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The structure of GaAs grown at low substrate temperatures (LT-GaAs) by molecular beam epitaxy has been studied using high
resolution X-ray diffraction methods. Double crystal rocking curves from the as-deposited LT-GaAs show well defined interference
fringes, indicating a high level of structural perfection. Triple crystal diffraction analysis of the as-deposited sample showed
significantly less diffuse scattering near the LT-GaAs 004 reciprocal lattice point compared with the substrate 004 reciprocal lattice
point, suggesting that despite the incorporation of approximately 1% excess arsenic, the epitaxial layer had superior crystalline
perfection than did the GaAs substrate. Triple crystal scans of annealed LT-GaAs showed an increase in the integrated diffuse
intensity by approximately a factor of three as the anneal temperature was increased from 700 to 900°C. Analogous to the effects of
SiO, precipitates in annealed Czochralski silicon, the diffuse intensity is attributed to distortions in the epitaxiai LT-GaAs lattice

by arsenic precipitates.

1. Introduction

Gallium arsenide epitaxial layers grown at low
substrate temperatures (LT-GaAs) have attracted
considerable attention recently due to both their
interesting structural and electrical properties,
and their potential usefulness in advanced device
applications. Following growth by molecular beam
epitaxy (MBE) at temperatures in the vicinity of
200°C, LT-GaAs films that are annealed at ele-
vated temperatures exhibit extremely high resis-
tivities and breakdown strengths. Significant im-
provements in the performance of GaAs devices
fabricated using LT-GaAs buffer layers have been
reported [1,2].

Because of the potential of this material for
device applications and the unusual MBE growth
conditions, numerous studies have been per-
formed recently to elucidate the microstructural
properties of LT-GaAs [3)]. Transmission electron
microscopy (TEM) analyses of as-grown LT-GaAs
have shown no evidence of structural defects in

layers grown at 200°C, even though X-ray diffrac-
tion, electron paramagnetic resonance, and ana-
fytical TEM measurements indicated a high level
(approximately 1%) excess arsenic [4-7]. Follow-
ing post-growth annealing at 600°C, TEM exami-
nations have shown that the excess arsenic forms
arsenic precipitates that are generally uniformly
dispersed throughout the epitaxial layer [7-9].
High resolution TEM analyses have shown that
the smaller As precipitates (2 to 3 nm in diame-
ter) are coherent with the GaAs lattice, while
larger precipitates lose their coherency [10].
X-ray diffraction has been used extensively for
characterizing LT-GaAs and for observing the
effects of postgrowth annealing on the structure
and perfection of this material. X-ray rocking
curves of as-grown LT-GaAs typically show that
the lattice parameter is larger than that of bulk
GaAs [4,7], although recent work by Fatemi and
coworkers showed large variations in the separa-
tion of the substrate and LT-GaAs diffraction
peaks with little correlation between growth tem-
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perature and peak separation [I11]. Wie and
coworkers reported that the lattice parameter of
L T-GaAs changed abruptly at an anneal temper-
ature of around 350°C, where the perpendicular
lattice mismatch decreases significantly [12,13].
Annealing at higher temperatures results in com-
plex behavior; various X-ray studies have re-
ported the lattice parameter of annealed LT-
GaAs to can be greater than, less than, or equal
to that of the GaAs substrate [4,5,11-13].

As mentioned above, one effect of post-growth
annealing in LT-GaAs is to produce As-rich pre-
cipitates. The development of second-phase pre-
cipitates within the GaAs epitaxial single crystal
matrix would be expected to generate strains in
the GaAs lattice due to the change in volume
associated with the precipitation process. Precipi-
tation-induced strains are well known in the for-
mation of oxygen precipitates in Czochralski sili-
con following a high-temperature anneal where
the interstitial oxygen (typically present at super-
saturations of several parts per million) forms
thermodynamically-stable SiO, precipitates. The
change in volume that arises from the oxygen
precipitates tends to “punch out” dislocation
loops which are effective as internal gettering
sites for metallic impurities in CZ-silicon {14].

Recently it has been shown that the use of
high resolution diffraction techniques can reveal
significant details concerning the crystallographic
structure and properties of epitaxial layers [15].
Because of these unique capabilities, we have
conducted a high resolution X-ray diffraction
analysis of LT-GaAs grown by MBE to better
understand the structure of the as-grown material
and to clarify the effects of postgrowth processing
on this material. Some preliminary results have
been published elsewhere {16].

