirable defects in GaAs.

Agaiﬁ, on the basis of our garlier findings we have successfﬁlly
initiated devélopment of new means of achieving semi-insulating
GaAs-related compounds. Semi-insulating III-V compounds cohstitute the
starting material for ultta—high speed integrated circuits whose
performance and potential performance, if fabricated on "space-grown
quality material® is at this time difficult, if not impossible, to
perceive. Another important item is the development of a unique
technique for growing GaAs in spacé from the melt, which makes possible
the elimination of the two greatest problems we have beeﬁ confronted with
thus far in this type of growth in space, i.e., control of the partial
pressure of the volatile constituent and complete'confinement of the melt

which introduces unacceptable concentrations of lattice defects. These
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and the other achievements of last year are clearly outlined in Table I
and discussed in the text.

At this point it is very relevant to point out that the electronic
applications of GaAs are increasing at an extremely rapid ra;e in recent
years. It is generally agreed that'"space quality GaAs" should launch
revolutionary advances in GaAs applications associated with super high
electronic speeds and radiation resistant performance, particularly as
related to space exploration and military applications.

II1.2. Nonstoichiometric Defects in GaAs

Defects ih as—grown GaAs crystals and their evolution during
subsequent device processing depends critically on the stoichiometry of
the growth melt. Beginning in 1981 our MIT group has been playing a
leading role in establishing the cfucial role of melt stoichiometry in
controlling the concentration of midgap 1levels EL2, the density of
dislocations, and the microscopic inhomogeneities. According to our
study the formation and nature of native defects in GaAs is intimately

related to two stages of crystal growth: (a) solidification phenomena,

which take place at the solid-liquid interface during crystal growth; and
(b) post-solidification phehomena which take place in the solidified

material during subsequent cooling. The evolution of EL2 during GaAs
growth involves both solidification and post-solidification phenomena. As
sumarized in Table 1II, the various midgap levels in GaAs grown by
different methods originate from differences in the characteristics of

solidification and/or post-solidification processes.



TABLE 1

PROGRESS TO DATE - SUMMARY OF MAJOR DEVELOPMENTS

Representative

Development Commen ts References
LPEE-Liquid Phase 1. Growth Kinetics Model Theoretical model was developed which explains 1-3
Electroepitaxy 2. Dopant Segregation Model experimental LPEE characteristics. The todel 1is 4
' 3. Model of Multicomponent based on a mass transpoct process with 14,15,21,33
Systems two driving forces: solute electromigration and the
4. Interface Stability Model Peltier Effect, ’
5. In-.situ Monitoring of Successful in- situ monitoring of the growth veloclity -
Growth ' was realized for the first time in LPE using the
contaciless LPEE configuration.
6. Growth of Bulk Crystals LPEE process was successfully extended to a growth
' of bulk crystals of the thickness of the order of
1 mm. ‘
7. Growth in Space Environment LPEE process was selected . in 1983 in order to
realize the growth of GaAs in Space. Further R&D
effort in this area is realized under a sponsor-
ship of Microgravity Research Associates,
MELT GROWTH 1. Construction of Advanced Advanced system has been designed & constructed for 34,35
GaAs Melt-Grolwth System "horizontal and/or vertical growth of GaAs. The system
provides unique feasibility for controlling and
monitoring growth parameters.
2. Growth ofn—typelﬁsiocation— -Utilizing precise control of As pressure above the 43,56,67
- Free GaAs melt we have achieved reproducible growth of dislo-
cation-free GaAs in a horizontal Bridgman configuration,
3. Growth of Electron Trap- Growth conditions were discovered which lead to 38
Free GaAs melt-grown GaAs of superior structural & electronic
properties. For the first time electron trap-free
bulk GaAs was achieved.
4. Identification of the Role Oxygen has been identified as a constituent of 23.57

of Oxygen in Melt Growth of
GaAs

[ S d &

growth system which affects electronic and stuctual
properties of GaAs. ’



