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An automatic method of precision lattice parameter measurement, capable of repeated
measurement at intervals across single crystals with an accuracy of better than one part
in 10°, has been applied to gallium arsenide. The technique has been used to compare
homogeneity of material grown from the melt with that prepared by vapour and liquid
epitaxy, to study material grown from the melt under various pressures of arsenic, and to
investigate the effect of heavy doping on the lattice parameter. The technique is shown to
provide new and interesting information on defects in gallium arsenide.

1. Introduction

The possibility that gallium arsenide exhibits a
significant degree of non-stoichiometry is of
great interest in view of the important applica-
tions of this semiconducting compound. This
possibility was first suggested by Straumanis and
Kim [1] who noted that the lattice constant,
obtained on powdered samples by X-ray
diffraction, of material heated with gallium at
1000°C for 18 h was 5.65326A (at 25°C),
whereas that of material heated with excess
arsenic at the same temperature and time was
5.65298 A, while material believed to be stoichio-
metric had a lattice parameter of 5.65321 A. With
concurrent density results Straumanis and Kim
deduced that the phase width extended from
49.998 to 50.0099%; arsenic, which implies the
presence of mnon-stoichiometric defects at a
concentration of order 10'® cm~2 in the arsenic-
rich material; a number far in excess of the usual
impurity content in gallium arsenide; the density
results on material prepared under different
conditions of non-stoichiometry, however, were
not significantly different, and this must cast
doubt on their conclusions as to the type and
concentration of defects. The presence of a large
number of defects (~ 10" cm—3%) in gallium

© 1971 Chapman and Hall Ltd.

arsenide has been indicated indirectly by internal
friction [2], paramagnetic resonance [3] and
electrical [4] measurements, while the arsenic
pressure dependence of the diffusion rate of zinc
[5] and manganese [6], the identification of
photoluminescence centres [7, 8] which are
found only under non-stoichiometric conditions,
the thermal conversion of n-type samples after
annealing under excess arsenic conditions [9-11]
provide strong evidence for the existence of non-
stoichiometry in the solid. Potts and Pearson [12]
have observed large increases (da/a of the order
103 to 10-%) in the room temperature lattice
parameter, measured by the Kossel line tech-
nique, of gallium arsenide single crystals heated
under the equilibrium arsenic partial pressure,
and subsequently quenched from temperatures
above 1000°C; the effect being greatest in
samples quenched closest to the melting point,
and being considerably depressed after heating in
an arsenic overpressure with subsequent quench-
ing. Subsequent heat treatments at room tem-
perature and high temperatures after quenching,
showed large decreases in lattice parameter with
time, which appeared to proceed in two stages;
the first rapid annealing stage was associated
with recombination of arsenic vacancies and
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arsenic interstitials, and the second slower stage
with arsenic vacancy diffusion, the arsenic over-
pressure effect being interpreted in terms of As
monovacancies. It must be pointed out, however,
that the arsenic overpressure effect refers to one
sample only , and that the residual strain found
to be present after annealing quenched samples
emphasises the uncertain role of quenching
strains in such experiments.

Recent techniques [13, 14] allow the precision
measurement of lattice parameter on single
crystals on which electrical measurements can
also be made, which was not possible in the case
of powdered samples. The fully automated
nature of this technique [14] also allows quick
and convenient measurements of lattice para-
meter at intervals across each sample, and its
uniformity can thus be measured. Pierron and
McNeely [15] recently found variations in lattice
parameter of a few parts in 105 across melt
grown and solution grown gallium arsenide
samples, but samples grown by vapour epitaxy
were uniform to within about five parts in
106,

The objects of the present investigation were
thus a more rigorous study of the uniformity of
gallium arsenide crystals grown by various
techniques, and an investigation, for the first
time on single crystal material, of the degree of
non-stoichiometry of the compound. The results
of the uniformity studies are presented in section
3.1 and those of the non-stoichiometry studies in
3.2. The results are discussed in relation to
previous work and to the expected nature of non-
stoichiometric defects in this material.

