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SUMMARY

Our experimental and theoretical effort continues to be aimed at the
establishment of relationships among crystal growth parameters, materials
properties, electronic properties and device applications of GaAs. Toward
this goal: we undertook the development of new approaches to the preparation
and characterization of GaAs. This extensive ground-based program constitutes
a necessary step for insuring successful processing of GaAs under zero-gravity
conditions. Furthermore, due to its unique scope combining crystal-growth
characterization, and device-related properties and phenomena, this program

bears directly on the exploitation of the potential of GaAs in device applica-

tions.
Our crystal growth effort includes electroepitaxy as a non-conventional

and extremely promising approach to liquid phase epitaxy and melt growth of

bulk GaAs crystal. We have substantially advanced the understanding of funda-
mental processes involved in electroepitaxial growth. Our quantitative model

of electroepitaxial growth in terms of electromigration and the Peltier effect
has been successfully extended to the growth of ternmary and quarternary compounds

predicting high growth rates and remarkable stabilization of the composition of

electroepitaxial layers. .
High growth rates attained by electroepitaxy confirmed out prediction

that interface kinetic phenomena have only negligible effects on electroepi-
taxial growth., Thus, it is now experimentally verified that electroepitaxy
enables the extension of the LPE process to high growth rates so far obtained
only in melt growth. As clearly demonstrated by our growth-property studies,
high growth rates result in a remarkable improvement of the carrier recombina-
tion characteristics of epitaxial layers.

.In our melt-growth studies we have completed the construction and testing

of an advanced system for horizontal and/or vertical growth of GaAs. Successful
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growth of bulk GaAs under precisely controlled growth conditions has been
initiated. Crystals recently obtained yw e r e extensively characterized

on a macro- and micro-scale.

Our effort to establish a "state of the art" characterization facility
has been'highly successful. A modified system for Deep Level Transient
Capacitance Spectroscopy wa s set up, suitable for the determination of
bulk levels and interface states. Scanning Electron Microscopy-cathodelumines-
cence studies y e r ¢ initiated in the temperature range of 80K to 700K.

These newly introduced techniques, together with our recently developed

methods such as IR scanning absorption, derivative photovoltage and photocapaci-
tance spectroscopies, transport techniques and SEM-electron beam—induced current
now permit the unique characterization of all essential electronic parameters

of GaAs on a macro- and a micro-scale.

The importance of micro;éharacterization in establishing growth-property
relationships of GaAs w a s recently demonstrated through our studies of
carrier concentration and compensation microprofiles in melt-grown material.
These studies showed clearly that, unlike those of elemental semiconductors

(si, Ge), the electronic characteristics of GaAs are controlled by amphoteric

" doping and deviations from stoichiometry rather than by impurity segregation.

We a ]ls o initiated preliminary characterization studies on InP which
very recently received considerable attention as a material competitive with
GaAs in microwave and optoelectronic applications. Although such studies
introduce a new element to our program, we believe that they are essential for
proper assessment of the relative potential of GaAs versus other compound semi-

conductors in future applications.

e sa.




INTRODUCTION
During the last three years we have made significant advancements in

the electroepitaxial growth of GaAs, in the electronic charscterization on a

microscale, and in the study of growth-property relationships relevant to
GaAs applications. We have also initiated the study of melt growth of bulk
GaAs crystals. Our program on "Crystal Growth of Device Quality GaAs in Space"
has been widely exposed to the scientific and engineering community of leading
industrial and educational institutions, and we have succeeded in establishing
direct contacts which have proven extremely valuable in assessing the present
status, major problems and future prospectives of GaAs growth and applications.
Table I summarizes the most important among the above developments. A
more detailed discussion is given in our publications and :earljer annual reports.
Presently we will outline the most recert developments, i.e., since April 1,
1979.

CRYSTAL GROWTH
Electroepitaxy

Electroepitaxy represents a novel approach to liquid phase epitaxy (LPE)
of semiconductor compounds in which growth is achieved by passing an electric
current through the substrate solution interface while the overall temperature
of the system is maintained constant.

The prospect of achieving precise control of the crystal growth process
by simply controlling the current density gtimulated extensive experimental
and theoretical studies of electroepitaxy.

In our earlier theoretical investigations of binary systems a model of
the growth kinetics and impurity segregation has been developed.(l-a) This
model defines the contribution of the Peltier effect at the solid-solution inter-
face and that of solute electromigration to the overall growth process. Thus,
it has been shown that electromigration of solute species to the growth inter-
face is the primary means of mass transport required for supersaturation and

continued growth; the contribution of electromigration to growth is dominant
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-7 -
in the absence of significant convection in the liquid. The presence of
convection in the solution enhances the contribution of the Peltier effect
(cooling or heating at the growth interface) with pronounced concentration
gradients which increase mass transport by diffusion.

The'bresence of electromigration and of the Peltier effect render
electroepitaxial growth sensitive to the direction and density of the
electric current, to the electrical resistivity of the solution, to the con-
ductivity type (n or p) of the substrate and to the thickness of the substrate;
as has been shown, these parameters provide a high flexibility in controlling
and studying the growth process which is unattainable in standard LPE.

Our present studies y e r ¢ addressed to three important aspects:

(1) the feasibility of achieving high growth velocities comparable to melt
growth in GaAs; (2) the theoretical and experimental analysis of electroepi-
taxial growth of GaAs-relatea.multicomponent systems; (3) the development of
new advanced systems for electroeptiaxial growth.

Electroepitaxial Growth Velocity

The experimental results of electroepitaxial growth velocity as a function
of electric current density are given in Figures 1 and 2. Figure 1 presents
the results obtained on substrates with (100) orientation commonly employed
in LPE growth, while Fig. 2 corresponds to substrates with (1l1ll) orientation.
Only slight differences are seen between (111) and (100) orientations, and
these differences are within variations expected from slight systematic dif-
ferences in electron concentration of the employed substrate materials (leading
to differences in Peltier effect contributions to the growth velocity). It
is thus apparent that the electroepitaxial growth velocity is insensitive to

substrate orientation. Furthermore, growth velocity increases linearly with
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Fig. 1 Electroepitaxial growth velocity versus electric
currens density for GaAs grown on n-type substrates
(9.101cm~3) of (100) orientation.




W T R TR e R T AR s AR R -.‘

2 30
?E GaAs
S o-(i11) 925°C
> +-(111)
g o
- +
g 20 /
; / o
3 Y4
< @/ '
< 11 /*‘ /ﬂ/ g/i 850°C
o / /a 7
;
@
0 50 100 150 200

CURRENT DENSITY (Aem?)

Fig. 2 Electroepitaxial growth velocity versus
electric current density for grown on
n-type substrates (l.1 x 1018~ ) of (111)
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electric current density, even for high current densities, which provides

direct evidence of the negligible role of interface kinetic phenomena. It

should be noted that the highest growth velocity obtained at 925° for a cur-

rent density of 150 A/cm2 is about 0.1 inches/hr, i.e., comparadble to typical

growth rates of GaAs from the melt (0.3 to 0.5 inch/hr) by directional solidification.

Electroepitaxy of Multicomponent Systems

Our recent study of the elcctroepita#y of multicomponent compounds
has shown that the same phenomena which dominate the electroepitaxial growth
of binary compounds are also of fundamental importance in this case. Thus,
a theoretical electroepitaxial growth model of multicomponent systems was
developcd(s) based on electromigration in the solution and on the Peltier
effect at the growth interfece. Quantitative relationships were derived for
the dependence of the growth velocity and the composition of the layers on
the current density and othef'gtowth parameters. The model was successfully
used for the analysis of experimental results on the electroepitaxial growth of

Ga, _Al_As, and it enabled to explain the observed remarkable stabilization of

lex""x

the composition in the direction of growth under constant density. It was also
found that the composition of the solid can be precisely varied by varying the
current density. Experimentally determined compositional changes of Gal_xAles
are shown in Figure 3 as a function of current density. The dashed line is
computed from the theoretical model of multicomponent-system electroepitaxy.

It should be noted, in conjunction with the present results, that multicomponent
systems play a key role in optoelectronic device structures and their tech-
nology relies exclusively on epitaxial growth. Standard LPE provides only
limited flaxibility in controlling the microscopic growth velocity; thus,
precise control uf the composition of ternary and quarternary compound layers

is still a problem. The unique advantages of electroepitaxy in this respect

are quite evident.
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New Experimental Systems for Electroepitaxy

During the last year we {n { t { ated the design and construction of
two highly advanced systems for electroepitaxial growth of thick GaAs lavers
and of improved quality heterostructure layers.

The first of these systems incorporates a configuration of "rotating
substrate" (see figure 4), originally proposed and st ud 1 ed 1in
conjunction with electroepitaxy at the Institute of Inorganic Chemistry,
Siberian branch of the Soviet Academy of Sciences. As shown schematically
in figure 4, the GaAs substrate is mounted on a rotating shaft and growth
from equilibrated Ga-As solution is performed by passing electric current
through the solution-substrate interface. The vertical motion of the graphite
boat brings the substrate into contact with solution, makes possible pulling
of the substrate with respect to the solution during the growth, and permits
the separation of the substrate from the solution after growth is terminated.
Rapid spinning of the substrate (~100 RPM) provides a convenient means for an
effective removal of the residual solution from the surface of the grown GaAs
layer. We believe that Lhis approach (which in essence incorporates all of the
convenient features of Czochralski-type arrangement in epitaxial growth) will
~ enable extension of the electroepitaxial growth to thick layer, and possibly
to the growth of high quality, bulk GaAs crystals. Construction of the ap-
paratus has already been completed. Extensive work on testing and calibrating
the system is in progress; preliminary first growth experiments were carvied
out and yielded promising results.