2. Experimental procedure

Details concerning the growth and characteri-
zation of the films studied in this work have been
described earlier [16]. Briefly, all films used in
this work were grown in a Varian GEN 1I MBE
system on two-inch diameter undoped <001)

GaAs substrates. Layers with a thickness of ap-
proximately 1 wm were grown without intentional
doping at a substrate temperature of 225°C on
top of a 0.5 um GaAs buffer layer grown at
600°C. Following growth, samples were annealed
at 700, 800, and 900°C for a duration of 30 s in a
computer-controlled mini-pulse rapid thermal
processor. These anneals resulted in the forma-
tion of As precipitates from the excess As that
was incorporated during the low temperature
growth. Transmission electron microscopy showed
that the average diameter of the precipitates in-
creased while their density decreased with in-
creasing anneal temperature [9].

High resolution X-ray diffraction analyses were
performed using a Bede 150 double crystal
diffractometer. Instead of the conventional single
reflection monochromator, a pair of grooved sili-
con crystals was used in which the incident X-ray
beam executed four (220) reflections in the (—,
+, +, —) geometry [15,17]. Copper Ke, radia-
tion was obtained from a Rigaku RU200 rotating
anode generator. The two-crystal, four-reflection
monochromator was physically integrated onto
the Bede diffractometer in place of the conven-
tional incident beam pinhole collimator. Since
the monochromator conditioned the X-ray beam
in an angular sense without limiting its spatial
extent, a relatively large beam size on the sample
(6 mm?) could be used.

The X-ray analysis of the LT-GaAs samples
employed both double crystal and triple crystal
diffraction scans. Double crystal rocking curves
were recorded with the sample situated on the
first axis of the diffractometer (i.e. in the location
usually used for the monochromator in the dou-
ble crystal geometry); the diffracted X-rays from
the sample were recorded with a wide-open scin-
tillation counter. Triple crystal scans were
recorded by placing a triple bounce (220) grooved
silicon crystal on the second axis and operating
the instrument as a triple crystal diffractometer.
By analyzing the angular distribution of the
diffracted intensity from the sample, it was possi-
ble to separate the relatively weak scattering due
to structural defects in the epitaxial layer from
the much stronger diffracted intensity from the
relatively perfect substrate {17].
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3. Results

Fig. 1 illustrates a (004) double crystal rocking
curve recorded using a 1”7 angular step size from
the as-grown unannealed LT-GaAs sample. Also
shown in the figure is a simulated diffraction
profile that was calculated using commercial
rocking curve analysis software [18). Comparison
of the experimental and simulated rocking curves
yielded a best visual fit when the perpendicular
mismatch was assumed to be 0.133%. This value
for a sample grown at 225°C is consistent with the
results of Wie et al., who reported a perpendicu-
lar lattice mismatch in LT-GaAs of 0.15% and
0.10% for layers grown at 200°C and 250°C, re-
spectively [13].

In performing the simulation shown in fig. 1, a
number of important assumptions were made.
First, the simulated rocking curve was calculated
with the inclusion of sample curvature by convo-
luting the profile with a 13” wide rectangle. The
simulation also assumed perfect pseudomorphic
strain in the LT-GaAs. Rocking curves recorded
using an asymmetric (224) reflection showed a
change in peak separation from 174" to 31”; this
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Fig. 1. Experimental and calculated (004) double crystal rock-

ing curves for as-grown LT-GaAs sample (the rocking curves

have been offset vertically for clarity): (a) experimental pro-
file; (b) rocking curve calculated via dynamical simulation.

change agreed to within one arcsecond with the
peak separations anticipated for a tetragonally
distorted, fully coherent layer. As discussed be-
low, the presence of interference fringes also
suggests perfect pseudomorphic growth.

