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High resolution x-ray diffraction using synchrotron radiation was used to
characterize GaAs grown by MBE at low temperatures (LT-GaAs). LT-GaAs
grown at 225°C is nonstoichiometric and exhibits a 0.15% lattice expansion
along the growth direction. Annealing LT-GaAs results in arsenic clusters with
a well-defined orientation relationship with the GaAs matrix and a relaxation
of the LT-GaAs lattice. The arsenic precipitation corresponds to a classical case
of diffusion controlled nucleation and growth followed by coarsening. While the
rates of growth and coarsening in the n-doped and the p-doped samples are
observed to be identical, the effects of the superlattice seem to accelerate the
precipitation kinetics in the p-n superlattice sample. The enhanced coarsening
in the p-n superlattice sample is consistent with a previously proposed model

involving interaction between charged precipitate and arsenic defects.
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INTRODUCTION

GaAsisnormally grown by molecular beam epitaxy
(MBE) at substrate temperatures between 580-600°C
in order to produce material with a low concentration
of deep traps. It is also known that lower growth
temperatures (less than 500°C) lead to a very high
concentration of deep traps.! However, in 1978,
Murotani et al.? suggested that GaAs grown at low
temperatures (LT-GaAs)is semi-insulating even when
doped heavily. Subsequently, a paper by Smith et al.?
in 1988 showed that backgating and light sensitivity
could be eliminated by growing a GaAs buffer layer at
200°C and annealing at 600°C. This discovery sparked
a lot of interest in LT-GaAs.

GaAs grown by MBE at low substrate tempera-
tures (200-250°C) is in itself not semi-insulating
without an anneal at temperatures above 500°C.* In
fact LT-GaAs with about 1-2% excess arsenic® shows
changes in several properties on annealing. For ex-
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ample, the lattice constant of LT-GaAs, which is
about 0.15-0.2% larger than the lattice constant of
the substrate, returns to normal on annealing. Also,
the arsenic on gallium site (As,, ) defect concentration
and related quantities are considerably reduced. This
reduction in the As_, defects is a result of the precipi-
tation of As in annealed LT-GaAs.® This interesting
observation has fueled an intensive study”s into the
properties of these precipitates and their role in the
compensation and conductivity of LT-GaAs. In addi-
tion to the semi-insulating property, annealed LT-
GaAs also has high carrier mobilities and low carrier
lifetimes making it a useful material for photoconduc-
tive switches.®

The effect of doping on the dynamics of arsenic
clustering in annealed LT-GaAs was studied by
Melloch et al.’® and Look et al.'* Melloch et al.*
observed that the precipitates tend to accumulate in
the n-doped regions and deplete from the p-doped
regions on annealing, rather than uniformly in the
whole region. This was explained as a self-compensa-
tion driving mechanism. They suggest that the posi-
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Fig. 1. X-ray 6/26 scan of the (004) reflections in the as-grown n(p)-
doped LT-GaAs sample. Lower angle peak shows broadening from
the LT-GaAs film.

Table L. Lattice Expansion of LT-GaAs Relative to
the Substrate as a Function of RTA Temperatures

Aa/a (%) Aala (%)
Annealing (n- and (p-n Superlattice)
Temp. °C p-doped Expansion Region
(Time 30 s) Samples) Lower Higher
As-Grown 0.151 0.136 0.153
500 0.139 — —
600 0.093 0.097 0.097
700 0.06 0.0 0.0
800 0.00 0.0 0.0

Note: p-doped and n-doped LT-GaAs have identical lattice ex-
pansions.

tively charged As interstitials are attracted to the
negatively charged precipitates in the n-doped region
and are repelled by the positively charged precipi-
tates in the p-doped regions. However, Look et al.l!
believe thatisolated Asinterstitials donot have donor
levels in the upper gap and are not stable, and,
therefore, move immediately to precipitates or other
sinks. Their conclusion is based on the fact that the As
antisites alone are sufficient to account for all the
electrically active donors. In fact, at no point in the
annealing cycle does donor concentration (Nj)in-
crease significantly. However, the interpretation of
the data is still open to question since there is very
little information available on the effect of annealing
at temperatures beyond 700°C. Thus, it is clear that
more work needs to be done to understand the effect
of dopants on As precipitation in annealed LT-GaAs.
If the observation of Melloch et al.l® that both the
charge of the As interstitial and the concentration
gradient play a role in the precipitation of arsenic in
LT-GaAs, then different growth and coarsening ki-
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netics should be observed in the p and n doped
samples. The objective of the present study is to probe
the effect of dopant type on the kinetics of As precipita-
tion.