The second electroepitaxy system, which is in the final states of con-
struction, was designed for the growth of ultra-high quality layers and hetero-

structures. It combines our own experience in current-contolled LPE with the advanced
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Fig. 4 Schematic representation of a boat design for electro-

E/
O
E
lo
lo
o

O

O

FURNACE

epitaxy in "rotating substrate" configuration.
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know-how of industrial organizations (RCA, Nippon T & T, Fujitsu Labs)
leading in the field of thermal LPE.
Figures 5, 6, and 7 depict three essential subsystems of the new apparatus,
i.e., the electronics system, the ambient gas system and the electroepitaxial

boat, respectively. The electronic system utilizes a microprocessor which
enabies computer programming and controlling of the growth process. Detailed
temperature control monitoring is considered a key factor for consistent and
reproducible growth of a multicomponent layer.

Significant improvements were also introduced in the ambient gas puri-
fication system (figure 6) which, according to a new design, iﬂcludes H2
and N2 purifiers and sorption puﬁps eliminating oil contamination of standard
mechanical pumps.

The multi-well boat (figure 7) was designed on the basis of the latest

experience of RCA with modifications permitting the passage of electric cur-

rent through the solution-substrate interface. This boat enables the growth

electroepitaxially, and/or thermally, of four layers of the desired composition

and/or doping characteristics, and it will be employed for electroepitaxial

growth of heterostructure layers and device structures. Growth experiments will
be carried out in the very near future.

Melt Growth

Growth Apparatus

During the last ye. we completed the construction and testing of an
advanced system for horizontal and/or vertical growth of GaAs. An overall

view of this melt-growth apparatus is given in figures 8 and 9 in the horizontal

and vertical operation mode, respectively.
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Fig. 7 Electroepitaxial boat for growth of multicomponent
layers and heterostructure devices.
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To satisfy unique thermal requirements the furnace system was constructed
with four independently controlled resistance windings, an internal gas
cooling system for enhanced heat extraction, and a heat pipe in the low
temperature zone for improved thermal stability and "flat" temperature profile.
Power taﬁg on the windings permit tailoring of the thermal profile in each
zone. The furnace is supported by a carriage assembly which rides on two
parallel rails mounted on a two-piece main frame., The main frame permits
positioning the system at any orientation from horizontal to vertical (figures
8 and 9). Furnace motion is accomplished by a variable speed cable drive
system pulling the carriage assembly. Drive rates range from 0.05 cm/hr to
to 6 cm/hr. All of the support systems (power inputs, gas feeds, sensor
outputs and cable drive) have been designed to enable operation in any con-
figuration without major modifications.

A 15-channel chart recorder provides continuous monitoring of the
thermal conditions throughout the system. Digital readouts enable visual
monitoring of system temperatures. Four adjustable voltage sources permit
high sensitivity thermal.measurements to be made by offsetting the thermocouple
potential. During the testing procedures emphasis was placed on temperature
control. All detectable sources of temperature instabilities in the sensor
and control circuits have been systematically isolated and stabilized. Air
circulation effects in the furnace tube which tend to flatten the temperature
profile,were minimized by the use of zirconia and alumina insulation between
the quartz process tube and the furnace interior wall. Long~term temperature
stability is typically better than 20.02°C.

During the initial growth experiments three major problems related to the
actual growth process we r e identified and solved. The first of these

involved temperature control in the "cold zone'". Since the temperature in
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this zone determines the arsenic vapor pressure and thus the melt stoichio-
metry and growth temperature, it is essential that it be maintained very
stable. It was found that heat transfer within the ampoule was acting as
a "short circuit' path between the high and low temperature zones. The
transfer caused erratic temperature control in the low temperature zone leading
to depletion of arsenic in the melt and collapse of the ampoule due to the
decreased pressure inside the ampoule. External control of the 'cold zone"

was abandoned in favor of control at the coldest point on the ampoule end

wall. Implementation of this change led .o a thermal stability of %0.01 .to

¥0.02°c.

The second problem was related to the accurate positioning of the initial
801id-1iquid growth interface without visibility through the fqrnace wall.

To solve this problem a series of partial seed melting experiments were per-
formed which led to the estasiishment of an experimental procedure which makes
possible positioning of the interface (through controlling of the exterior
temperature profile) with g4 precision of tl mm.

A third practical problem was related to surface tension effects which
complicate seeding of the crystal due to a tendency of GaAs melt to detach
itelf from the seed crystal. This problem was overcome by redesigning the
boat configuration, which now permits reproducible seeding and growth of
singlz crystals of GaAs.

Finally, a new ampoule design was generated which permits the reuse of
the most complex portion of the ampoule. This design reduces the time and
costs of rebuilding the ampoule for each run.

Characteristics of Melt-Grown GaAs

The initial melt-growth experiments were designed for testing the growth

system rather than for studying growth-property relationships. Nevertheless,
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these experiments were quite successful in yielding bulk GaAs with electronic
properties (e.g., mobility, compensation and homogeneity) comparable to
commercially available material of similar electron concentration.

The electronic properties of two crystals are given in Table I1I. It
should he noted that characterization of these crystals was based on the
utilization of our advanced characterization facility, Thus, the compensation
ratio was determined from carrier concentration and electron mobility with
our transport technique.(12’13) The homogeneity of the material was assessed

)

with IR Scanning absorption. A typical electron concentration microprofile

of the end portion (most inhomogeneous) of crystal 1 is presented in figure 10.

It is seen that local changes of electron concentration are tZO%, i.e., typical

for presently available melt-grown GaAs.(l3)
A first derivative surface photovoltage spectrum characteristic of

crystal 1 is shown in figure 11. The well resolved subbandgap Si-peak permitted

the identification of Si as the dominating impurity. The density of disloca-

tions was determined from etch-pit densities (figure 12) and was confirmed

by SEM-cathodoluminescence scanning. The cathodoluminescence image of a

sample prepared from crystal 1 is shown in figure 13. The dark spots in

this image correspond to dislocation regions characterized by enhanced non-

radiative recombination. The room temperature cathodoluminescence spectrum

of the same sample (dashed and dotted lines correspond to different points

on the sample) is shown in figure 14. Both the position of the peak (band-to-

band transitions) and its half-width are consistent with literature data on

cathodoluminescence characterlstics of GaAs of similar electron concentration.

The low electron concentration of crystal 2 permitted the determination
of the deep level characteristics utilizing deep level transient capacitance

spectroscopy. A typical DLTS spectrum is shown in figure 15, ‘ndicating the
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Fig. 11 First derivative photovoltage spectrum
of melt-grown GaAs (se: text).
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Fig. 12 Dislocation-etched pits of melt-erown crystal 1
as revealed by chemical :tching.

Fig. 13 Dislocation pattern of melt-grown crystal 1
as revealed by SEM-cathodoluminescence. Note
that Figs. 12 and 13 correspond to neighboring
segments of crystal 1.
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Fig. 14 Room temperature cathodoluminescence spectra
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Fig. 15 Deep Level Transient Capacitance spectrum of

melt-grown GaAs crystal 2 showing oxygen-related
level at 0.81 eV below conduction band.
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presence of an electron tap 0.81 eV below the conduction band. This trap
coincides with a level commonly interpreted as related to oxygen. The con-

3, i.e., typical

centration of these traps is determined to be about 1016cm_
for melt-grown GaAs. The characterization effort outlined above constitutes
an assessment of the electronic properties of the first GaAs single crystals

grown With our newly constructed melt-growth apparatus. These properties

F
3
T T TEE TP o S U YT St .;.mmdm_.m_uj

represent an initial reference point for our future research on growth-property

relationships.

CHARACTERIZATION

| Deep-Level Transient Spectroscopy
l

Deep-level transient spectrescopy (DLTS) is presently used as a standard

characterization technique of wide bandgap semiconductors.(zo) This technique

T T NI S

is capable of displaying the spectrum of traps in a crystal in the form of

peaks (emerging from a flat baseline) as a function of temperature. From the

B P PR

:

|

|

F position and the height of the peaks one determines the energy position of the
levels, the capture cross-section, and concentration. Since the DLTS method

is sensitive, rapid, and easy to analyze, it is extremely useful as one of the :

basic techniques for establishing the relationships between growth conditions :

and the properties of GaAs. The block diagram of our recently constructed

DLTS system is shown in figure 16. The basic capacitance measurements are

nverformed with a modified 1 MHz commercial capacitance meter. The rate window

is implemented by a double boxcar averager. In this approach, the emission

rate, ey corresponding to the maximum height of the DLTS peak, is precisely

defined by settings of gates in the boxcar averager. The values of e, at dif-

ferent gate settings and the temperatures corresponding to the peak maxima

allow determination of the thermal activation energy of traps. The measurements

for testing the system were performed on MS structures (Schottky barrier)
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Fig. 16 Block diagram of our Deep Level Transient
Spectroscopy system.
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Fig. 17 Typical Deep Level Transient Capacitance spectrum
of commercially available undoped (n-type, 6.1015em™
melt-grown GaAs. DLTS peaks correspond to electron
traps located at 0.25, 0.35, 0.6 and 0.81 eV below
conduction band. Note that in our melt-grown GaAs
(crystal 2, Fig. 15) only an oxygen related peak
(0.81 eV) was observed.
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prepared on commercially available melt-grown GaAs (n = 6 x lolscm-3). A
typical transient capacitance spectrum is shown in figure 17. This spectrum
reveals four peaks which can be considered as characteristic of the melt-
grown GaAs.(ZI)

The ‘DLTS technique was also employed for the investigation of MOS-GaAs
structures.(ll) Preliminary results have shown that measurements of transient
capacitance spectra of MOS structures vs. filling pulse magnitude provide a
convenient means for identification of interface states and bulk levels.
Thus, as shown in figure 18, besides the DLTS peak corresponding to 0.8 eV
bulk level (ohserved also in MS structures) an additional peak is observed
at high filling pulse voltages. This additional peak can be accounted for
on the basis of an interface state with a discrete energy at 0.65 eV below
the conduction band edge. Further investigation of interface states is in
progress.