The rocking curve simulation assumed that
pure o-polarized X-rays from a single reflection
silicon (220) reference crystal were used. By ne-
glecting the ar-polarized component a lack of
agreement in the calculated and observed intensi-
ties would be anticipated. However, since the
m-polarization component is reduced by cos 26y
per reflection (or to about 8.5% of its initial
intensity following four Si (220) reflections and a
single (004) reflection from the sample [19]) the
effect of assuming pure o-polarization is ex-
pected to be small. The simulation also assumed
uniform strains and the absence of composition
gradients, and no effort was made to accurately
model the effect of these nonuniformities on the
either the width or intensity of the rocking curve.
The combined effects of all of these assumptions
would be to reduce the agreement between the
observed and simulated diffraction scans. Never-
theless, the various simplifications would not be
expected to significantly aiter the positions of the
various maxima in the rocking curves, the deter-
mination of which was the prime motivating fac-
tor for performing the simulation.

In addition to the substrate and epitaxial layer
(004) reflections, the experimental rocking curve
in figure 1 shows very well-defined interference
fringes. These fringes arise from the interaction
of the diffracted intensities from the substrate
and the epitaxial layer; their angular separation
A8 is given by

A6 = Ay, /¢ sin 28y, (1)

where ¢ is the layer thickness, A is the X-ray
wavelength, 8, is the Bragg angle, and vy, is the
cosine of the angle between the inward surface
normal and the diffracted beam wavevector [20].
An agreement between the positions of the simu-
lated and experimental fringes of better than one
arcsecond was achieved by assuming a layer
thickness of 9850 A instead of the assumed 1 pum
from the nominal MBE growth conditions. Since
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the visibility of the fringes requires high spatial
coherence of the diffracted X-ray wavefields, their
presence is evidence of a high degree of struc-
tural perfection in the epitaxial layer.

The clear visibility of the interference fringes
is surprising, since the fact that the angular sepa-
ration of the epitaxial layer and substrate peaks
corresponds to an interstitial As concentration of
greater than 1% [12,13]. Given this high level of
interstitial atoms, one might suspect that a strong
dynamical interaction between the diffracted
beams from both the layer and substrate could
not exist. Since the relative intensities of the
maxima and minima of the interference fringes
match so well the values predicted from the purely
dynamical simulation, we must conclude that the
interstitial arsenic is distributed very uniformly
throughout the GaAs lattice. Any clustering of
the arsenic into nuclei or “pre-precipitates’ would
lead to local distortions in the lattice that would
reduce the magnitude of dynamical interactions;
such behavior is well known in pre-precipitation
behavior of Czochralski silicon [21].

Further information on the structure of the
as-grown LT-GaAs can be obtained from triple
crystal diffraction analyses. Fig. 2 shows triple
crystal X-ray diffraction scans that were recorded
from three samples: (a) a highly perfect germa-
nium crystal with a nominal dislocation density of
zero and without intentional doping; (b) a 1 um
GaAs epitaxial layer grown under “normal” MBE
conditions (1 um/h deposition rate, substrate
temperature 600°C) on an exactly oriented {001}
GaAs substrate that was identical to those used
for the LT-GaAs growth; and (¢) the as-deposited
LT-GaAs epitaxial layer. The triple crystal data
were recorded by performing multiple scans of
the sample crystal in 6” steps at a fixed analyzer
crystal setting, with the analyzer incremented 127
between each scan. The angular deviations of the
sample and analyzer crystals from the 004 recip-
rocal lattice point (RLP) were then converted
into the orthogonal reciprocal space coordinates
4. and g, using the relationships given by lida
and Kohra [22]. In contrast with the 1”7 angular
step size used for the double crystal rocking curve
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Fig. 2. (004) triple crystal scans from (a) highly perfect germanium; (b) GaAs with a 1 um GaAs layer grown at 600°C; (c) GaAs

with a 1 pm GaAs layer grown at 225°C. Scans (a) and (b) are centered on the 004 reciprocal lattice point for each substrate, while

scan (c) is centered halfway between the 004 points of the substrate and the LT-GaAs layer. Identical ranges of g, and g, are used
in all scans.
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shown in fig. 1, the triple crystal angular step
sizes (6" and 12”) were too large to accurately
record the narrow range of reflection of the GaAs
(004) reflection; however, they were well suited
for recording the diffuse intensity away from the
main Bragg peak.