TABLE I b0

PROGRESS TO DATE - SUMMARY OF MAJOR DEVELOPMENTS

Representative
Development Comments Referenceg
MELT GROWTH (cont.) 5. Role of Stoichiometry, Stoichiometry was identified as a fundamental factor -+ 56,34,43,62
~ ' . controlling structural & electronic properties. of GaAs.
PROPERTIES AND 1. Relationships between Elec- Microprofiles of electron & ionized impurity con- 17
PHENOMENA tronic Properties & Melt- centrations in melt-grown GaAs were obtained for
Growth Conditions on Micro- the first time.
Scale
2. Stoichiometry controlled It was shown that impurity segregation in melt- 17,43
segregation; grown GaAs is governed by amphoteric doping and R
deviation from stoichiometry.
3. Interaction between Epi- It was demonstrated that outdiffusion of recom- 6
taxial Layer & Substrate bination centers from the substrate into LEP layers
during growth process takes place. Growth conditions
were formulated to minimize outdiffusion
4. Growth-Property Relation- It was found that growth rate variations have sig- 7,25

. Origin and

ships in Epitaxial Growth

Stoichiometry controlled
deep levels

. Stoichiometrf controlled

dislocation density

. Oxygen related midgap

level

properties
of Major Electron Trap in
GaAs: :

nificant effect on the formation of recombination centers

in GaAs.

A direct relationship was established between As
atom fraction in the melt and the concentration of
electron traps in GaAs.

It was found that an optimum stoicgiometry defined by
arsgnic source temperature 617-618 C corresponds to a

~minimum dislocation density

We have unambiguously identified the oxygen related
deep level ELO at 0.825 eV below the conduction band.

0.82 eV electron trap in GaAs has been identified as
native defect complex involving the antisite AsGa

36, 56
56

52,55,57

36, 56



TABLE 1

PROGRESS TO DATE - SUMMARY OF MAJOR DEVELOPMENTS

‘ Representative
~..Development Comments References
PROPERTIES AND 9. Passivation of Deep Levels It was found that a concentration of the major
PHENOMENA (cont. ). by Hydrogen deep level in GaAs can be effectively controlled by 338
Co atomic hydrogen introduced by a standard plasma ‘
treatment.,
10. Optoelectronic Properties Cathodoluminescence studies of InP were completed 26
of InP '
" 11. ‘Interface Statqs Surface states on GaAs-anodic oxide interface were 18
‘ determined with modified DLTS :
12, GaAs-Anodic Oxide A gigantic photoionization effect on GaAs-oxide 28
Interface interfaces was discovered. Utilizing this phenom-
enon it was shown, for the first time, that both
deep & shallow interface states originate from
Ga and As vacancies.
13. Fermi Energy Control of Electron Traps in GaAs can be controlled by changing 56
Point Defect Formation " the Fermi Energy during postsolidification cooling of
: crystals.
14, Fermi Energy Control of Dislocation density in GaAs was found to vary over 5 57

Dislocations

15. Fundamental Limitations of
High Mobility Transistors

FUNDAMENTAL 1. Advantages of Space for the

ASPECTS OF SPACE . Growth of GaAs
PROCESSING

orders of magnitude when the Fermi Energy was shifted
by about 0.3 eV. This discovery was explained in terms
of vancancy coalescence which is controlled by the
charge state of vacancies.

A theoretical model was formulated for electron scattéring 51
in a two-dimensional electron gas. Absolute and inherent

mobility limits were calibrated for GaAlAs-GaAs hetero- S
structures.
We have identified for the first time potential advantages 58

of zero-gravity for the growth of GaAs which stem from
recently discovered nonstoichiometric defects affected
by thermal and solutal convection.