Derivative Photocapacitance Spectroscopy

The capacitance measuring system discussed above has also been utilized
in conjunction with wavelength modulation of the incident light as a new
convenient and simple approach to the determination of photoionization charac-
teristics of deep levels.(lo) The advantages of wavelength modulation for
studying deep levels have recently been demonstrated in our derivative surface
photovoltage spectroscopy as applied to GaAs MOS structures.(s’g) The newly
developed derivative wavelength modulated photocapacitance spectroscopy is
applicable to MOS as well as to structures simpler than MOS, e.g., metal-
semiconductor Schottky barriers and p-n junctions. In the course of these
studies the technique wa s successfully employed for the determination of

deep levels in melt-grown GaAs and the Cr level in high resistivity GaAs.

e o e 5 i
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DLTC spectra of MOS structure(prepared on epitaxially
grown GaAs by anodic oxidation process)ahowing interface
states and bulk levels. Note the dominating character

of DLTS peak due to the interface states for high voltages
of the filling pulse.
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SEM~Cathodoluminescence

A cathodoluminescence measuring system has been assembled to perform
experiments in dispersive and non-dispersive modes at temperatures ranging
from 80-700 K. The system consists of an optical microscope (incorporated
into our'gcanning electron misroscope apparatus), of a monochromator and a
photomultiplier which serves as a detector of light emitted by the sample
irradiated by the electron beam.

The image shown in figure 13 is a non-dispersive mode representation of
cathodoluminescence of Si-doped melt-grown GaAs (crystal 1), discussed

earlier. Emission spectra (dispersive mode) of the same sample were
given in figure 1l4. The non-dispersive mode studies provide an instantaneous
means for qualitative imaging of recombination inhomogeneities. Quantitative
dispersive mode analysis enables the determination of carrier concentration
microprofiles and/or microprééiling of radiative recombination centers. In the
course of the present studies the relationship betwean the half-width of

the emission peak and the carrier concentration was used to develop a simple
procedure for quantitative electron concentration microprofiling of n-type
GaAs. Typical results obtained with a commercially available melt-grown Te-
doped GaAs are given in figure 19. It is seen that the crystal exhibits
large carrier concentration Zuhomogeneities (n varies by a factor of 2) in
agreement with our results obtained with IR absorption scanning. However, it
is also seen that cathodoluminescence scanning allows the identification of
inhomogeneities with extremely high spatial resolution of about 1 um. The
advantage of cathodoluminescence over optical excitation techniques is in

this respect unquestionable.

GROWTH-PROPERTY RELATIONSHIPS

Electronic Properties of GaAs on a Microscale

Utilizing our tunable laser IR absorption scanning technique we
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achieved, for the first time the simultaneous microprofiling of semiconductor
free carrier, donor and acceptor concencrations.(7) A number of techniques
utilizing spreading resistance, Schottky barriers, EBIC, electroreflectance
and IR absorption or topography have previously been developed for profiling
the carrier concentration in semiconductors. However, these techniques
essentially fail to distinguish between changes in impurity concentration

and in compensation ratio. The present method is an application of our

recent quantitative studies of the free carrier absorption in GaAs and InP

as a means of determining the compensation ratio. The principle of the method
is understood by considering the absolute value and the wavelength dependence
of the free carrier absorption coefficient are experimentally measured quanti-
ties which contain only two unknown parameters, namely the electron concentra-
tion n = N -N

DA

centrations of ionized donors and acceptors, respectively.)

and the compensation ratio 6 = NA/ND. (ND and NA are the con-

Microprofiles of free carrier, donor and acceptor concentrations obtained
with melt-grown (horizontal Bridgman) Ge- and Si~doped GaAs are presented in
figures 20 and 21, respectively. The inhomogeneities seen in these figures,
although of an amplitude larger than average, are typical of all crystals
obtained from several sources. Actually, as a general rule, all presently
available melt-grown GaAs is highly compensated and exhibiits pronounced varia-
tions in free carrier concentration.

A striking feature of the results of figure 20 is that the electron con-
centration exhibits large fluctuations of a magnitude comparable to its average
value, while the total concentration of ionized impurities remains essentially
constant. It is also seen in figure 20 that the spatial variations of donor

and acceptor concentration are out of phase, i.e., maxima in ND coincide with

minima of NA'
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Fig. 20 Electron concentration and ionized impurity
microprofiles of Ge-doped melt-grown GaAs.
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The variations of donor and acceptor concentration shown in figure 20
cannot be explained on the basis of standard impurity segregation behavior
controlled by the crystal growth velocity or the diffusion boundary layer
thickness, and they must be associated with factors affecting the relative
concentration of Ga and As vacancles or stoichiometry of GaAs.

Similarly, the free carrier concentration profiles in Si-doped GaAs
cannot be accounted for by standard segregation behavior. Thus, in figure 21
the donor and acceptor concentration changes are not nearly so pronounced.

The results of figure 21 were obtained from the same Si-doped crystal as those
of figure 4a, but a different segment. In this case, the fluctuations of the
free carrier, the donor and the total ionized impurity (ND + NA) concentrations
are of similar nature and magnitude, but the ionized acceptor concentration
undergoes relatively small variations.

It 1s apparent from figures 20 and 21 that fluctuations in the individual
profiles of carrier, donor, acceptor and total ionized impurity concentration
can readily be mistaken as related to standard impurity segregation behavior
as they resemble well established impurity segregation variations, particularly
in elemental semiconductors. Thus, all of these microprofiles must be simul-
taneously considered in assessing the origin of inhomogeneities in compound
semiconductors.

Such simultaneous analysis performed on the basis of IR scanning absorption
showed clearly that the electronic characteristics of GaAs on a microscale are
controlled by amphoteric doping and deviations frem stoichiometry rather than
by impurity segregation. This conclusion is not necessarily limited to GaAs,
but most likely it is valid for other semiconductor compounds as well.

Our preliminary cathodoluminescence study of InP has demonstrated striking

differences between microscale variations of free carrier and impurity
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concentrations. Typical results obtaimad with a p-type, 1017cm-3. sample of
melt-grown InP are shown in figure 22, and they are labeled as I, 1I, and I11I.

In each case two spectral dependences are given as measured for the neighboring
points (separated by about 25 um). In figure 22 1, the band-to-band lumines-~
cence peak' (B-B) does not vary, while a significant increase in a lower energy
peak involving impurity level transitions (B-L) is observed. 1In case 1], the
band-to-band peak increases while the peak involving the impurity level de-
creases noticeably. In case I1I, the band-to-band transition is enhanced,

while the impurity level transitions remain unchanged. Thus, it is evident

that the spatial variations of band-tc- rand luminescence and of impurity level
luminescence in InP are not interrelated. The sensitivity of the band-to-band
transition to concentration of free carriers, and of the impurity luminescence

to impurity concentration leads to the conclusion that in InP, like in GaAs,

the concentration of free carfiera and the concentration of impurities does

not follow the standard pattern established by crystal growth dependent segrega-
tion behavior, but rather it is controlled by growth patterns affecting amphoteric
doping and stoichiometry, which cannot be as yet unambiguously defined.

Compensation of InP

We have recently initiated preliminary characterization studies on InP
which has been receiving increased attention as a material competitive to
GaAs in a number of appiications. Thus, we have extended cur theoretical cal-
culation of electron mobility and free carrier absorption of GaAs to the case
of InP, and we have performed rigorous experimental study of DC and high fre-
quency AC transport phenomena. Detailed results of this study are given in a
forthcoming publication.(lé)

It is, however, of importance to underscore that accoréing to our own

results and the analysis of literature data, melt-grown InP exhibits much
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lower compensation than that encountered in melt-grown GaAs. This difference
is evident in figure 23 where the normal range of Nirp/n is plotted as a func-
tion of electron concentration for commercially available high-quality GaAs
and for InP. In the low electron-concentiation region the melt-grown GaAs
is highly ‘tompensated, with a total concentration of ionized impurities exceeding
by an order of magnitude the free carrier concentration. InP, on the other hand,
even at low conce:iyiiions can be obtained by melt growth with a concentration
of ionized impurities of the same order of magnitude as the electron concentration.
This marked difference is probably related, in part, to the lower melting point
of InP (1062°C for InP and 1238°C for GaAs) and thus to the lower concentration
of native point defects; point defects in compound semiconductors are known to
participate in the formation of compensation centers. Furthermore, the covalent
radii of In and P differ by about 407, whereas those ofGa and As are about the
same; thus, a dopant impurity 13 more likely to occupy preferentially In or

P sites in InP than Ga or As sites in GaAs (amphoteric or compensating doping).

o .-
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APPENDIX
PUBLICATIONS
Reprints and preprints of papers which appeared in the literature or were
submitted for publication since our last annual report are appended. They
provide a more detailed account of some of the work discussed in the text of

the present report.




Defect Structure and Electronic Characteristics 4
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Thermal LPE
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ABSTRACT ’
A comparative study was carried out on the defect structure and electronic |
properties of GaAs layers grown under similar conditions by electroepitaxy |
(electromigration controlled) and by thermal LPE. It was found that the den- “
sity of certain microdefects, commonly present in GaAs layers, is significantly

smaller (about an order of magnitude) in electroepitaxially gyrown than in e
thermally grown layers. It was also found that electroepitaxial layers exhibit i
reater carrier mobility and diffusion length than the thermael?r grown layers; ’
addition, electroepitaxinll{l grown p-n junctions exhibited lower satura-
tion current than the thermally grown junctions. The differences in the char-
acteristics of two types of layers are attributed to corresponding differences |

in the nature of the driving forces for growth.

Growth of semiconductor compounds from solution
can be initiated and sustained by passing electric cur-
rent through the growth interface while the over-all
temperature of the system is kept constant. Electro-
epitaxial growth has been successfully achieved with
InSb (1), GaAs (2, 3), GaAlAs (4, 5), InP (8),
HgCdTe (7), and garnet layers (8). The advantages of
electroepitaxy in obtaining controlled doping (2, 9),
improved electronic structures (9, 5), and in studying
growth and segregation (10) have already been re-
ported. A theoretical model of growth kinetics has
been recently formulated (11) which defines the con-
tribution of the solute electromigration and that of the
Peltier effect (at the solid-solution interface) to the
over-all growth process. According to the model, the
contribution of electromigration is dominant in the ab-
sence of convection in the solution, whereas the con-
tribution of the Peltier effect can be dominant in the
presence of convection. This model was found to be in
excellent agreement with experiment data on the ki-
netics of the electroepitaxial growth of GaAs from

Ga-As solutions.