2. Experimental

2.1, Sample Preparation

Gallium arsenide crystals grown by a variety of
techniques have been examined in this investiga-
tion. Samples grown from the melt by liquid
encapsulation pulling have been supplied by
RRE, Malvern,and crystals grown from the melt
by the horizontal Bridgman technique have been
supplied by the Allen Clark Research Centre
(Plessey Co) and Mullard Laboratories (Redhill).
The latter series of samples were grown with a
different arsenic reservoir temperature (from
609 to 637°C) for each sample; the acceptable
range of temperatures in the melt furnace was
found to be between 1240 and 1260°C. Gallium
arsenide layers grown by liquid epitaxy (i.e. from
gallium-rich solution) have been supplied by
Mullard Laboratories and SERL (Baldock), the
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latter being heavily doped n-type layers. Layers
grown by vapour epitaxy have been supplied by
the Allen Clark Research Centre (Plessey Co).
The growth temperatures of the various epitaxial
material used in this investigation are shown in
table 1.

The melt-grown samples were sectioned for
lattice parameter measurement parallel to a
{100} plane (within 2°) by means of a diamond
saw. The cut specimens were then ground with
600 grade silicon carbide powder and chemically
polished with a solution of three parts nitric acid,
one part hydrofluoric acid and one part water. In
view of the large effect of surface damage on the
lattice parameter observed by Pierron and
McNeely [15], although their conclusions are of
dubious value without line profiles, care was
taken to ensure that all surface damage had been
removed by measuring the lattice parameter after
successive chemical polishes. Since no significant
change in the lattice parameter was detected after
repolishing it was concluded that the removal
of surface damage was complete. The layers
grown from gallium-rich solution were grown on
{100} substrates and free gallium was removed
before mounting. The prepared sample was
mounted on the X-ray goniometer using silicone
grease to obtain a strain-free mounting [14].

2.2, Lattice Parameter Measurement

The technique used was based on that described
by Bond [13] in which eccentricity, absorption
and zero errors are eliminated by measuring the
angle between two reflecting positions of the
crystal rather than the position of the reflected
beam. The automatic precision X-ray goniometer
[14], used in this investigation, renders this
technique capable of an accuracy of one part in
10 and allows repeated lattice parameter
measurements to be made automatically at
intervals across samples. The setting up, speci-
men adjustment, measurement and calculation
procedure have been described in a previous
publication [14] which gives full details of the
method. The reflection used for this investigation
was (800) (with Cu K B radiation; A = 1.392174)
at a Bragg angle of about 80°. All the samples
were kept at a temperature of 27.2 4- 0.1°C by
means of a temperature controlled enclosure;
and were scanned at 1 mm intervals with a beam
width of 1 mm at the specimen surface. Thus,
there was no overlap between neighbouting
regions of the crystal scanned by the X-ray beam.
A typical line profile is shown in fig. 1.
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Figure 1 Typical line profile obtained in this work (800
reflection, CuK j radiation).

3. Resuilts
3.1. Lattice Parameter “Scans”
3.1.1. Meit-grown material

Typical lattice parameter scans across
horizontally-grown samples are shown in fig. 2.
The variation across each sample was less than
three parts in 108, as shown in the figure, and
each curve could be reproduced closely by
repeated backward and forward scanning. This
repeated scanning confirmed that the reproduci-
bility of each measurement, which was limited in
these experiments by the counting statistics, was
better than one part in 108 Fig 2 also includes.
the arsenic reservoir temperature during the
growth of each sample; and suggests a system-
atic increase of lattice parameter with arsenic
pressure. This indication of non-stoichiometry
will be discussed in more detail in section 3.2.
The lattice parameter scans in fig. 2 are typical of
horizontally grown samples. The uniformity of
lattice parameter was not strongly dependent on
the scanning direction, but scans parallel to the
growth direction generally showed less variation
than in other directions. Material grown by
liquid encapsulation pulling was generally less
uniform than the horizontally grown material,
and variations of lattice parameter across these
samples were of the order of one part in 109,
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Figure 2 Lattice parameter scans across three samples
grown by the horizontal Bridgman technique, for various
arsenic reservoir temperatures (T,,).