The intensities in fig. 2 are plotted as equal
intensity contours on a logarithmic scale as a
function of position in reciprocal space; the con-
tours represent increments of 0.25 units of the
logarithm of the measured intensity. The mini-
mum contour level is 10%% (= 1.8) counts/s,
which is much higher than the detection limit of
about 0.5 counts/s (due to electronic noise and
air scatter) for the diffraction system. Visible in
the figure are the so-called “surface streaks” in
the g, direction which arises from the truncation
of the crystal lattice at the sample surface [23].
The features that are visible in addition to the
surface streak vary from sample to sample. In the
case of the highly perfect germanium, for in-
stance, very little additional scattering is present
about the 004 RLP. This is consistent with a
presumption of a high degree of structural per-
fection in this sample; it also demonstrates that
excess scattering around a reciprocal lattice point
cannot be attributed to instrumental effects. In
contrast, the triple crystal scan from a GaAs
epitaxial layer grown conventionally on a GaAs
substrate shows a certain amount of diffuse scat-
tering about the 004 point in reciprocal space.
Although the origin of this scattering cannot be
determined with certainty, we believe that it is
due to dislocations and point defects in the GaAs
substrate; similar triple crystal scans of GaAs
wafers with no epitaxial layers have shown com-
parable patterns of diffracted intensity in recipro-
cal space {24]. There is a small amount of excess
intensity oriented at an angle in reciprocal space
with respect to the surface streak; this parasitic
intensity arises from strong scattering from the
sample crystal when it satisfies the Bragg condi-
tion irrespective of the analyzer crystal setting
[17].

Comparison of fig. 2¢ with the scan from the
highly perfect Ge (fig. 2a) and the GaAs control
sample (fig. 2b) reveals several interesting fea-
tures. First, the diffraction maxima from the epi-
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Fig. 3. (004) double crystal rocking curves from annealed
LT-GaAs: (a) 700°C; (b) 800°C; (c) 900°C.

taxial layer (bottom) and the substrate (top) (004)
reflections lie on the surface streak, as expected.
The interference fringes that are clearly evident
in the double crystal scan are also visible along
the surface streak, although the relatively large
step size used for the triple crystal scans reduces
their visibility. There is a small amount of diffuse
scattering about the 004 RLP corresponding to
the substrate; comparison with fig. 2b indicates
that this excess scattering is probably due to
dislocations, residual surface polish damage, or
other defects in the substrate. Examination of the
004 RLP corresponding to the epitaxial layer
shows little if any diffuse scattering, thus suggest-
ing again that the crystallographic quality of the
LT-GaAs is exceedingly high, and may in fact be
superior to that of the substrate.

Fig. 3 shows the (004) double crystal rocking
curves recorded from the LT-GaAs samples fol-
lowing a 30 s annual at 700, 800, and 900°C.
While interference fringes are visible in all three
rocking curves, they are much less pronounced
than observed in the as-grown LT-GaAs. The
sample annealed at 800°C appears to have the
most distinct interference fringes, although the
difference between the three samples is small.
Analysis of these rocking curves showed that the
difference in lattice parameter between the LT-
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GaAs layer and the substrate decreases from
0.133% in the as-grown material to about 0.016%
for each of the three annual temperatures. As
mentioned earlier, the work by Fatemi et al. [11]
and Wie et al. [12,13] suggests that the LT-GaAs
lattice parameter is highly sensitive to anneal
conditions; we believe that the differences be-
tween our measurements and prior observations
arise from the small differences in the annealing
processes.

Fig. 4 illustrates the triple crystal diffraction
scans from the annealed samples. Similar to the
triple crystal scan from the as-deposited sample,
the surface streak confirms the presence of inter-
ference fringes in the annealed samples, although
again the large angular step size used in the triple
crystal scans makes the fringes less evident. As
reported earlier [16], a more important observa-
tion is the angular extent of the diffuse intensity
perpendicular to the surface streak. The triple
crystal scans show that the extent of this scatter-
ing is much larger than that seen in the as-de-
posited LT-GaAs and increases with increasing

anneal temperature. It should be noted that the
reciprocal space scans shown in fig. 4 do not show
the angled streaks of parasitic scattering seen in
our earlier study [16]. Parasitic streaks due to
strong scattering when the sample was on the
exact Bragg condition have been removed by
careful shielding of the analyzer crystal and de-
tector during triple crystal data collection [17].