EXPERIMENTAL PROCEDURE

All the samples used in this study were grown in a
Varian GEN II MBE system on a <001> GaAs sub-
strate. The arsenic flux used was the dimer As,, and
Si and Be were used as the n-type and p-type dopants,
respectively. All layers were grown at the rate of 1 um/
h with an As to Ga beam -equivalent-pressure ratio of
20. The substrate growth temperature was 225°C.
Film thicknesses were about 2 pm for the p-doped
(2 x 10'%/cm?®) and n-doped (2 x 10'¥/cm?) samples. A
stack of six alternating layers of p-doped and n-doped
of 0.2 wm thickness each was used for the p-n sample.
Growth and structural details of this sample are
explained elsewhere.’® The samples were then an-
nealed at temperatures ranging between 700 and
1000°C for various lengths of time. The 30 s anneals
were conducted in a computer-controlled mini-pulse
rapid thermal annealer (RTA). Annealing tempera-
tures and times were chosen to correlate our results
with prior transmission electron microscopy (TEM)
experiments.!?

The high resolution x-ray scattering measurements
were collected using the X-18A beam line of MATRIX,
a midwestern consortium at the National Synchro-
tron Light Source, Brookhaven National Laboratory.
The scattering was measured using a Huber four-
circle diffractometer. The focused, monochromatic
incoming beam was defined to be 2 x 2 mm on the
sample, by a set of incident slits. Scatter slits and
receiving slits were set to 4 x 4 mm at 80 and 500 mm
from the sample, respectively. A cylindrical mirror
focused the beam with energy of the radiation being
selected to be 8000 eV using a silicon double crystal
monochromator.

RESULTS

X-ray diffraction data of the as-grown LT-GaAs
shows the (004) reflection shifting to a smaller 20
angle relative to bulk GaAs, indicating an expansion
in the lattice parameter of the n(p)-doped LT-GaAs,
due to the excess As incorporation. The LT-GaAs
lattice expansion was estimated to be about 0.15%,
along [001], the growth direction. The distortion was
confirmed to be tetragonal by studying asymmetric
reflections of LT-GaAs, such as (224). No distortion
was observed in the [H00] and [0KO] directions. Fig-
ure 1illustrates a typical 6/20 radial scan through the
(004) peak of the substrate, for the as-grown n-doped
LT-GaAs sample. The broader peak is from the LT-
GaAs. Similar results were observed in the p-doped
sample. However, in the p-n heterostructure, three
peaks were observed in the 6/20 radial scan through
the (004) substrate reflection, indicating two distinct
LT-GaAs regions with different lattice parameters.

The LT-GaAs lattice is observed to relax on an-
nealing at temperatures above 500°C, as indicated by
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shifting of the LT-GaAs peak toward the bulk GaAs
peak location. Annealing at temperatures of 700°C
and above, causes the lattice of the LT-GaAs samples
to completely relax back to the substrate lattice, as is
characterized by a single sharp (004) peak. The mea-
sured lattice expansions in the LT-GaAs films for the
p-doped, n-doped, and the p-n heterostructure samples
are listed in Table 1. The measured values of lattice
expansions in the p-doped and the n-doped samples
were observed to be identical for all annealing condi-
tions. Further, both the as-grown and the annealed
samples show distinct interference fringes in the
(004) rocking curves, indicating that the films are of
excellent structural quality. The structural quality of
the LT-GaAs films have been ascertained to be of
extremely good quality by double and triple crystal
diffraction analyses by Matyi et al.’* LT-GaAs layer
thicknesses were estimated from the angular separa-
tion of these interference fringes to be 2 um for the p-
doped and n-doped samples, respectively. This value
agrees well with prior TEM measurements on these
samples.?

The relaxation in the LT-GaAs lattice on annealing
is observed to be accompanied by precipitation of the
excess As from the matrix. Several reflections from
the arsenic precipitate and the matrix were located to
determine the orientation relationship between the
GaAs matrix and the precipitate. Some of the {01.2},
{01.1}, {01.4}, and the (00.3) reflections of the precipi-
tate and all the {111}, {311}, {220}, (002), and (004)
reflections of the GaAs matrix were located and were
the basis for the regression calculation to obtain the
orientation matrices of each variant of the precipitate
and the matrix, respectively. Analyses of the precipi-
tate phase reflections, corresponds to a hexagonal
lattice with the lattice parameters a =3.76A and c =
10.55A. The orientation relationship between the
precipitate and the matrix was determined to be:

(0003),,

[110}.,. (D

(111),,, ,and [1210],,

Overall, four orientation variants are possible, con-
sistent with the equivalent (111) planes of the matrix.
Our experiments indicate that all four of these vari-
ants are present. This observation is in good agree-
ment with the TEM study by Weber et al.}* Verifica-
tion of the orientation relationship was obtained by
reciprocal lattice radial scans through the maxima of
the {111} reflections of the matrix, and through the
maxima of the (00.3) reflections of the precipitate,
indicating the lack of any misorientation between the
(00.3) of the precipitate and the (111) of the matrix.
Further, our measurement of the location of the (10.2)
of As precipitate indicates that it makes an angle of
11.46° with the other set of {111} planes, consistent
with the theoretical calculations. These observations
arein contrast with the small misorientation between
the (00.3) of the precipitate and the (111) of the matrix
reported by Weber et al.*4

The volume fraction of the As precipitate was deter-
mined by comparing the integrated intensities of the

(00.3) reflections of As to the integrated intensities of
the GaAs (111) reflections. The ratio of the intensities
can be written in terms of the Lorentz-polarization
factor (LP) and the structure factor (I) as:

(2)

Jocos [, Pocos Fgoos 2
111 :LP1T1 F(g&

where the square of the structure factor, F, is scaled
by the volume fraction, V,, of the precipitate as

Fz, =V, (FI)’ (3a)

F2,.,=(1-V,)(F&, )’ (3b)

Relative intensities of the variant diffraction peaks
indicatethat all variants are present in approximately
the same amount. The amount of excess arsenic
incorporated is estimated to be about 1.50 volume %.
The measured precipitate volume fractions are listed
as a function of the annealing conditions in Table II.
As shown in Table I1, the precipitate volume fraction
remains a constant after annealing for 30 min at
600°C and for all times at 700°C and higher. These
values agree well with that observed in other stud-
ies. 12

The particle size of the arsenic precipitates for the
sample aged at 700°C was estimated by measuring
the full width at half maximum (FWHM) of the (00.3)
reflections of the As phase. The data was corrected for
instrumental broadening, which was estimated from
the intensity profile of a 6/26 scan of the bulk GaAs
fundamental reflection. The determination of the
average particle size from the superlattice reflection
is based on the fact that the broadening of the inten-
sity vs 20 profile is a function of the particle size of the
As precipitates. The full width of the profile corrected
for instrumental broadening at half maximum inten-
sity is related to the particle size as:1%

Table II. Variation of Particle Size, T, and Volume
Fraction, V,, of the As Precipitates as of Function

of Annealing Conditions
Anneal 600°C 700°C 800°C
Time V(%) TA V% TA V(% TA
30s 1.08 39 1.43 61 1.46 96
5 min 1.21 43 1.42 70 143 103
10 min 134 49 148 111
15 min 1.42 52
20 min 1.43 57
30 min 1.46 79
1h 1.44 70
2h 1.46 78
3h 144 86 1.45 88
4h 1.48 91
10 h 1.44 103

Note: The measured values were found to be identical in the p-
doped and n-doped samples.
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Fig. 2. Variation of the square of the particle size as a function of
annealing time at 600°C in p-doped and n-doped samples.

< 5
>~ 810 ]
N s F 3
a 710° b E
2 E 1
Q 5 9
2 610° F 3
5 ] E
Q‘ -
> 510° F 3
b0 C 3
g 410° | j
S 310°F 3
5 sk ]
b 210 E A E
Q s | A ]
S 110 J—A 3
O 3
4} U VN RN U ST ST RN SO Y PO NS T S B T B W 1 3
0 50 100 150 200 250

Annealing time (mins)

Fig. 3. Variation of the cube of the particle size as a function of
annealing time at 600°C in the p-doped and n-doped samples.
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where, A is the wave length of the incident x-ray beam,
0; is the Bragg angle of the diffraction peak of the As
precipitate, and T is the average particle diameter of
the As precipitate. This calculation assumes particle
size broadening only. Table II lists the calculated
values of the average particle size of the As precipi-
tate for various annealing conditions. The volume
fraction and the particle size of the precipitate in the
n-doped and p-doped samples were identical for all
annealing conditions. While the volume fraction of
the precipitate was identical in the p-doped and the n-
doped samples, the particle size was measured to be
higher for similar annealing conditions in the p-n
superlattice sample. Average particle diameters of
78, 116, and 168A were calculated for p-n samples
annealed at 700, 800, and 900°C, respectively, for 30 s.