However, the lattice parameters at 27.2°C of all
the melt-grown samples examined in this study
(thirteen crystals in all), with the exception of one
sample M1 grown by liquid encapsulation
pulling, differed by no more than about one part
in 105, and these measurements all lie within the
shaded band in fig. 3, i.e. between 5.65324 and
5.65330A. The low value of sample M1 is, as yet,
unexplained.

3.1.2. Solution-grown samples

Measurements on four undoped liquid epitaxial
layers grown by Mullard Laboratories (Redhill)
gave mean lattice parameter values within the
range 5.65324 to 5.65330A, i.e. similar to the
range exhibited by melt-grown samples. In fig. 3
a scan on a typical liquid epitaxial film LE3
(thickness = 73 um) is shown and this lies within
the shaded band representing the limits of values
obtained on melt-grown samples. Scans of other
undoped liquid epitaxial samples were approxi-
mately as uniform as LE3 and varied by about
one part in 10° across each sample as shown
in table 1. The mean lattice parameter values of
LE2, 3 and 4 showed a slight increase with
increasing gallium content in the liquid at the
beginning of growth (see table T) although the
effect is not clearly defined owing to a relatively
large degree of non-uniformity across each
sample and the overlapping growth temperature
ranges.

Heavily doped layers grown by liquid epitaxy,
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TABLE | The growth temperature and mean lattice parameter of epitaxial GaAs

Sample Sample thickness  Substrate temperature Mean lattice parameter, with the
identification*® (microns) °C standard deviation from the mean, at
272+ 0.1°C

LE1 40 cooled from 881.2 to 808.7 5.653250 +- 0.000005

LE2 125 828.8 to 812.7 5.653245 £ 0.000013

LE3 73 812.7 to 791.8 5.653251 - 0.000003

LE4 50 781.2 to 766.5 5.653253 4- 0.000013

LES5 (Te-doped) 100 from 950°C down 5.654323 4- 0.000022

LE6 (Sn-doped) 20 at 600°C 5.654201 + 0.000046

VE1 144 — 5.653276 &+ 0.000030

*The prefix LE refers to gallum arsenide layers grown by liquid epitaxy, while the prefix VE refers to those grown by

vapour epitaxy.
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Figure 3 Lattice parameter scans on liquid epitaxial layers
LES, LE6 and LE3, and a melt-grown sample M1. All
measurements on melt-grown samples (except M1) lay
within the shaded band shown. LE3 is undoped, LE5 and
LE6 are doped with1 x 10"°cm—2of Teand1 x 10" cm—3
of Sn respectively.

which were supplied by SERL (Baldock) have
also been examined in this way. Fig. 3 shows
scans across two samples LES and LE6, doped
with 1 x 10 cm~3 of Te and 1 x 10'® cm~2 of
Sn respectively (thickness 100 um and 23 pm
respectively). The lattice parameters of both of
these layers are at least one part in 10* higher
than those of undoped layers, as shown in the
figure. Such an increase is reasonable since the
radius of both the Sn and Te atoms, ionic or
covalent, is larger than the radius of either the
Ga or As atom in GaAs. The effect of doping
additions on the lattice parameter is discussed
more generally in section 4.3.
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3.1.3. Vapour epitaxy sample

Measurements on a vapour epitaxy sample grown
at the Allen Clark Research Centre (Plessey Co)
gave a mean lattice parameter value within the
range 5.65324 to 5.65330A; this sample did not
appear to be as uniform as the undoped solution-
grown epitaxy samples.