Under electromigration control it has been shown
that growth takes place under nearly equilibrium
(isothermal) conditions (11) Consistent with this re-
sult it has been found that the surface morphology of
electroepitaxial layers (attained under electromigra-
tion control) do not exhibit terracing commonly ob-
served on layers grown by standard (thermal) LPE
(12). In the light of these results, the present study
was undertaken and aimed at the comparison of the
defect structure and electrical properties of GaAs
layers grown by thermal cooling and by electromigra-
tion controlled electroepitaxy under similar over-all
conditions.

Experimental

Electroepitaxial growth of GaAs was performed in &
standard LPE apparatus modified to permit controlled
current flow through the solution-substrate interface
(2, 13). Ga-As solutions doped with Ge (2%) were
used; their height in the growth cell was from 10 to 14
mm. Growth was carried out on a 0.5 cm? area of
(100) oriented 300 um thick GaAs substrates which
were either Cr-doped (semi-insulating in room tem-
perature; or Si-doped (n = 2 x 10!* cm?), Electrical
contact to the substrate was made with a 150 xm

¢ KElectrochemics! Society Active Member.
1 Present address: Electrical Communication Laboratories, Nip-

n Telegraph and Telephone Public Corporation, Tokyo 180,
ey words: semiconductor, defect, doping.

thick layer of Ga (13). To insure electromigration con-
trolled growth, convective interference was eliminated
as described elsewhere (13).

Prior to growth, the Ga-As solution was thermally
equilibrated over a dummy substrate at 900°C. After
bringing the solution into contact with the substrate,
the temperature of the system was increased by 3°C
to dissolve the substrate surface layer which might
have been depleted in As during the thermal equili-
bration period (14).

Epitaxial layers ranging in thickness from 20 to 40
sm were grown by employing current densities of 2, 5,
10, 20, 40, sand 50 A/cm? with the substrate having a
positive polarity or by decreasing the temperature
10°C at a rate ranging from 0.1° to 2°C/min; this cool-
ing range was chosen to obtain the same microscopic
growth rates as those obtained by the employed cur-
rent densities,

The microscopic growth rate was determined by
interface demarcation (15); current pulses (80 A/cm?)
of 0.5 sec duration and at intervals of a few minutes to
one hour were passed through the growth interface
during thermal cooling or they were superimposed to
the base current during electroepitaxy.? The micro-
scopic growth rate was found to be essentially constant
during the first hour of growth; only layers grown
under constant growth rate were used in the present
analysis.

After growth the electric contact to the base of the
substrate was removed by lapping. To determine -the
growth rate, the substrate and epilayer were cleaved
and etched in AB etchant for about 20 sec; interference
contrast microscopy was used to measure the spacing
between interface demarcation lines, Samples for
carrying out Hall-effect measurements and for p-n
junction characterization were obtained by cleaving
the substrate and the epilayer into 1 x 1 mm squares;
electrical contacts were made with In or Sn by heating
at 400°C for 10 min in a Hs atmosphere; layers grown
on semi-insulating substrates were used for the Hall-
effect measurements. Saturation currents were deter-
mined from the I-V characteristics of the diodes
(p-type epilayers on n-type substrates). The diffusion
length was determined from the dependence of the
electron-beam-ir.duced current (in an SEM) on the
distance of the p-n junction employing a 30 kV ac-
celerating voltage (16).

By their durstion and frequency it was established

that current pulses do not affect the ove growth process or
the properties of the material grown.
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Crystallographic defects present in the epilayers
were revealed by 5 min etching in nonstirred AB
etchant at 10°-15°C. Because the presence of terraces
on thermally grown surfaces interfered with the ob-
servation of etch pits, these layers were lapped with a
5 um particle diam abrasive and mechanical-chemical
polished prior to etching. Electroepitaxially grown
layers were etched without any pretreatment. To
examine defect distribution in the growth direction,
the epilayers were 1° angle-lapped, mechanical-chem-
ical polished with (commercial) bleach solution for 40
to 80 sec; they were then etched in AB etchant for §
min at 10°-15°C. This process was repeated a few
times to obtain the statistical defect distribution
through the epilayer. Determination of etch pit densi-
ties on as-grown-€pitaxial layers and on angle-lapped
surfaces showed that the lapping process did not intro-
duce defects in the material; in addition the location of
the substrate-epilayer interface could be determined
with an accuracy of from 1 to 2 um by etching angle-
lapped and cleaved surfaces.

Microscopic defects.—Four types of crystallographic
defects were observed in electroepitaxially and in
thermally grown layers similar to those previously
reported in the literature. Typical examples of these
defects in a thermally grown layer with an average
velocity of 1 um/min (1°C/min) are presented in Fig.
1. The conical pits shown in Fig. 1a have been attrib-
uted to dislocations which intersect the (001) surfaces
at 90° (17). The flat-bottom rounded pits in Fig. 1b are
similar in shape to the sancrer nite (S-pits) observed

ria. l»
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in GaP (18); their origin is not clear; they are
probably associated with agglomerates of defects or
residual impurities (18). The shallow line defects in
Fig. 1c are attributed to dislocation segments lying
along the (100) surfaces (17). The boat-shaped defects
(Fig. 1d), oriented along <110> directions, are related
to the presence of Ge, since they are not present in the
substrates and they were not observed in epilayers
which were Sn- or Te-doped; they could be attributed
to either dislocation loops or to stacking faults (19,
20). Apparently, the formation of these pits is due to
the segregation of Ge atoms at crystallographic defects.

The above defects were found to be homogeneously
distributed in the planes of growth (excepting at the
edges). The distribution of the conical defects in all
epilayers was the same as in the substrates in the
initial stages of growth; their density decreased by
more than one order of magnitude after a few microns
of growth. This finding indicates that the propagation
of dislocation from the substrates to the epitaxial
layers is significantly suppressed during LPE growth.
Suppression of dislocation propagation (by a factor of
about four), although not as pronounced, has been
reported during LPE growth on low dislocation den-
sity substrates (21).

The distribution of the flat-bottom defects in the
growth direction is shown in Fig. 2. The density of
these pits is highest near the substrate-epilayer inter-
face and decreases below their density in the sub-
strates as growth proceeds. The increase of the flat-
bottom pit density at the interface might be relatad tn

"90 m-

Fig. 1. Typical microdefects cbserved In on epilayer grown by therme! cooling. See text. (2000 )
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Fig. 2 Distribution of flat-bottom or S pits (Fig. 1b) along the
growth direction in loyers grown: @ thermally; A with 20 A/cm?;
[ with 50 A/cm?. Vertical bar indicates standard deviation.

segregation of defects at the surface of the substrate
during the heating cycle. For example, As vacancies on
the substrate due to As sublimation during heating,
prior to growth, could enhance this effect (14). The
density of the conical and the flat-bottom pits in the
epilayers does not depend on the growth velocity and
li:y the same in thermally or electroepitaxially grown
ers.

The density of the shallow line defects is shown in
Fig. 8; it is highest near the substrate-epilayer inter-
face; these microdefects were not observed in the sub-
strates or in the epilayers beyond 7 um of growth
Their density decreases with increasing current den-
sity; in layers grown at 50 A/cm? current their density
was found to be about one order of magnitude smaller
than in the epilayers grown thermally at comparable
growth velocity.

The largest difference between thermal LPE and
electroepitaxy was found with regard to the boat-
shaped pits. Their distribution is presented in Fig. 4;
the defect density in thermally grown layers with the
maximum and minimum velocity employed in this
study (0.2 and 5§ um/min) is shown together with
results obtained for layers grown at 10, 20, and 50
A/cm? The boat-shaped defect density is significantly
smaller in electroepitaxial layers than in thermally
obtained layers (grown with comparable growth
rates) and is decreasing with increasing current den-
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Fig. 3. Distribution of line defects (Fig. 1c) elong the growth
direction in layers grown: @ thermolly; A with 20 A/cm?; [ with
50 A/cm?. Vertical bor indicates standard davietion.
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Fig. 4. Distribution of boat-shaped defects (Fig. 1d) elong the
growth direction in layers grown: O thermally with minimum
growth velocity (0.2 um/min); @ thermally with maximum growth
velocity (5 um/min); A with 5 A/cm?; A with 20 A/cm?; [ with
S0 A/cm?. Verticol and horizontal bars represent standard devie-
tion.

sity. Near the interface the density of the boat-shaped
pits in the thermally grown layers is about two orders
of magnitude greater than in the layers grown at 50
A/cm? current. With continued growth the density
of these defects decreases significantly in the thermally
grown layers towards the values found in the electro-
epitaxial layers.

Electrical properties.—The carrier concentration,
mobility, and diffusion length in the layers grown by
electroepitaxy and under the same conditions by
thermal LPE are presented in Table I; each pair of
layers grown at similar rates was obtained in a single
run from the same solution. The variations of the car-
rier concentration in the layers make a direct com-
parison of the mobility in different layers rather diffi-
cult; for this reason the values of the mobilities were
normalized to a concentration of 2 X 10!® cm—2 and are
shown in Table I. Normalization was obtained using
the experimental relationship between mobility and
hole concentration (9). It is seen that the normalized
mobility is slightly but consistently higher in the
electroepitaxial layers than in those grown with the
same velocity by thermal LPE. The ratio of mobility
in the electroepitaxial layers and in the corresponding
thermally grown layers appears to increase with in-
creasing growth velocity.

The diffusion length in all layers grown by electro-
epitaxy is higher than in the corresponding thermally
grown layers. In both types cf layersz the diffusion
length increases with increasing growth velocity.
With increasing current density, the ratio of the diffu-
sion length in electroepitaxially and thermally grown
layers is increasing. It is apparent that the observed
difference in diffusion length for the two types of lay-

Table |. Electrical properties of layers grown by electroepitexy end
thermal LPE

Carrier Mobllity (28%) Diftu.