4. Discussion

As mentioned previously, recent electron mi-
croscopy analyses of annealed LT-GaAs have
shown that the average diameter of arsenic pre-
cipitates increases and their density decreases as
the anneal temperature is increased [9]. Studies
of oxygen precipitation in silicon have demon-
strated that similar growth phenomena result in
long-range distortions in the vicinity of precipi-
tates, thus giving rise (for instance) to enhanced
diffracted intensities under conditions such as
those used for Lang scanning topography [25].
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Fig. 4. (004) triple crystal scans from annealed LT-GaAs (identical ranges of g, and g, in all scans): (a) 700°C; (b) 800°C; (c} 900°C.
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We believe that the increase in the extent of the
X-ray scattering in the g, direction is due to
strain fields that arise from the arsenic precipi-
tates in the annealed samples. These strain fields
would locally increase the angular range over
which Bragg diffraction could occur, thus increas-
ing the angular extent of diffracted intensity ob-
served in the ¢, direction [15). In other words,
the “apparent mosaic spread” of the epitaxial
layer increases with an increase in anneal time
and average size of the arsenic precipitates. Dy-
namical diffraction effects would also be dis-
rupted by the presence of precipitate strain fields;
hence the reduction in the visibility of the inter-
ference fringes that was noted in the annealed
samples would occur naturally during precipitate
growth. Although the visibility of the interference
fringes in the double crystal scans does not vary
as strongly with anneal temperature as does the
intensity distribution in the g, direction, this dif-
ference may be due to the enhanced strain sensi-
tivity of the triple crystal configuration.

The data fig. 4 indicate an increase in the
magnitude in diffuse scattering with increasing
anneal temperatures; it would be desirable to be
able to extract a single parameter from these
scans to compare the effects of annealing on
different samples. One method for doing this
would be to integrate the diffuse intensity in
reciprocal space and then use this integrated
intensity as a measure of lattice distortion. A
pleasing aspect of this approach is that the dif-
fuse intensity is purely kinematic in nature and
should thus be absent in ideally perfect crystals
that diffract dynamically. This was evident in fig.
2a, where no diffuse scattering was observed in
the triple crystal scan from a highly perfect ger-
manium crystal. Hence we will define an ‘“excess
intensity”, which is the scattered intensity exclud-
ing the dynamical surface streak, as a measure of
the kinematic scattering power and presumably
an estimate of the level of structural imperfection
in the sample.

In performing this integration it must be re-
membered that the total diffracted intensity
should be present throughout a volume of recip-
rocal space. One can evaluate the excess intensity
. cess Dy performing a cylindrical integration of

the measured intensity according to the relation
[24]

+qy qx max ‘
locess =47 [ [ haldys 4,)4, da, da,.
—4y "d; min
(2)

In performing the integration, we will consider
only the net intensity /. (q,, q,) that is greater
than some arbitrarily-assigned minimum level. In
the case of the contour plots shown in figs. 2 and
4, for instance, an appropriate minimum level
could correspond to the minimum contour level
(10°% = 1.8 counts/s) in the reciprocal space
scans. We take the limits of integration for q,
from the limits of the range of the reciprocal
space scan in the g, direction. For g,, on the
other hand, we choose as a lower limit some
minimum value q, .;, such that the dynamical
streak is not included in the integration, while the
upper limit g, .. corresponds to the limit of the
reciprocal space scan in the g, direction.

The net effect of these definitions for the
integration limits and for [ .(q,, q,) is that a
highly perfect sample such as the defect-free Ge
shown in fig. 2 will exhibit [ .= 0. Note that
this represents one of the major advantages of
triple crystal diffraction over the more common
double crystal rocking curves, in that in the for-
mer method it is possible to separate the contri-
butions of (perfect crystal) dynamic diffraction
from those of (imperfect crystal) kinematic
diffraction. The inability to perform this separa-
tion in a double crystal experiment is clear from
fig. 3, where the small differences in kinematic
scattering are superimposed on a much larger
dynamical background. By eliminating the perfect
crystal dynamical contributions from the experi-
ment, even the relatively weak diffuse intensity
can be observed.