3.2. The Effect of Arsenic Pressure on
Lattice Parameter

The systematic increase of lattice parameter with
arsenic pressure suggested by the results presen-
ted in fig. 2 was investigated more extensively on
horizontally grown samples prepared at arsenic
reservoir temperatures from 609 to 637°C. Fig. 4
is a plot of the average lattice parameters of this
series of samples against the arsenic content inthe
melt, calculated from the arsenic reservoir
temperature (also shown in the figure) using the
data of Honig [16] to obtain arsenic pressures
and that of Boomgaard and Schol [17] to obtain
melt concentrations. Each measurement in fig. 4
was made at 27.2° 4 0.1°C over the same part
of themain gear wheel to minimise relative errors;
the spread indicated by the bar on each point
represents the non-uniformity of each sample
and is the standard deviation of all the measure-
ments in the scan across that sample (these bars
do not represent the reproducibility at any point
on a sample, which was in all cases better than
one part in 10%). It is evident from fig. 4,
despite scatter, that increase in arsenic reservoir
temperature from 609 to 637°C produces an
increase in lattice parameter of about six parts
in 108 This trend, shown in fig. 4, has been
confirmed in repeat series of measurements, an
example of which is shown in fig. 5. The lattice
parameter values differ from those in fig. 4
because in each case relative and not absolute
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Figure 4 Effect of arsenic content in the melt on the lattice
parameter of horizontally grown samples. The‘‘error bars”
give the measured limits of lattice parameter variation
across the sample in question, and not the error of
measurement.

measurements were made to avoid the procedure
of closing the error loop [14] and between the
two sets of measurements the experimental
conditions had been altered, but the relative
values confirm the increase of lattice parameter
with arsenic temperature. It is also evident, from
both figs. 4 and 5 that the non-uniformity of each
sample, indicated by the “bar” at each point,
increases with the arsenic content in the melt.
This suggests that excess arsenic in the melt gives
rise to inhomogeneities, perhaps by causing
constitutional supercooling. The reasons for the
lattice parameter variations across samples are
being investigated in more detail.

4. Discussion
4.1, The Degree of Inhomogeneity revealed
by Lattice Parameter Scans

An interesting outcome of the lattice parameter
scans is the discovery of non-uniformity in
lattice parameter across the samples. Although
considerable variations across samples have been
found, the material examined in this study is
considerably more uniform than those quoted by
Pierron and McNeely [15] who reported varia-
tions across samples of three parts in 105, two
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Figure 5 A repeat series of lattice parameter measure-
ments on some of the samples in fig. 4.

parts in 10° and one part in 10° for melt grown,
liquid epitaxial and vapour epitaxial material
respectively, compared with two parts in 10%, one
part in 10° and one part in 10° in the present
work. Such inhomogeneities could be due to a
number of causes such as variations in impurity
concentration, degree of non-stoichiometry,
dislocation density [18] or residual strain arising
perhaps from stress during the growth or cooling
of the crystals, but a satisfactory investigation of
these variations must include an analysis of line
profiles at various points across each sample.
Such an analysis of line broadening was not
undertaken in the present investigations. It might
be possible to clarify the causes of inhomogeneity
by means of rocking-curve experiments. Cohen
and Focht [19] have found rocking-curve line-
widths of about 6 sec (for the (444) reflection) for
undamaged GaAs, which is approximately that
predicted for perfect crystals. They also found
rocking curve breadths of about 50 sec on the
undamaged face of samples after grinding on the
reverse face, this broadening was attributed to
elastic strain. The dislocation densities observed
in the present crystals by etch-pit techniques were
of the order 10* to 10® cm—2, which according to
the relation of Kurtz, et al [20] could produce a
broadening of from 2 to 6 sec which, if accom-
panied by a change in line shape, makes it
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possible that these inhomogeneities are due to
variations in dislocation density, but this is felt
tobean unlikely explanation on present evidence.
Variations in impurity content have also been
revealed by electrical measurements, but are
thought not to be sufficient to explain these
observations, since the concentration required,
from the experiments on heavily doped samples,
would be of the order 10" cm~—3, whereas
concentrations indicated by the electrical
measurements were less than 8 x 1038 cm =3,

In addition to dislocations and dissolved
impurities it is likely, from transmission electron
microscopy evidence on similar material [21-27]
that other crystallographic and impurity-type
defects are present, the latter particularly in
the heavily doped layers [21-24]. Defects such
as dislocation loops, impurity clusters and
precipitate particles, have been observed to vary
in density on a macro-scale and might be the
cause of the macro-variations in lattice para-
meter observed here. A further possibility is a
varying degree of non-stoichiometry, suggested
by the dependence of uniformity on arsenic
pressure. Further investigations of the causes of
inhomogeneities are proceeding.