DISCUSSION

This study has clearly shown that an arsenic phase
with a hexagonal structure precipitates upon anneal-
ing LT-GaAs and has a definite orientation relation-
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ship with the matrix viz. (00.3)A, is parallel to the
{111) GaAs. For this orientation relationship, four
variants exist and are all observed. The lattice param-
eters of the As phase were found using high resolution
x-ray scatteringtobea=3.7 6A and ¢ = 10.55A. These
observations are in agreement with the previous
observations made using TEM.* However, small vol-
umes of other lower symmetry and amorphous phases
observed in other studies were not observed in our
experiments.

Also, there seems to be a correlation between the
amounts of excess arsenic incorporated in the LT-
GaAslattice and the observed lattice expansion. Tables
I and II show the decrease in lattice parameter and
increase in the volume fraction of the precipitate with
increasing annealing temperature and time. The lack
of any detectable lattice expansion on annealing for
15 min at 700°C and for all times above 800°C indi-
cates that all of the excess As has precipitated. This
is also confirmed by the fact that the measured vol-
ume fraction of the precipitated As remains constant
beyond the above-mentioned annealing conditions.
Also, the change in the lattice mismatch on annealing
at 500°C indicates the onset of precipitation of As
phase. However at this stage, the precipitates are too
small and their volume fraction too low to be detected.

From the 6/20 scans of the (004) reflections of the p-
doped, n-doped, and p-n superlattice structures, an
attempt is made to understand the effect of doping on
the arsenic incorporation and precipitation. The p-
doped and the n-doped samples grown using identical
growth parameters show the same lattice expansion
and excess Asincorporation. Samples grown at differ-
ent substrate temperatures, however, exhibit differ-
ent lattice mismatches and amounts of excess As
incorporation. The p-n sample showed a three-peak
(004) reflection as compared to the two peaks ob-
served in the n(p)-doped samples. The two broadened
peaks were associated with the n-doped and the p-
doped regions and were at smaller and different 20
angles than the substrate peak. The different lattice
expansions observed for the p-doped and the n-doped
regions indicate that the amounts of excess arsenic
incorporated is slightly different in the different re-
gions of the p-n sample.

The semi-insulating property of the LT-GaAs is
explained by approximating the precipitates as me-
tallic Schottky barriers that attract and demobilize
the electrons in the n-doped material and holes in the
p-doped materials. Therefore, to balance the poten-
tial difference (AV) between the precipitate of radius
r, and the semiconductor bulk, a negative charge Q =
4rer AV (e = dielectric constant) is required. This
charge must be formed from donors surrounding the
precipitate, leaving a depleted region of radius r,. For
charge conservation, we require that

‘;—"(rg ~r?)eN, =Q (5)

Thus, there would be a depleted fraction of the sample
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volume, f = (4n/3)r*N , where N, is the number of
precipitate particles per unit volume. For a fully
depleted sample f > 1. Using these relations, one can
theoretically estimate the required particle size and
distribution for a given concentration of the dopants
so as to completely deplete the film and make it semi-
insulating. Consequently, if the precipitate particle
growth and coarsening kinetics are clearly defined,
one can then estimate the annealing conditions to just
fully deplete the samples. An attempt was, therefore,
made to understand and to determine the factors that
effect the kinetics of As precipitation.

According to the Lifshitz and Slyozov theory,¢ the
kinetic equation for the growth of the precipitates in
the pre-coarsening stage is given by

T2 = 24 Dt 6)

where D is the intrinsic diffusion coefficient of the
solute in the matrix. This linear variation of 72 with
aging time for the early stages is shown in Fig. 2.
Using this linear fit in the increasing volume fraction
region and assuming that the initial supersaturation
A, can be approximated as the amount of excess
arsenic precipitated in the high temperature anneals,
reasonable estimates of the diffusion coefficient,
3.1 x 1078 m?s and 67.2 x 10-8 m¥s for the 600 and
800°C anneals, are obtained. These results agree well
with values reported in the literature.?’