One potential problem with the integration of
the diffuse intensity in reciprocal space described
above is that it neglects the fact that the incident
X-ray beam has a slit-defined vertical divergence
which is much larger than its perfect crystal colli-
mated horizontal divergence. The effect of this
vertical divergence will be to integrate the.
diffracted intensity in a direction perpendicular
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Table 1

Relative excess integrated intensity measurements from the
annealed LT-GaAs; the integrated intensities are given in
arbitrary units and normalized to the control GaAs sample

Sample Weighted Unweighted
integrated integrated
intensity intensity
(eq. 20 (eq. 3)

Perfect Ge 0 0

GaAs, control 1.0 1.0

LT-GaAs, 700°C 1.4 14

LT-GaAs, 800°C 2.5 2.3

LT-GaAs, 900°C 4.9 3.7

to the plane that is defined by the incident and
diffracted wavevectors S,/A and S/A. If the ver-
tical divergence integrates all of the diffracted
intensity, then the total excess intensity can be
determined from a simple area integration in
reciprocal space:

T4y 9y max
Tocens =2 f L4, ay) dg, dgq,.  (3)

~dy " 4% min

One can then proceed to calculate the excess
intensity from the LT-GaAs as a function of
annealing conditions using either eq. (2) (q,
weighted volume integration) or eq. (3) (un-
weighted area integration). The results of these
calculations are shown in table 1 for the samples
examined in this study. The integrated intensities
in the table are given in arbitrary units, normal-
ized to the integrated diffuse intensity from the
control sample with a conventional GaAs epitax-
ial layer grown at 600°C. The values of I,
were calculated using g, ;.’s chosen so that the
excluded volume in reciprocal space corre-
sponded to a cylinder of diameter of 1x107*
A~!'. This particular choice caused the excess
intensity from the highly perfect Ge scan to equal
zero. The same excluded volume was used for all
samples.

The data in table 1 show that the kinematic
scattering from the annealed LT-GaAs is greater
than that from the control sample for all anneal
conditions, irregardless of the integration method
that is used. Furthermore, an increase in the
anneal temperature from 700 to 900°C caused the

diffuse scattered intensity to increase by approxi-
mately a factor of three. This increase in the
magnitude of diffuse scattering with increasing
anneal temperature is in contrast with similar
analyses of annealed bulk GaAs, where no in-
crease in diffuse scattering was observed follow-
ing anneals up to 900°C [26]. We therefore at-
tribute the increase in excess scattering to an
increase in the magnitude of diffuse scattering
caused by the formation of arsenic precipitates in
the LT-GaAs. Since the kinematic scattering is
isotropic and is located in the vicinity of the
GaAs 004 RLP, we believe that this scattering
arises from strains in the host GaAs lattice caused
by the growth of As-rich or arsenic precipitates.
Of course, similar behavior is well known in the
case of oxygen precipitation in silicon, where
distortions in the Si lattice caused by the growth
of SiO, precipitates result in a large increase in
the diffracted intensity measured (for instance) in
a Lang topography experiment [14,25]. We thus
conclude that the process of arsenic precipitation
in LT-GaAs is reminiscent of oxygen precipita-
tion in Czochralski silicon, despite the fact that
oxygen precipitation requires a supersaturation of
approximately 30 parts per million while the com-
parable process in GaAs occurs with arsenic con-
centrations of about 1%. It is interesting to spec-
ulate how the extensive literature on oxygen pre-
cipitation in silicon might be applicable to arsenic
precipitation in GaAs. In addition to the forma-
tion of dislocation loops during precipitate
growth, one could speculate about the formation
of denuded zones in GaAs and intrinsic gettering
of impurities. Clearly more work is needed to
determine if the desirable characteristics of LT-
GaAs could be improved still further by appeal to
“wafer engineering” approaches that are well
known in silicon processing.

5. Conclusions

In conclusion, we have used high resolution
X-ray diffraction techniques to characterize the
structural properties of GaAs grown at low tem-
perature by MBE and to understand the effect of
arsenic precipitates on the lattice of the epitaxial
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layer. Both double crystal and triple crystal
diffraction analyses have demonstrated that the
crystallographic quality of the material examined
in this study is extremely high, as evidenced by
the presence of well defined interference fringes
in the as-grown material and the absence of dif-
fuse scattering around the layer’s 004 RLP. Triple
crystal X-ray diffraction demonstrated an in-
crease in the apparent mosaic spread of the LT-
GaAs with increasing anneal temperature; this
increase has been put on a quantitative basis by
defining it in terms of an ‘“excess intensity” in
reciprocal space. We attribute this observation to
the presence of strain fields and distortions in the
host GaAs in the epitaxial layer that arise when
the thermally-induced arsenic precipitates nucle-
ate and grow.
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