4.2. Non-Stoichiometry in Gallium Arsenide

The variation of lattice parameter with arsenic
“pressure shown in figs. 4 and 5 provides strong
evidence for the existence of non-stoichiometry
on the arsenic-rich side of the gallium arsenide
phase. Other possible explanations, in terms of
variation in impurity concentration or disloca-
tion density seem unlikely The maximum n-type
catrier concentration in the samples of figs. 4 or
5 was 8 x 10'¢ cm—3; while the results discussed
in section 4.3 indicate that a concentration of
order 10" ¢m~2 would be required. A variation
in dislocation density in these samples, which
was reported by Brice [28] on similar samples,
was only of the order of 10* cm—2%, although
it cannot be ruled out until there is a systematic
investigation of this parameter, seems unlikely
as an explanation since it should produce a line-
broadening of less than 2 sec [20].

A number of different defect models could
possibly account for the observed effect of
arsenic excess on the lattice parameter, which is
of the same order but of opposite sign to the
trend found by Straumanis and Kim [1] on
powdered samples. The differences from the
present work found in that investigation [1]
might be associated with the higher susceptibility
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of powdered samples to contamination, although
it is noteworthy that the effects of excess arsenic
and gallium observed by Straumanis and Kim
were reversible. These differences might also be
associated with differences in temperature, since
in Straumanis and Kim’s investigation the
samples were annealed at 1000°C, while the
present samples might be expected to bear some
relation to the situation existing at the melting
temperature; it is not impossible that quite
different defect equilibria exist at these two
temperatures. A further possible reason for the
discrepancy is that Straumanis and Kim used a
422 reflection in their study whereas the present
work employed an 800 reflection. If the excess
arsenic distorted the shape of the unit cell these
results might not be inconsistent with those of
the present work.

A notable teature of the present results is the
fact that close agreement between the lattice
parameters of undoped liquid epitaxy, vapour
epitaxy and melt-grown material has been found.

In particular, the lattice parameter values of
solution-grown material and melt-grown material
grown under gallium-excess conditions, were
very close, although these were prepared at
widely different temperatures which would be
expected, on thermodynamic grounds, to be
associated with different positions on the phase
boundary. We may conclude, therefore, that
either there is an extremely narrow phase extent
on the gallium-rich side or else changes in
stoichiometry occur during cooling.

The effect of point defects on the lattice
parameter of gallium arsenide is uncertain
theoretically, but the most likely defects will be
discussed. The effect of a vacancy is particularly
uncertain since it has different effects in covalent
and ionic materials. Calculations by Mott and
Gurney [29] and by Kurnick [30] have shown
that a vacancy In an ionic crystal would be
expected to expand the lattice by about 10%,. In
contrast, Swalin [31] has shown that a vacancy
in silicon and germanium should contract the
lattice. Vook [32] has suggested that a vacancy in
ITI-V semiconductors should expand the lattice
as in ionic solids but gives no justification for this.
In a calculation for ZnS by Asano and Tomi-
shima [33], in which covalency and ionicity both
have a contribution, it is concluded that zinc
vacancies should contract the lattice and sulphur
vacancies expand it. There are some unsatis-
factory points about this analysis, but in the
absence of a rigorous theory in this particular
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case, the same type of behaviour will be assumed
for gallium arsenide. With this assumption the
present results cannot be explained in terms of
gallium or arsenic vacancies. The increase in
lattice parameter with arsenic content thus
suggests the following possible explanations,
considering simple defects only:

(a) An increase in the density of arsenic inter-
stitials, which might be expected to expand the
lattice.