gy



TABLE 1

PROFRESS TO DATE - SUMMARY OF MAJOR DEVELOPMENTS

Representative
Development Comments References
FUNDAMENTAL 2. Novel configurations for We have proposed a new configuration which is based 58.59
ASPECTS OF SPACE semiconductor growth in on a partial confinement of the growth melt by a ’
PPOFPERTIES (cont.) space prism of the triangular cross section. This configur-
ation permits a control of the melt composition during
the growth and accomodates volume expression of GaAs
upon solidification.
CHARACTERIZATION 1. Characterization methods Quantitative methods were developed
based on electron mobility and for determination of compensation ratio in GaAs 12,17,19
free carrier absorption and InP
2. IR Scanning Absorption Quantitative method was developed for microprofiling 17
of carrier concentration & compensation ratio through
free carrier absorption
3. Derivative Surface New Approach was developed for determination of deep 15,20
Photovoltage and Photocapac- levels, band structure and shallow impurites
itance Spectroscopies
"4, Characterization of Semi- A rigorous procedure was developed for the determina-
Insulating GaAs tion of ionized impurity concentration from transport
measurements in SI material
5. SEM-Cathodoluminescence Advanced variable temperature system was set up for 41

cathodoluminescence microprofiling of defects, impuri-
ties & carrier concentration



TABLE 1

PROGRESS TO DATE - SUMMARY OF MAJOR DEVELOPMENTS

Representative

Development : Comments - = ' : References
CHAPACTERIZATION 6. SEM-Electron Beam-Induced Variable temperature system was set up for instantaneous
(cont.) Current ' . profiling of diffusion length

/. Laser Scanning Photovoltage Photovoltage microprofiling was developed for studying

homogeneity of semi-insulating GaAs

[NTERACTION WITH 1. Workshops, 1977 ‘ Workshops were held with representatives of leading 5
INDUSTRIAL ORGAN- ' ~ 1981 : industrial & educational institutions devoted to the
LZATIONS ) assessment of present status, major problems & future

prospects for GaAs growth & applications

2. Literature Survey, 1977 ' The literature sur?ey or. GaAs was updated identifying
1982 the leading organization & most important trends in
GaAs research and development

3. Exposure of the Program . . The present program and its major developments were
to Scientific Community exposed to the scientific community through a series
: of seminars given in industrial organizations (RCA,
Texas Instruments, Hewlett-Packard, Hughes Int‘'l.,
Xerox, Eastman Kodak, Fujitsu Laboratories, NTT, etc.),

~ presentations at scientific meetings and/or direct
contacts with individual scientists
4. Working Contacts Contacts were established with industrial organizations

in the area of GaAs characterization, growth & device
applications. Material supplied by industrial organiza-
tions has been characterized on many occasions

Interaction with Microgravity Research Associates was established
and aimed at the growth of GaAs in a space environment.



TABLE T ANNEX

PROGRESS TO DATE - MAJOR DEVELOPMENTS OF 1985

Representative
Development Comments References
MELT
GROWTH
. : 18 '
Oxygen in Melt- Using oxygen isotope = O we have reliably In preparation
Grown GaAs determined for the first time the concentration for publication
of oxygenp in GaAs by the SIMS technique to be
4 308 »
about 10" ‘cm
Growth in Mag- Empldying an axial magnetic field we suppressed con- 59
netic Field vection in LEC & we showed the beneficial effects
on microscopic homogeneity of GaAs crystals
FUNDAMENTAL ASPECTS
OF SPACE PROCESSING
Partially Con- We have developéd a new configuration for growth of 60-61
fined Growth semiconductor crystals from the melt in zero-gravity '
Configuration environment
PROPERTIES & PHENO-
MENA
Heterogeneous We have completed development of a model for disloca-
Generation of tion generation during GaAs growth from the melt based 62
Dislocations on condensation of vacancies into dislocation loops

Properties of
EL2

New Semi-Insu-
lating III-V
Compounds

We have discovereda hole trap assoclated with the double-
charge state of the arsenic antisite defect in GaAs & we
have completed assessment of optical properties of this
technologically important defect

We have discovered that a new semi-insulating behavior
can be achieved in a wide range of III-V compounds em-
ploying doping with titanium