Growth concen. .. (em'/Veec) = ggp

Sttt e T e mer 28

“- |«
noun‘nh min) em*) sured ised Ratio (am)
2 A/em? 0% 20 08 108 8.5
0.00°C/min 038 13 10 0 108 8.0
10 A/cm? 09 19 135 18 73
035°C/min 11 13 00 s 10 (V1
Alem? 23 24 ” 14 A

'0.1-c/mn 20 20 Y 108 109 ﬂ
A/ Y] 23 135 137 Y]
.u'c%n 40 11 us 1 18 80
0 A/cm? 58 20 us 18 100
20°C/min B3 23 [ n 1B 78
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Fig. 5. Saturgtion current of p-n junctions as @ function of growth
velocity for thermally grown loyers, x, and as @ function of current
dansity for electroepitaxial layers, @.

ers cannot be attributed to changes in the carrier dif-
fusion due to minority carrier mobility wvariations
(22); it must pe due to changes in the lifetime. The
increase of lifetime in the electroepitaxially grown
layers compared with that in the thermally grown
layers indicates that electroepitaxy provides material
with a smaller concentration of recombination centers.

The dependence of the saturation current of the p-n
junction on the growth velocity and/or current density
for the layers grown by electroepitaxy and by thermal
cooling is presented in Fig. 5. With increasing cur-
rent density (up to 50 A/cm?) the saturation cur-
rent of the grown junctions decreases by about one
order of magnitude, while for the same changes of
the growth velocity in thermal LPE the saturation
current remains practically constant. The value of
the saturation current increases with increasing con-
centration of electrically active defects (in the junc-
tion plane) leading to leakage current (21). The
lower saturation current in the electroepitaxial junc-
tions and its decrease with increasing current density,
indicates that the density of electrically active defects
in the electroepitaxially grown layers is lower than
in the thermally grown layers, and it decreases with
current density. This decrease in the density of elec-
trically active defects in the junction plane contribut-
ing to the leakage current, could be associated with
the observed lower density of boat-shaped defects in
the initial stages of growth in the electroepitaxial lay-
ers than in the thermally grown layers.

Summary ond Conclusions

The micro-defect structurc was studied in the lay-
ers grown by electroepitaxy and by thermal LPE
under the same conditions, i.e., same solutions and
growth velocities. It was found that the density of de-
fects related to dislocations lying in the plane of
growth and the density of boat-shaped Ge-related de-
fects, especially in the initial stages of growth, is lower
in the electroepitaxially grown layers than in the lay-
ers thermally grown under comparable conditions. It
was also established that their density decreases in
both types of layers with increasing current density, or
growth velocity. Higher values of carrier mobility and
of minority carrier diffusion length and lower values
of saturation current of p-n junctions were found in
the electroepitaxial layers as compared to those in

August 1979

thermally grown layers; these values were found to
improve with increasing current density. In view of
this finding it appears likely that the observed defects
are electrically active and that their decreased den-
sity in electroepitaxially grown layers leads to im-
proved electrical properties.

The pronounced differences in the defact structure
observed in the layers grown by electroepitaxy and
those grown by thermal LPE cannot be attributed to
specific growth conditions. Rather, they must be as-
sociated with fundamental differences in the growth
mechanisms involved in the two growth methods.
Since quantitative models of nucleation and of defect
formation have not been established for these meth-
ods, the present results will be considered in the
ll(l&og.f. some general features characterizing the
me!

In electroepitaxy (electromigration-controlled) su-
persaturation takes place in the immediate vicinity of
the growth interface and growth is controlled by the
rate of transfer of solute, under the electric fleld, to
the interface. Under these conditions, growth takes
place under nearly equilibrium (hodunml) condi-
tions (11). On the other hand, in thermal LPE a super-
saturation takes place in the entire solution. Thus, the
As distribution in the solution and the interfacial phe-
nomena are different in electroepitaxy and in thermal
LPE. Growth under a constant and uniform flux of
solute driven to the growth interface by an electric
fileld must be less susceptible to defect formation than
growth under thermal LPE conditions.
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Outdiffusion of Recombination Centers from
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ABSTRACT
Experimental results are K:uented showing that outdiffusion of recom-

bination centers from the Ga

substrate into

e epitaxial layer takes place

during growth. Such outdiffusion decreases the carrier lifetime in the epi-
taxial layer to much lower values than the radiative recombination limit.
Furthermore, it introduces a lifetime gradient across the epitaxial layer which

depends critically on the growth velocit

and thermal treatment. High rates

of growth (such as those attainable in e ectroepluxgl) and high cooling rates
e

can minimize the adverse effects of normally availa

substrates on the epi-

taxial hyen& however, good Tulity substrates are essential for the con-

sistent growth of device quality

It has been established that the performance of
many compound semiconductor devices is adversely
affected by nonradiative recombination centers. Their
presence in the device active region leads to a decrease
in the device efficiency [as in the case of soiar cells
(1)). Furthermore, the recombination-enhanced diffu-
sion of such centers (2) causes a slow degradation of
the device performance [as in the case of semicon-
ductor lasers (3)).

The nonradiative recombination centers in GaAs
are usually associated with residual impurities such as
oxygen (4), transition metals (5), and nonstoichio-
metric point defects (6). The origin of nonstoichio-
metric defects is not fully understood, although in
GaAs it has been attributed to the solidus of the phase

® Electrochemical Soclety Active Member,

' Prese.t suuress: ACA hesearch iLavoratories, David Sarnoff
Research Center, Prineton, New Jersey 08540.

Koy words: growth, semiconductor, lasers.

ayers.

diagram (7) and/or to As depletion of the substrate
during the heating cycle prior to epitaxial erowth (7).
Growth at low temperatures and backmelting ui the
substrate prior to growth (9) tend to reduce the con-
centration of nonstoichiometric defects and improve
the quality of the grown epitaxial layer.

Poor quality GaAs substrate material is a source of
defects which can diffuse into the epitaxial layer during
the growth process. The available melt-grown GaAs
substrates are in most instances highly compensated
(10), exhibit large carrier concentration inhomo-
geneities (11), and contain high concentration of non-
radiative recombination centers (12, 13).

The present work is concerned with the outdiffusion
of recombination centers from GaAs substrates into
GaAs LPE layers. Minority carrier diffusion length
and lifetime profiles obtained with EBIC-mode (SEM)
measurements are employed for the study of such out-
diffusion. Growth conditions required to minimize
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the outdiffusion of recombination centers are pointed
out.
Experimental

Epitaxial growth and sample preparation—~LPE
growth of GaAs was carried out employing classical
thermal cooling techniques and electromigration-con-
trolled electroepitaxy (14, 15). Cd-doped (p ~ 2 X
10!7 em=3) 300 xm thick (100) substrates were used.
Epitaxial growth was performed in a two-well graphite
boat. In one of the wells the substrates were back-
melted (about 25 um) with an under-saturated solu-
tion to remove the As depleted layer formed during
the heating cycle. After backmelting the substrate
was positioned in the second well containing 2.5g of
an unioped Ga-<As solution with a GaAs source on
top. In the electroepitaxy experiments layers ranging
in thickness from 10 to 100 um were grown at 900‘C
on an area of 0.5 cm? at a rate of about 6 um/min by
passing an electric current of 60 A/cm? for a period of
2-20 min. Growth was terminated by turning the
current off. In the thermal growth experiments the
growth was performed from equilibrated solutions
by cooling from 910° to 900°C at a rate of 1°C/min.

In both procedures, after growth was completed, the
system was kept at the growth temperature for time

riods ranging from 1 min to 3 hr with the grown

yer in contact with the so'ution. The experiment
was terminated by quenchir the system to room
temperature with an initial cooling rate (from 900° to
700°C) of about 70°C/min. The solution was left over
the epitaxial layer or wiped by the moving slider
prior to cooling.

After cooling, if the excess Ga-GaAs mixture was
not wiped, it was removed from the epitaxial layer
surface by boiling in HCI; the epilayer was cleaved
and etched in AB etchant for about 30 sec. Interference
contrast microscopy was employed to determine the
thickness of the epitaxial layers. Whenever necessary,
the part of the epitaxial layer grown during cooling
to room temperature (about 5-10 um in thickness) was
etched away in 5 parts HoSO, + 1 HO + 1 H.0..
Ohmic contacts were soldered on the substrate and the
epilayer employing Sn and In in an H; atmosphere.

The epitaxial layers were n-type with a carrier con-
centration of about 5 x 10!'® cm=3. Schottky barriers
required for EBIC-mode measurements were made by
evaporating aluminum or gold on the surfaces of the
epitaxial layer.

Minority carrier diffusion length and lifetime.—Mea-
surements of the minority carrier diffusion length were
performed utilizing electron beam excitation as shown
schematically in Fig. 1. The diffusion length was ob-
tained from the dependence of the electron beam-in-
duced current (EBIC) on the distance between the
generation position and the collecting Schottky barrier
or the p-n junction (16). Reabsorption of photons re-
sulting from radiative recombination in general intro-

METAL
ELECTRON
EPI-LAYER o BEAM (1)
n-type
[r—— (2)
Cn? E— (3)
SUBSTRATE
p-type

Fig. 1. Schematic representation of the experimental configuration
for the determination of the minerity cerrier diffusion length by
the EDIC method; see text,
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duces uncertainties in the determination of the minor-
ity carrier diffusion length. However, in the present
case, such uncertainties are of no consequence, since
the lifetime of the minonity carriers was significantly
lower (up to two orders of magnitude) than the radia-
tive recombination limit. A 35 keV electron beam en-
ergy was used in all experiments to minimize the effect
of surface recombination on the measured diffusion
length (17).

The configuration shown in Fig. 1 made possible the
determination of the diffusion length, L,, of the minor-
ity carriers in the epitaxial lJayer near the epilayer
surface (with the electron beam at position 1 and
-vith current circuit I), and near the substrate (with
the electron beam in position 2 and with current cir-
cuit 1I); the minority carrier diffusion length was also
determined in the p-type substrates (with the elec-
tron beam in position 3 and with current circuit II).