The expression for the time required for the onset of
the coarsening process was derived by Kahlweit et
al.’® assuming that the particle density remains con-
stant during the pre-coarsening stage. This assump-
tion was tested by estimating the particle density
from the calculated values of the average particle size
and the volume fraction. The As particle density, N,
was estimated to be about 7.5 x 10%Y/m?® and was
observed not to vary significantly with aging. There-
fore, using their prediction, the time for onset of
coarsening, t_can be given as:

_ 27 RT A ™
° 32Dy, C N,

With v as the interfacial energy, C,., as the con-
centration of As in the matrix in equ111br1um with an
As particle of infinite radius, D as the diffusion coef-
ficient of the solute in the matrix and V_ as the molar
volume of the precipitate. An estimate of t, may be
made by estimating the intrinsic diffusion coefficient,
D, from the growth stage and using reasonable values
for the other parameters, y= 0.014 J/m?, A = 0.0175
and C 0.50. On this basis, the value “of t, was
calcula%ed to be about 26 min at 600°C, which should
correspond to the onset of coarsening.

In the latter stages of aging, the Lifshitz-Slyozov-
Wagner theory of Ostwald ripening agrees well with
the data. According to this theory, the kinetic equa-
tion for particle coarsening is given by

(73 -13)=K,(t-t,) (8

where T _is the radius of the precipitate particles at
time t, at the onset of the coarsening process, and K,
is the coarsening rate constant given by

8V C D
K =—' mZea” 9
¢ 9RT ®)

The observed variation of 72 as a function of time is
shown in Fig. 3. Comparing Fig. 2 and Fig. 3, the
transition from growth to coarsening can be seen as
occurring around 30 min, which agrees well with the
time for onset of coarsening calculated above using
Kahlweit’s expression. The rates of growth and coars-
ening in the p-doped, n-doped, and p-n doped samples
are listed in Table III.

This study has clearly shown that the arsenic
precipitation corresponds to the classical case of diffu-
sion controlled nucleation and growth followed by
coarsening. Melloch et al.? suggested that the electro-
static forces between the positively charged As
interstitials and the positively charged precipitates
in the p-doped regions and the negatively charged As
interstitials and the positively charged precipitates
in the n-doped are responsible for the observed deple-
tion of the As from the p-doped region as compared to
the n-doped region. If the dopant type alone alters the
process of the precipitation in the superlattice sample,
then the charge effects should tend to reduce the
growth and coarsening rates in the p-doped sample
and increase them in the n-doped sample. However,
our results indicate that the rates of growth and
coarsening in the n-doped and p-doped samples are
the same. On the surface this appears to contradict
what one would expect from the above mentioned
theory.

We compare the results from the superlattice sample
of Melloch et al.’ with our results on the p-n sample.
The observed rate of coarsening in the p-n sample,
which is a composite effect of the rate of coarsening in
all the layers, is higher than what is observed in the
n-doped and the p-doped samples. Since the super-
saturation in the p-n sample is essentially equal to
that for our p-doped and n-doped samples, the in-
creased rates are probably due to the interfaces.
Boundary effects which include other phenomena,
havebeen observedto provide precipitation-free zones
near the boundary such as noted in the coarsening
studies of Al-Li alloys.!® It is, therefore, not surprising

Table III. Growth and Coarsening Rates
Observed in all the Samples for Different
Temperatures of Anneal

pn
p-n-Doped Sample Superlattice
Temp. Growth 2AD Coarsening K, Coarsening K,

°C) (m?/s x102°)  (m3/s x 103°) (m3/s x 103%)
600 2.7 3.8 —

700 — 24 56

800 — 804 1036
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to have a junction field effect on the p-n sample.
However, for the existing field, the coarsening ki-
netics should be exactly reversed. This would mean
that there exists a stronger driving mechanism for the
depletion of the As from the p-doped region and
accumulation in the n-doped region. For example, if
one assumes a charge induced motion of the As de-
fects as postulated by Melloch et al.', there would be
an increase in the rates due to induced diffusion and
or supersaturation. Qur results would support the
general observation of others that there is depletion
on the p-doped side and an accumulation on the n-
doped side of the superlattice sample. Further, our
results would be consistent with the charge model
proposed by Melloch et al.'®

CONCLUSION

In summary, we have used high resolution x-ray
diffraction to understand the effects on excess As
incorporation on the lattice of the LT-GaAs epitaxial
layer. Annealing of the LT-GaAs leads to the forma-
tion of As precipitates and a simultaneous relaxation
of the epilayer lattice. The As precipitation corre-
sponds to a classical case of diffusion controlled growth
followed by coarsening. The rates of growth and
coarsening of the As particles were studied in n-
doped, p-doped, and p-n doped samples for several
annealing conditions. While the n-doped and the p-
doped samples show similar growth and coarsening
kinetics, the p-n sample shows faster kinetics. These
observations of the p-n superlattice effect agree well
with the model postulated by Melloch et al.1?
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