61-69

70



Table II. MIDGAP LEVELS IN GaAs GROWN BY DIFFERENT METHODS

Major Factor

fomi- Addi-
Growth Concentration nant tional Upon Post-
Method em3 Level Levels Solidification Solidification
HB 1toS5x 10‘6 EL2 -- arsenic slow cooling
EL2 ELO{1) pressure above Tow thermal
the melt gradients
a 0.3to 2x10® €2 €L0(2) (As]/{Ga) in  fast cooling,
LEC EL2 and/or the melt " thermal gradi-
others(3) ents
VES& 0.1to5x10°  £L2 [As1/[62) Tow temperature
MOVPE ‘ ratio in
gas phase
LFE undetectable. Ga-rich ow terrpérature
conditions :
MSE undetectable very low very low
- Co. growth tesp. temp - - -

(1) heavily 0-doped crystals
(2) small diameter crystals

(3) other midgap levels in large

diameter crystals’



I11.3. Heterogeneous Generation of Dislocations

Dislocations can have a detrimental effect on GaAs integrated
circuits (IC) and they can degrade the performance and yield of active
devices. A reduction of dislocation densities in bulk GaAs crystals has
thus received a great déal of attention as a critical material issue in
further advancement of GaAs IC technology.

In GaAs crystals grown by the Horizontal Bridgman (HB) method a
change in the melt stoichiometry toward Ga-rich or As-rich conditions

2

increases the density of dislocations up to 105cmr . We have found that

this increase can be significantly reduced by doping with In at a

concentration exceeding 10183

(see Fig. 1). These results provide
evidence of a decrease in point defect concentration induced by |
isoelectronic doping and its profound consequences for dislocation
generation. They also provided a missing link in the development of a
heterogeneous dislocation generation model in which vacanéy clusters play
the role of generation sites for a dislocation network, including the
dislocations induced by low thermal stresses. The model is outlined in
Fig. 2. It should be emphasized that our preliminary electfon microscopy
study of HB-GaAs has indeed identified the presence of vacancy type
dislocation loops postulated by our theoretical model.

We have also applied this model to quantitative analysis of the
dependence of dislocation density on the free carrier concentration. We
have found (see Fig. 3) that the suppression of dislocations in n~type
crystals and the enhancement of dislocation density in p-type crystals is
very well accounted for in terms of the Fermi energy effects controlling

the charge state of vacancies and thus their migration and coalescence

into dislocation loops.
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Fig. 1. Dislocation density vs. melt stoichiometry for lightly doped
(n, p-type) and for In-doped GaAs. Note reduction of dislocation

density induced by In doping.
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Fig. 2. Mechanism for heterogeneous generation of dislocations
in melt-grown GaAs.



- . _]
0.2+
':':“; OZL\. OO K
Aj -
22 S ORIGINAL PAGE' S
UJ Ok vees s sscscomasons, - OF POO
Y . R QUALITY
SO ...
“  -p02p- pY
108 i T 7= V 1
- }Tmouhcol : g:“”‘
|O5 - O Se Experimenta)
® Si
10° .
- -3
o~
) 3 hnd
10 1 ~-} ) -
§ .} 1l 5
] > s
£ 10° Te
&' 10 E"T -
K ®
10 P~ 5l -
10° - .
p-type s n~type ——
| i\ /L 1 .
'8 o7 o' 7 10'® 107 10'
%

Carrier Concentrotion {cm”

Fig. 3. Dislocation density vs. 300K free carrier concentration. Points-
experimental, line-theoretical. Upper portion shows the corres-
ponding Fermi energy at 1100K.

HM)
" E,'0.52:001eV ¢
0°F - —— 4
N\ 5 T
. . =
~ 3 - g
o~ 107k o p
X @
v Fe n
< saev 2
~ E"O. e-/ - 3o
N0 . o 220 300 360 ]
Ly TEMPERATURE (K}
L
103} -

30 5 a0 a5 5.0
’ 1000/T (K~Y)

Fig. 4. DLTS spectrum (insert) and thermal activation plot of the hole
emission rate of the HMl trap. Emission rate for the Fe level

is also shown. . .



8 .