Values of lifetime, t, were estimated from the stan-

kT 12
dard relationship, L = (7,« ) , where » is the

minority carrier mobility and kT/e equals 0.026V at
300°K. In p-type GaAs (substrates in the present case)
the electron mobility can be noticeably smaller than
the mobility of electrons in n-type material of similar
free carrier concentration (18). Accordingly, in evalu-
ating the electron lifetime in the substrates recently
calculated theoretical values of electron mobility in
p-type GaAs were used (18). In these calculations the
contribution of electron scattering by heavy holes and
the difference in screening energies between holes and
electrons have been taken into account. In the case
ot holes their mobility as majority or minority car-
riers is expected to be similar at room temperature and
for free carrier concentrations below 10!7 ecm=-3 (since
screening effects and carrier-carrier scattering are not
significant). Accordingly, in evaluating the hole life-
time in epitaxial layers, the hole mobility value of
up =~ 300 cm?/V-sec was used, i.e., the hole mobility
in p-type GaAs wit' hole concentration of § x 10i¢
em=3 (19), which is similar to the electron concen-
tration in the epitaxial layers.

Results and Discussion

Substrate~The minority carrier lifetime in the
substrate material was found to be about 10-10 gec,
i.e,, two orders of magnitude smaller than the lifetime
value expected from band-to-band radiative recom-
bination (20). It was also determined that the sub-
strate material is highly inhomogeneous with local
lifiiime fluctuations exceeding a factor of 4. These
findings clearly indicate that the lifetime in the sub-
strates is controlled entirely by nonradiative recom-
bination and thus the substrate must contain a high,
nonuniform, concentration of recombination centers.

Outdiffusion of recombination centers from the sub-
strate.—The lifetime in the epitaxial layers was mea-
sured as a function of position on a given plane parallel
to the surface, as a function of distance from the sub-
strate-epitaxial layer interface, and as a function of
time the layer was kept at the growth temperature,

Typical results of the lifetime measurements as a
function of position on a plane parallel to the surface
of the epitaxial layer are given in Fig. 2. The upper
curve corresponds to positions near the surface of the
epitaxial layer. The layer was 40 um thick; it was
grown electroepitaxially and was kept 20 min at the
growth temperature (from the beginning of growth to
the beginning of cooling). It is evident from Fig. 2 that
lifetime inhomogeneities of a similar nature are pres-
ent near the substrate-epitaxial interface and near the
surface of the layer; however, near the surface the
lifetime values are significantly higher. It should be
noted that even the highest values of lifetime are well
below the values (of the order of 10-7 sec) expected
from radiative band-to-band recombination (20).
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The above behavior of the minority carrier lifetime
can be understood if one considers that the substrate
represents a source of recombination centers which dif-
fuse into the epitaxial layer during the growth process
and thermal treatment. On this basis, the difference
between the lifetime near the epitaxial layer surface
and the lifetime near the epitaxial layer-substrate
interface should decrease with increasing exposure
time of the system to the growth temperature. Simi-
larly, the lifetime in the epitaxial layer should de-
crease with increasing exposure time to the growth
temperature. As is seen from Fig. 3, such behavior is in-
deed found in electroepitaxially and in thermally
grown layers. The lifetime in both electroepitaxially
and thermally grown layers behaves similarly upon
exposure to high temperature after growth, as it is
dominated by recombination at outdiffused centers.

The fact that recombination centers outdiffuse from
the substrate into the epitaxial layers is further sup-
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ported by the results shown in Fig. 4. Here the lifetime
measured near the epitaxial layer surface is plotted as
a function of thickness of the epitaxial layers, all of
which have been exposed to a high temperature
(growth temperature) for the same period of time
(20 min). The layers were grown by electroepitaxy
and at the same growth rate of about 6 um/min. It is
seen that the litetime increases by about two orders of
magnitude (near the surface) as the distance from
the substrate (thickness of the layer) increases from
6§ to 90 um.

If the simplified assumption is made that the life-
time is inversely proportional to the concentration of
the recombination centers, the data of Fig. 3 and ¢
can be used to estimate the diffusion constant of the
recombination centers. Thus, treating the substrate-
epitaxial layer interface as a limited diffusion source
(21) the lifetime becomes

e (- =) m

PR 3 4Dt
where r is the distance from the substrate-epitaxial
layer interface, t is the time, and D is the diffusion con-
stant of recombination centers. From this expression
the solid line in Fig. 3 is obtained:by taking x = con-
stant and the solid line in Fig. 4 by taking t = constant.
From these plots a value for the diffusion constant of
the recombination centers of approximately 5 x 10-*
cm?/sec is obtained (900°C). The same value of § X
10~ cm?/sec has been reported for point defect diffu-
sion in GaAs (gallium vacancies) at 1000°C (22).

It is important to note that the observed lifetime
behavior which is consistent with the above diffusion
model, cannot be explained on the basis of impurity
segregation effects. A recent experimental and theo-
retical analysis of impurity segregation in GaAs dur-
ing electroepitaxy (23) has shown that the maximum
changes of the dopant segregation coefficients do not
exceed 40%, i.e., they are two orders of magnitude
smaller than the changes required to account for the
presently reported lifetime behavior.
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Growth velocity and the effects of outdiffusion.—The
diffusion constant of impurities and point defects de-
creases exponentially with decreasing temperature,
and thus lowering the growth temperature should
drastically reduce the effects of outdiffusion from the
substrate. However, there are limitations to the lower-
ing of the growth temperature as the attainable
growth rate decreases significantly and single crystal
growth becomes problematic.

On the other hand, it is evident that the effects of
outdiffusion can be reduced if the growth velccity, R,
is much greater than the velocity of the diffusion front
propagation vp. In a diffusion process a constant con-
centration profile can be approximated as x%/4Dt =
const.; consequently, vp = dx/dt = const. \/D/t. Thus,
the condition R >> vp can be expressed as

D\
r>>( -;) (2]

o D
R >>7 [2b)

Equation [2a] represents the case where growth is
performed for certain time t and Eq. [2b] represents
the case where the growth of a layer of a thickness
d is required.

In the present case the outdiffusion constant of re-
combination centers was found to be 5 x 10-? cm?/sec.
Thus, according to Eq. [2b), for a layer 40 um thick the
growth rate required to reduce significantly the effect
of outdiffusion is R >> 0.75 um/min. In the present
experiments the electroepitaxial growth velocity was
about 6 um/min, which is high enough to satisfy the
above condition for reducing significantly the effects
of outdiffusion of recombination centers. Accordingly,
it is not surprising that, without a postgrowth heat-
treatment epitaxial layers 40 .m thick were consist-
ently grown with a lifetime of about 10-7 sec.

The growth velocity in thermal LPE is limited by
the slow solute transport to the growth interface and
by the fact that the relatively small supercooling must
be used to prevent spurious nucleation in the solution
:2;). These limitations are overcome in electroepitaxy

15).

Summary and Conclusions

It was found that outdiffusion of recombination cen-
ters from a substrate to the epitaxial layer takes place
during liquid phase epitaxial grovth. From the study
of the time dependence of the diffusion process a dif-
fusion constant of 5 x 10-? cm?/sec at 900°C was ob-
tained for the outdiffusion of recombination centers.
This value is the same as that reported for the diffusion
constant of Ga vacancies in GaAs at 1000°C. It should
be noted that outdiffusion of point defects from the
substrate has recently been suggested (25) on the
basis of measurements on the distribution of residual
deep levels in LPE GaAs crystals employing photo-
capacitance in conjunction with step-etching.

According to the present results, the recombination
of minority carriers at the outdiffused defects con-
stitutes the limiting factor for the minority carrier
lifetime in the epitaxial layers. It has also been shown
that the substrate-epitaxial layer interaction during
the growth process can be reduced by increasing the
growth velocity. Thus utilizing high growth velocities
attainable in electroepitaxy, an improvement of as
much as two orders of magnitude in the minority car-
rier lifetime was observed. The present results could
account for the improved characteristics of GaAs
lasers grown under high growth velocities (26).

Thus, the recombination characteristics of excited
carriers in epitaxial layers are significantly influenced
by compositional and structural defects in the sub-

December 1879

strate. Since it is generally accepted that the quality of
melt-grown GaAs substrates is poor (in terms of de-
fects, residual impurities, and compositional inhomo-
geneities) (13) improved GaAs substrates are essential
for the consistent growth of device quality GaAs LPE

layers.
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Liquid-phase electroepitaxy: Dopant segregation

J. Lagowski, L. Jastrzebski,* and H. C. Gatos
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A theoretical model is presented which accounts for the dopant segregation in liquid-phase
electroepitaxy in terms of dopant transport in the liquid phase (by electromigration and
diffusion), the growth velocity, and the Peltier effect at the substrate-solution interface. The
contribution of dopant electromigration to the magnitude of the effective segregation coefTicient
is dominant in the absence of convection; the contribution of the Peltier effect becomes
significant only in the presence of pronounced convection. Quantitative expressions which relate
the segregation coeflicient to the growth parameters also permit the determination of the
diffusion constant and electromigration mobility of the dopant in the liquid phase. The model
was found to be in good agreement with the measured segregation charactenistics of Sn in the
electroepitaxial growth of GaAs from Ga-As solutions. For Sn in Ga-As solution at 900 °C the
diffusion constant was found to be 4 X 10~ * cm’/s and the electromigration velocity (toward the
substrate with a positive polarity) 2 X 10 ~ * cm/s at a curreat density cf 10 A/cm’.

PACS numbers: 68.55. + b, 61.70.Tm

INTRODUCTION

It has been re- . ;nized for many years that the dopant
distribution in semiconductors could be controlled by pas-
sage of electric current through the solid-melt interface dur-
ing crystal growth. '** Peltier cooling (or heating) in the vi-
cinity of the interface '’ and/or electromigration in the
liquid phase ** have been considered as contributing factors
to changes ir: the crystal growth velocity and/or the impuri-
ty segregation. In the case of the growth of bulk single crys-
tals from the melt the proposed approaches utilizing electric
cunent have been proven of limited applicability because of
convection instabilities in the melt and other interfering pro-
cesses caused by Joule heating.