(b) An increase in the density of arsenic atoms on
gallium sites (the effect of these defects on the
lattice parameter is uncerfain theoretically).
Further deductions as to the identity and
concentration of the defect or defects may be
made using the lattice parameter and density
method [34]. To enable this method to be
applied, density measurements are being made on
the present samples and will be reported in a
future publication. :

4.3. The Effect of Heavy Doping on the
Lattice Parameter

The limited evidence presented in the paper
indicates a Jarge (~ 10-%) effect of heavy doping
on lattice parameter. King [35] has pointed out
that, in metals, the prediction of the sign of this
effect from the relative atomic sizes is unreliable,
but when the solute atom is larger than the
solvent atom an increase in lattice parameter
usually results, and he has emphasised the
limited range over which Vegard’s law is
applicable. In covalent crystals the uncertainties
are likely to be even greater since the use of the
atomic radjus concept in this context is rather
questionable. However, in the absence of a more
rigorous treatment, we will examine these results
using the covalent (or Pauling) radii. There is
evidence that tin atoms substitute for gallium in
gallium arsenide [36] and using the values 1.26
and 1.40 A for the covalent radii of gallium and
tin respectively [36] an expansion of the lattice
would be expected as was observed in sample
LE6. This trend seems more reasonable physi-
cally than that observed using powder techniques
by Kolm et al [37] who observed a decrease in
lattice parameter with addition of tin. However,
the smallest addition made in that study was 19,
(which corresponds to about 4 x 10* atoms/
cm?®) which is an order of magnitude higher
concentration than used in this study. It is
possible that effects of precipitation could
account for the apparent lattice parameter
decrease at high tin concentration.

A guantitative comparison of the present
results with prediction from the covalent radii
may be made using the following formulation of
Vegard’s law, which expresses the change in
lattice parameter da/a in terms of the atom
fraction of tin (Nsn)/(Ngaas).

Aa NSn
a . NGaAs (1)
where
4 (rsn — rca)
K= J3 a

ThusAusing the observed parameter change of
103

N; Sn
—— = 3094 x 103
Ngaas X
Now Ngaas = No. of galliom arsenide mole-
cules/cm®

= 2216 x 102 cm—3
Therefore Nsn = 6.85 x 10'%* cm—3

This estimate is of the same order as that
measured by electrical techniques on sample
LE6 (viz. 1 x 10*® cm™2). A similar calculation
for sample LES5 assuming that tellurium atoms
substitute for gallium leads to an estimated
concentration of about 1.7 x 10* c¢m-3. If
tellurium substitutes for arsenic, however, the
estimate would be 6.8 x 10*® c¢cm—3 which is
again in order of magnitude agreement with the
electrically active tellurium concentration. In
view of the limited validity of Vegard’s law,
discussed above, the correlation between lattice
parameter change and doping concentration in
these two cases is considered to be reasonable.
The TEM work of Laister and Jeukins [26, 27]
has indicated that layers doped with tellurium
above about 108 cm~2 contain plate-like defects
considered to be rafts of tellurium substituting
for arsenic in (111) planes. They suggest that
this should produce an expansion in the lattice
perpendicular to the gallium-tellurium layer;
such a distortion of the lattice might be detected
by the use of different reflection types. In the
present results, however, the tellurium in such
defects might be expected not to be electrically
active and might account for the change in
lattice parameter being larger than expected from
the electrically active concentration. An explan-
ation in terms of mismatch of the layers with the
substrate is considered unlikely in view of the
fact that the thicker layer (LES5, 100 um)
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showed a larger deviation from the undoped
parameter than layer LE6 (23 um thick).

5. Conclusions

(a) The existence of a limited phase extent of the
gallium arsenide phase has been confirmed in
single crystals grown under different arsenic
pressures.

(b) The lattice parameter increased with arsenic
excess in the melt, from 5.65324 to 5.65328 A for
arsenic reservoir temperatures of 609 and 637°C
respectively; an opposite trend to that reported
for powdered material.

(¢) 1t is suggested that the more likely defects
present in arsenic-rich material are arsenic
interstitials or replacement defects,

(d) The effect of doping with tin and tellurium on
the lattice parameter is in fair agreement with
that predicted from their covalent radii.
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