I1I.4. Properties of EL2; Relationship with the Arsenic Antisite Defect

ASGa

" Hole Trap HMI - Associated with As_,_ Defect

We have identified a dominant hole trap in p-type bulk GaAs
employing deep level transient and phofocapacifance spectroscopies. The
trap is present at a concentration up to about 4 x 1016cm'3, and it has
two charge states with energies 0.54 + 0.02 and 0.77 £ 0.02 eV above the
top of the valence band (at 77 K). From the upper level the trap can be
photoexciﬁed to a persistent‘metastable state just as the dominant midgap
level, EL2. = Impurity analysis and the photoionization.characteristics
rule out association of the trap with impurities Fe, Cu, or Mn. Taking
into consideration theoretical results, it appears most likely that the
two charge states of the trap are single and double donor levels of the
arsenic antisite As,, defect.

A deep level transient capacitance spectrum of the trap is shown in
Fig. 4 togetﬁer with the co:responding emission rate thermal activation
plot. The photocapacitance spectrum shown in Fig. 5 illustrates
transitions involving two charge,states of the trap. |

It should be emphasized that the identification of a native hole
trap in Gaas associated with a double charge donor provides the missing
experimental link for establishing a working model of the As., defect and
understanding its role in the presence and in the characteristics of the
dominant deep levels in GaAs.

Metastability of EL2; Relationship with the Antisite Defect

AS.

We have made two discoveries which imply a relationship between
metastability of EL2 and intracenter transitions of the As., defect.

Thus, as shown in Fig. 6, the rate of the photoinduced transition of the
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forward bias. Measurement done at 8 K; photon energy v = 1.18 eV.
Fast transient b corresponds to EL2 completely occupied by electrons.
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GaAs midgap level EL2 to its metastable state increases as its occupation
_ ihcreases; High-resolution 6ptica1 spectra of this transition exhibit a
sharp peak very similar to the no-phonon 1line of the intracehter
absorptién of the As antisite defect (seé Fig. 7). These findings show
that the transition to the metastable state is initiated from the ground

state 1A1. and it is finalized Qia the excited state 1

T, of the neutral
As antisite defect. They provide a new basis for the critical assessment
of the EL2 metastability models and further confirmation of the

association of EL2 with the isolated As antisite defect.

III.5. New Semi-insulating Behavior of III-V Compounds Based on Titanium
Doping |
We have found that titanium introduces new levels in InP and in
GaAs-related compounds with midgap energy positions suitable for creating
semi-insulating (SI) materials. The thermal stability of this new class
of SI materials should be superior to that of Fe- or Cr-doped compounds
due to the 1low thermal diffusivity of Ti. The Ti-doped SI InP-related
compounds should also havé a large safety margin to piccessing—induced‘
accéptor type defects and contaminants since the compensation mechanism
in InP involves a midgap donor level.
| Our study of T1—related deep levels was carried out employzng
T1—doped GaAs and InP grown by the liquid encapsulated (LEC) technique
and also thick epitaxial crystals of related binary and ternary
compounds. Characteristic optical absorption spectra involving
intracenter transitions of the Tiz+(3d2)'and Ti3+(3d1)'charge states Qere
used to identify the presence of Ti and to estimate the concentration of
Ti in a given charge state. Deep levels wee studied using deep level

transient spectroscopy (DLTS) and capacitance transient measurements. In
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GaAé, the Ti3+/'1'i2+ acceptor level and "I'i4""/'1‘i3+ donor levels_are located
at Ec—0.23i0.01 eV and Ec-0.90i0.02 eV (see Fig. 8}, respectively. In
the ternary compound Gal_xAles, the separation of these Ti levels from
the conduction band increases with Al concentration. For x>0.3 eV the
Ti3+/'1‘i2+ acceptor level becomes sufficiently deep to yield SI
Gal;xAles.' The technologicaliy most significant compensation is
encounteréd in InP, in which the Ti4+/Ti3+ donor level is located near
the vmidgap at Ec-0.60 eV, while the Ti3+/'ri2+ acceptor level is within
the conduction bandr(see Fig. 8). 1In view of the position of this ﬁidgap
level, Ti doping was succéssfully employed for the growth of
semi-insulating InP with a resistivity of abouthlO6 ohm-cm. To the
best of our knowledge, this is the first SI III-V compound having a
compensation mechanism based on a deep donor impurity rather than a deep
acceptor impurity. The Ti level.energies~in InP, GaAs and GaAlAs were
ffoﬁnd to be in very good agreement with the vacuum-referred binding
energy method (VRBE). Thus; we used this method to predict Ti energy
levels in other III-V compounds, and we defined the compositional range
for SI GaAs-related and InP-related ternary and quarternary compounds
baséd on TI doping.