In the liquid-phase-epitaxy (1.PE] configuration, where
the dimensions of the substrate and the solution are relative-
ly small, the effects of Joule heating resulting from dc can be
minimized. Actually, it has been demonstrated that electro-
epitaxy (LPE growth by passing dc through the substrate-
solution interface) can provide control of the growth veloc-
ity "* as well as of the dopant segregation *'? and defect
structure in the grown layers. '’ In standard, thermal LPE,
such control is still a complex problem.

Recently a quantitative model has been developed for
the kinetics of electroepitaxial growth. * The model defines
the contribution of the Peltier effect (Peltier cooling or heat-
ing at the growth interface) and that of solute electromigra-
tion to the overall growth process; 1t also provides expres-
sions which relate directly the growth velocity to growth
parameters. This model was found to be in excellent agree-
ment with extensive experimental data on the electroepitax-
ial growth of GaAs.*

In the present study of a theoretical model is presented
for segregation of dopants in electroepitaxial growth. This
model conbines the characteristics of growth kinetics and

*'Present address: RCA, David Sarnoff P.esearch Center, Princeton, N.J
08540
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segregation phenomena involving transport of dopants in
solution (electromigration aiic' diffusion) and Peltier cooling
(or heating) at the interface. The segregation model is ap-
plied to the analysis of the experimental results obtained on
the dopant segregation in electroepitaxial growth of GaAs
from Sn-doped Ga-As soluticns.

ELECTROEPITAXIAL GROWTH PROCESS

In thermal LPE, growth is initiated by lowering the
temperature of an equilibrated substrate-solution system by
AT (i.e., Ty-+T, — AT )and thusbringing about supersatur-
ation which leads to solidification taking place preferentially
(although not always exclusively) on the substrate. The de-
pletion (or accumulation) of the solute at the growth inter-
face creates a concentration gradient in the solution and thus
solute transport for the growth process is provided by diffu-
sion. '* External control of diffusion is hardly possible and
consequently control of the overall growth process is limited
to the control of 4T as a function of time.

In electroepitaxy, the substrate-solution system is kept
at the equilibnum temperature T,,, while an electric current
is passed through the solution-substrate interface. * Since the
substrate (¢.g., GaAs) and the solution (e.g., Ga-As solution)
are dissimilar conductors, the electric current (in the appro-
priate direction) leads to Peltier cooling at their interface
which in turn leads to supersaturation and growth as in stan-
dard LPE. Atthe same time, current flow (in the appropriate
d’ ection) results in electromigration of the solute toward
the substrate due to electron-momentum exchange and/or
electrostatic field forces. '* Such electromigration leads also
to supersaturation at the substrate-solution interface and
thus to crystal growth. Thus, Peltier cooling as well as solute
electromigration can contribute to the overall electroepitax-
ial growth velocity v. It has been shown * by taking into con-
sideration solute transport through diffusion and electromi-
gration that

v=v,fi(Ebt) + vy, ()}
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where v, is the contribution to the overall velocity by diffu-
sion transport and v is the contribution by electromigra-
tion; these velocities are expressed as follows:

AT’ dac (D)'”
-t | [=] , 2a
'r=T_c darl \m -
c,
T O 2
=4 C-C (2b)

where AT, is the temperature decrease due to Peltier cool-
ing, C, and C, are the concentration of the solute in the solid
and at the substrate-solution interface, respectively; D is the
diffusivity of the solute in the solution; u is the mobility of
the solute under the'electric field E; dC /dT |, is the slope of
the liquidus line. The function £, in Eq. (1) accounts for
solute transport by processes other than diffusion (e.g., con-
vective flow) and in metallic solutions of primary interest
here® f, = 1 in the absence of convectioi., and

f. = (wDt)'"*/5in the presence of convection, where § is the
thickness of the diffusion boundary layer.

In the absence of convection (f;, = 1) the Peltier contri-
bution, v,, decreases with time, whereas v, is independent
of time [Eq.(2b)]; thus after the initial transient period the
overall growth velocity is practically constant, and it is con-
trolled by the solute electromigration. Since Pelt:er cooling
is usually small (of the order of 1 °C), C, in Eq. (2b) can be
taken to be equal to C,, and the electromigration growth
velocity becomes

G
Vg = pE ——, 3
E=H C.-G 3)
where C, is the equilibrium solute concentration at the con-
stant growth temperature T, .

In the presence of convection, f, is inversely propor-
tional to § which in turn decreases with increasing convec-
tive flow. Thus, in the presence of convection the contribu-
tion of Peltier cooling to the overall growth velcity can be
significant.

The agreement of the above model with experimental
results has been discussed in detail elsewhere. *

SEGREGATION MODEL

In considering dopant segregation in electroepitaxy it is
assumad that the dopant concentration in the solution is
small enough so that it has no appreciable effect on the phase
diagram of the host system as well as on the electromigration
and diffusion of the solute; i.e., it is assumed that the impuri-
ty has no effect on the crystal growth velocity.

Two representative cases will be analyzed: (1) convec-
tion in the solution is virtually absent; in this case the growth
kinetics is controlled by electromigratioa and the growth
velocity, v = v, is independent of time; (2) convection is
present in the solution; in this case the role of the Peltier
effect becomes significant, and after a transient period of
1~5?/D growth proceeds essentially under steady-state
conditions. Both of these cases are read:ly attainable experi-
mentally as discussed elsewhere. *'®

In developing the model of dopant segregation in elec-
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troepitaxy, a similar approach is used to that employed in the
theoretical treatment of growth kinetics. Thus, segregation
will be related to mass-transport considerations involving
electromigration and diffusion of impurities in the solution
and the advancement of the growth interface. Diffusion of
impurities within the solid and also interface phenomena
(e.g., adsorbed layers on the substrate) will not be taken into
consideration.

The incorporation of impurities into the solid will be
described by introducing an interface segregation coeicient
ko = C,/C, | .o where C, and C, |, ., are the impurity
concentration in the solid and in the solution at the interface,
respectively.

The pertinent equations are the transport equation and
the relationship ensuring conservation of fluxes at the
interface.

The transport equation is expressed as

@cC, ac, ac,

Daz+(v+ E)x—at (4a)
where D, is the diffusion coefficient of the impurity in the
solution, C, is the impurity concentration in the solution, x is
the distance from the interface, v is the growth velocity, g, is
the mobility of the impurity (under an electric field) in the
solution, and ¢ is the time. The sign of the electromigration
velocity u, E depends on the direction of current flow; in the
present case u, E is taken as positive when impurities electro-
migrate toward the interface.

Conservation of fluxes at the interface is expressed as

dcC,
u (D+I‘I£)C I:-O D dx b (4b)
The boundary conditions describing impurity concentration
are:

C‘ = Cm for:r=0 (k)

C,=C, forx = o (absence of convection) (4d)
or

C, = C,, for x>& (presence of convection). (4¢)

The initial temperature of the system is T ; upon cur-
rent flow the temperature changes, due to Peltier effect, to
T, =T, +4T,. Accordingly, upon current flow the inter-
face segregation coefficient k changes from k(T = T) to
k'(T\)=ko + 0k /3T | ;,AT,. For the two cases defined
above (absence and presence of convection in the solution)
the solution of Eq. (4) and, thus the effective segregation
coefficient k , = C,,/C,,, can be obtained in an analytical
form. The Laplace transform procedure of solving Eq. (4) in
the absence of convection is given in the Appendix. In the
presence of convection, the steady state solution obtained in
Ref. 5 will be adopted here.

Absence of convection electromigration-controlied
growth

According to the derivation given in the Appendix, the
effective segregation coefficient is given by

ke =ki1 —%erfc[ﬁ(D,.t)"‘]
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It is of interest to note that if the impurity transport is
not affected by the electric field (u, = 0) and for 4T, =0,
Eq. (5) reduces to

kg = %[l + en{% (DL)W] + 2k, — 1)
Xexp(k,(k 1) — [(Zko I)v ”
(6)

Equatior (6) is identical to the standard expression for diffu-
sion-controlled segregation under conditions of constant
growth velocity.

The complex form of Eq. (5) reduces to much simpler
forms in the cases of high or low electric fields. For a high
electric field, and under the assumption that u, Et
»2(D,t) ' Eq. (5) reduces to

|
k,,_k'[ BE | p( °”"'E:)]].
kov D,

Thus, the effective segregration coefficient increases expon-
entially with time to a value k4 = k § + u,E /v. Such be-
havior is expected only in nonmetallic solutions (e.g., elec-
troepitaxial growth of garnets '*) where the electric field can
be of the order of V/cm.

In metallic-type solutions (such as those employed in
epitaxial growth of 111-V compounds) the values of u, E lie
between 10 ~ * and 10 ~ * cm/s; accordingly, the low-field
condition, u, Et '*¢D !"?, is applicable. The approximate so-
lution for low electric fields can be obtained from Eq. (5) by
expanding the erfc and the exponential functions around
zero [for small 2, erfc z~1 — (2/7 '/*)z] and by neglecting
the products proportional to E” with n> 1. Since 4T, is
proportional to the electric current density and thus to the
electric field E, the linearization of Eq. (5) leads to the
expression

Ry [I + 2(—'—)"2 E- 2(-L-)"2
off 0 D, H, D,
0

ok
X (ko — 1)] + 4T, (8)

or
k/ko=14+454+4"+47 )
whered £,4 *,and 4 " are the contributions of the electromi-

gration of impurities of the growth velocity and of the Peltier
effect, respectively.

r \'\ . t \\2
at=35) ut: 4 =355 -

1 dk,
T o= -k— ar |, aT,. (10)
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FIG. 1. Time dependence of the effective segregation coefficient k , /k,,
calculated from Eqgs. (9) and (10) for electroepitaxial growth of GaAs from
Ga-rich solution at 900 *C under conditions of negligible Peltier cooling at
the interface (47, ~0). Dopant is electromigrating toward the substrate
(u,E>0)or lvny from the substrate (u, E < 0) with a velocity

|#,E | =10 *cm/s. Other parameters used in calculations: D, =

cm /s, electromigration velocity of As; uE = 1.3%10 *cm/s, dlsunce
from the original growth interface is shown on the upper scale.

It is apparent that if k, » 1, the effect of growth velocity
can be more significant than the effect of electromigration
since the ratioof |4 £/4 ‘| becomes very small (the depletion
of the impurity at the interface due to segregation becomes
large compared to the amount of impurity transported to the
interface by electromigration). Similarly, if k, < 1,k.q does
not necessarily increase with growth velocity, as it does in
thermal LPE, because the sign of the electromigration term,
4 £, is independent of the value of k, but depends on the
electromigration direction (i.e., it is positive if impurities mi-
grate toward the growth interface and negative if they mi-
grate away from the interface). Finally, the sign of the Peltier
term, 4 7, is determined by the direction of currrent flow (for
a given conductivity type of substrate) and by the tempera-
ture dependence of the segregation coefficient.

The time dependence of 1 + 4 * + 4 * calculated from
Eqgs. (9) and (10) is shown in Fig. 1 for electroepitaxial
growth of GaAs from a Ga-rich solution at 900 °C and for a
dopant electromigrating with a velocity [uE | = 10~ *cm/s.
It is seen that in both instances, i.e., k, €1 and k, » 1, the
value of 1 + 4 £ 4+ A" is greater than unity (and thus k. is
greater than k) when impurities electromigrate toward the
interface (4, E > 0), and it is smaller than 1 (k.4 smaller than
k,) when impurities electromigrate away from the interface.
Such behavior can be generally expected in electroepitaxy
unless the electromigration velocity is lower than
|k, — 1)| and/or when the thermal contribution 4 T is sig-
nificant. In most actual cases K, is less than unity and also v
is expected to be much smaller than u, E. (Note that v is
typically one order of magnitude smaller than the electromi-
gration velocity of the solute [see Eq. (3)]. Thus, the growth
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velocity contribution to dopant segregation in electroepitaxy
plays a secondary role, while dopant electromigration con-
stitutes the major contributing factor.

For comparison with experiment it is convenient to in-
troduce the average change of the segregation coefficient,
Ak %, for a growth time, ¢ defined as

P -
Ak = - f(k., ko) dt.
which according to Eqs. (8)(10) is

‘:o:"’ - %(,;, )" W+ w01 - ko)
1 9

+_—

k, T

an

(11a)

P

T,

Presence of convection

The expression for steady-state segregation when con-
vection is present in the solution can be obtained by solving
Eq. (4) with a boundary condition of Eq. (4¢) for time
t>&8%/D,. By following the procedure given in Ref. 5 it can
be readily shown that

E E
k.,=kg,(|+"'_)[k5+(1+ ”'—-k(',)
v v

Xexp(_ ("_+’_‘E_)6)] N

D (12)

when Peltier cooling is neglected k §, = k,, and Eq. (12) is
the same as that originally derived in Ref. (5). In addition, if
the impurities exhibit no mobility in an electric field (u, = 0)
Eq. (12) converts into the standard Burton-Prim-Slichter ex-
pression '° for the effective segregation coefficient.

For a low electric field approximation, valid in metallic
solutions as those presently being considered, Eq. (12)
becomes:

é dk,

[
ke =ko (1 + —p,E — —u(k, — 1 —_
eff 0( + D‘ I‘: D‘ 0 )) + aT

T
(13)

Itis seen that in Eq. (13) the impurity segregation coefficient
can be expressed in a form similar to that of Eq. (9), appro-
priately modified to include the thickness of boundary layer
thickness, 6.

The calculated dependence of k.4 /K, on the boundary
layer thickness & is shown in Fig. 2, for the same parameters
as used in Fig. 1. It is seen that for larger & of the direction of
change in segregation coefficient is determined primarily by
the sign of electromigration velocity u, E. However, the mag-
nitude of 4 £ + A decreases with decreasing § and thus for
6—0 (strong convection) the Peltier term, 4 #, which is in-
depndent of §, becomes dominant.

General features of impurity segregation in
electroepitaxy

The essential features of impurity segregation in elec-
troepitaxy from metallic solutions can be summarized as fol-
lows: (a) The segregation behavior can be analyzed in terms
of the additive contributions of electromigration, growth ve-
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FIG. 2. Dependence of k_, /k,, on the boundary layer thickness, §, calculat-
ed from Eq. (13) for electroepitaxial growth of GaAs from Ga-rich solution
at 900°C. AT, was taken as — 3 °C; (17k Xk, /0T ) = 2x10 *. Other

parameters are as in Fig. 1.

locity, and change in interface temperature; these contribu-
tions depend linearly on the electric current. (b) The growth
velocity component reflects a dependence of the segregation
coefficient on growth velocity similar to that encountered in
a standard segregation behavior. (c) Impurity electromigra-
tion leads to an increase or decrease of the segregation coeffi-
cient depending on the direction of electromigration rather
than the sign of (k, — 1). (d ) In the absence of convection in
the solution, the contributions of electromigration and
growth velocity to k., depend on time as ¢'/?; the Peltier
contribution is independent of time. (¢) The presence of con-
vection leads to steady-state contributions from electromi-
gration and growth velocity which are proportional to the
boundary layer thickness, &; the Peltier contribution is inde-
pendent of §; accordingly, with increasing convection (de-
creasing 6 ), the relative contribution of Peltier effect is
enhanced.

In the present treatment of impurity segregation in elec-
troepitaxy from equilibrated solutions two types of tran-
sients were not considered; (a) the relatively fast transients
associated with the establishment of a new interface tem-
perature under the influence of the Peltier effect; typical time
constants of these transients are of the order of 1 s; (b) the
relatively slower transients (with time constants of the order
of 1 min) during which the growth velocity relaxes to a value
v~} (see Ref. 8). These cases require a numerical approach
and they will not be pursued at present.

EXPERIMENTAL PROCEDURE

Electroepitaxial growth experiments were carried out
from Sn-doped Ga-As solutions in a standard LPE appara-
tus (horizontal graphite boat) modified to permit passage of
electric current through the solution-substrate interface as
described elsewhere. '
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The effect of electric current on changes in the impurity
segregation coefficient was studied in the absence and in the
presence of convection in the solution. Thus, growth was
performed in a configuration in which convectional flow in
the solution was either essentially eliminated as described in
Ref. 16 or was intentionally introduced by superimposing a
2.5 °C/cm horizontal temperature gradient across the solu-
tion. The magnitude of convection was further varied by
varying the solution height (Grashoff number). The value of
the solute boundary layer thickness was obtained from an
analysis of the growth velocity using the procedure de-
scribed in Ref. 8.**

Semi-insulating (at room temperature) Cr-doped sub-
strates were used; their thickness ranged from 250 to 1500
pm. The desired value of the interfacial temperature de-
crease (due to Peltier cooling), for a given current, was ob-
tained by selecting the proper thickness for the substrate. As
reported in Ref. 8 varying the thickness of Cr-doped sub-
strates from 250 um to 1.5 mm, 47, is varied from 0.5 to
3.0 °C for the same current density of 10 A/cm*. In order to
remove the As-depleted substrate surface formed during the
heating cycle, the substrates were back-etched prior to
growth by a 3 °C undersaturated solution.

The electronic characterization of the grown layers in-
cluded the determination of carrier concentration on ma-
croscale and microscale and the compensation ratio,
6=N,/Np,where N, and N, are the concentration of the
ionized acceptors and donors, respectively. The compensa-
tion ratio in LPE layers of GaAs ranges from 0.i to 0.8. Sn
introduces shallow donors and compensating deep acceptors
with @ typically ~0.3 in layers grown at 700 °C. *° Accord-
ingly, for a reliable analysis of impurity segregation, knowl-
edge of the 6 values is required. In the present study, 6 was
determined by recently developed theoretical and experi-
mental methods based on electron mobility and free carrier
absorption. ' When the electron concentration, n, and the
compensation ratio, 6, are known, one can determine the
concentration of ionized donors, N, and acceptors, N, .
Since

N
0=N—‘ and n=N,-N,, (14a)

]

it is apparent that

- and N,=n
1-6 1-6
In nondegenerate material the value of N, given by expres-
sion (14b), can be used as the total concentration of donor
impurities. In degenerate material (7> 6x 10" c¢cm ~’)a
correction must be introduced accounting for the occupa-
tional statistics of impurity levels.

Charge carrier concentration profiles in the electroepi-
taxial layers perpendicular to the growth direction were de-
termined by ir absorption scanning **** which provides a
spatial resolution of about 20 um.

For the analysis of the Peltier effect contribution to the
segregation coefficient, knowledge of the temperature de-
pendence of k,, is required. The values of k, for Sn were
estimated from measurements on epitaxial layers grown

(14b)

D=
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thermally (no electromigration involved) by ramp cooling
from a temperature of T, + 2.5 °C to a temperature of
T, — 2.5°C. The cooling rate was varied betwen 0.1 and
3 °C/min; this rate was found to have no effect on the segre-
gation coefficient during thermal growth. '* The values of k,
obtained for different temperatures were used to determine
(1/kyXdk 7dT) which at 900 °C was estimated to be
+0.01°C ~ ' (at 900 °C k, was aout $x 10 =*).

In the analysis of the experimental data the average val-
ue of the effective segregation coefficient will be used for
donor-type impurities:

Ak % - kox o . Nou) -1, 15
ko ko Npy(V=0)

where N, (V) and N, (J = 0) are the average donor concen-
tration in an electroepitaxially grown layer and in a thermal-
ly grown layer, respectively. (J denotes the current density).

RESULTS AND DISCUSSION
Absence of convection

It was found that the carrier concentration in the elec-
troepitaxial layers, grown from solutions in which convec-
tion was essentially eliminated, was very uniform in the di-
rection normal to the growth direction. Typical electron
concentration profiles obtained by ir scanning are shown in
Fig. 3. The layers were grown from 3.5% Sn-doped solution
at 950 °C with current densities of 15 and 50 A/cm ?, applied
for a period of 30 min. Except for the layer edges (not shown
in Fig. 3) the electron concentration in the growth plane does
not change by mor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>