III.6. Advantages of GaAs Growth in Space

The advantages of zero-gravity conditions in solidification in

general, and semiconductor crystal growth in particular, stem primarily
from the suppression (or virtual eliminatioﬁ) of thermal and solutal

| convection in the melt. Furthermore, growth in space is a promising
means for oyercoming constitutional supercooling, which on the ground
limits the yield of crystal growth of alloys and heavily doped

semiconductors. As demonstrated in early experiments, elimination of
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thermal convection caﬁses impurity segregation to proceed under ideal
~diffusion-controlled conditions and leads to a uniform dopant
distribution and enhanced homogeniety of the crystals. |

Regarding the growth of compound semiconductors, and especially
GaAs, the potential advantages of space extend far beyond the effects of
" impurity segregation and constitutional supercooling. They relate to the
profound role of the melt stoichiometry and stoichiometry fluctuations
discﬁssed above. The effects of stoichiometry were discoveredvonly
recently, and thus are not yet fully apérgciéted by many researchers.

The potential advantages of space for growth 6£ GaAs crystals
predicted from our ground-based research are summarized below in Table
III. Stoichiometry and its control are the overwhelmingly important
factors involved, as clearly indicated by our ground-based studies. For
comparison, the advantages of space for the growth of. elemental-
sémiconductots, as deduced from previous space expériments, are included.

I1I.7. Direct Impact on Space Growth Programs

Our ground-based research has had a direct impact on crystal growth
in space. Our developments in liquid phase electroepitaxy and in melt
growth have evolved into two unique programs on GaAs growth in space
which_ are currently being cariied out under the sponsorship of
Microgravity Research Associates and NASA, respectively.,'_These two
programs are briefly outlined below.

Electroepitaxial Growth of Bulk GaAs in Space. Liquid phase

electroepitaxy (LPEE) is the only known growth process which has yielded
thick GaAs crystals of ultra-hiéh structural and electronic perfection.
We have been developing this method and have established 'that
implementation of this technique on the ground is impeded by the
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detrimental effects of thermal convection and of solutal cgnvection in
the liquid phase.

In 1983 under the sponsbrship of Microgravity Research Associates,
we initiated an extensive study on the fundamental and practical problems
related to the adaptation of the LPEE process to the microgravity space
environment. The long-term goals of this work include: conceptual
development of ~electroepitaxy apparatus ‘compatiblé with space
environment (recently developed model of space growth cell is shown in
Fig. 9); analysis of processes and phenomena limiting the quality of
material grown in space by the LPEE process; optimizaﬁion of hardware
design Vand related interaction with the hardware manufacturer.
Electroepitaxy growth experiments cérried out under MRA sponsorship have
shown that this technique indeed makes it possible to achieve thick Gaas
crystals of outstanding electronic and structural characteristics. Thus,
we have grown GaAs up to 3 mm thick with free electron concentration of
about 2 x 10%%m3 and electron mobility w39, = 7000 cm;/Vs.

Furthermore, we have discovered that dislocation dénsity decreases during
prolonged LPEE growth, which opens the possibility of achieving virtually
defect-free GaAs.

These developments we consider striking. It is now evident that the
. successful realization of the LPEE process in space carries the promise

of a major breakthrough in GaAs and related compounds.

Growth of GaAs Crystals from the Melt in a Partially Confined

Configuration. As pointed out earlier, our ground-based research has
demonstrated that stoichiometry is the single most important factor in
the melt growth of GaAs (see Table III). It is, thus, imperative that in

order to benefit fully from the space environment a new growth



































