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We investigate the structural properties of GaAsBi layers grown by molecular beam epitaxy on
GaAs at substrate temperatures between 220-315 °C. Irrespective of the growth temperature, the
structures exhibited similar Bi compositions, and good overall crystal quality as deduced from
X-Ray diffraction measurements. After thermal annealing at temperatures as low as 500 °C, the
GaAsBi layers grown at the lowest temperatures exhibited a significant reduction of the lattice
constant. The lattice variation was significantly larger for Bi-containing samples than for Bi-free
low-temperature GaAs samples grown as a reference. Rutherford backscattering spectrometry gave
no evidence of Bi diffusing out of the layer during annealing. However, dark-field and Z-contrast
transmission electron microscopy analyses revealed the formation of GaAsBi clusters with a Bi
content higher than in the surrounding matrix, as well as the presence of metallic As clusters. The
apparent reduction of the lattice constant can be explained by a two-fold process: the diffusion of
the excess As incorporated within Asg, antisites to As clusters, and the reduction of the Bi content
in the GaAs matrix due to diffusion of Bi to GaAsBi clusters. Diffusion of both As and Bi are
believed to be assisted by the native point defects, which are present in the low-temperature
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as-grown material. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4851036]

. INTRODUCTION

The semiconductor alloy GaAs;_,Bi, has recently
attracted attention due to its potential applications in
optoelectronics.' ™ Adding small amounts of Bi to the GaAs
lattice leads to a large reduction of the band gap, enabling
access to important wavelengths in the infrared region.
However, the successful incorporation of Bi within the GaAs
lattice requires the use of unconventional growth procedures,
such as growth temperatures near or below 400°C and a
strict control of the As flux. These temperatures are far
below the optimum used for GaAs growth (~580°C).
Recent studies suggest that temperatures as low as 200°C
may be required in order to increase the Bi concentration in
GaAs;_,Bi, to values as high as x = 22%.%

GaAs grown at low temperatures of 150-300°C
(LT-GaAs) has been extensively studied due to its unique
material properties. In particular, LT-GaAs contains a high
density of As antisites (Asga)'! and Ga vacancies (Vg,),"
which act as fast recombination centers.'? Furthermore,
when post-growth thermal annealing is applied, the As anti-
sites transform to As clusters,'* which provide high electrical
resistivity.'” These properties are very desirable in photocon-
ductive switching applications."> It has been recently
reported that GaAsBi layers grown at low temperatures
extend the wavelength range of LT-GaAs photoconductive
devices, enabling the manufacture of terahertz emitters and
detectors at longer wavelengths.> However, the properties of
GaAsBi grown at similar low temperatures, and its behavior
under post growth treatments is still largely unknown.
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Among the potential post-growth treatments, rapid
thermal annealing (RTA) is commonly used to improve the
quality of semiconductor materials, such as GaAsN.'
Understanding the effects of annealing is also essential when
growing device structures containing layers of different mate-
rials, where some layers may need to be grown at significantly
higher temperatures than others. Several works have been
made concerning the effect of thermal annealing on GaAsBi,
however, no clear conclusions can be made yet. The GaAsBi
layers studied in those works were grown at relatively high
temperatures between 345 °C and 420 °C.* Generally, X-ray
diffraction (XRD) measurements of GaAsBi layers showed no
significant structural deformations up to annealing tempera-
tures of 700-800°C, suggesting good thermal stability.”*®
Furthermore, while some studies reported improvements in
the photoluminescence (PL) intensity,®® other works reported
little or no improvement.“’9 Similarly, some authors have
detected a blueshift* in the PL wavelength, while one group
reported a redshift of the band gap detected by photoreflec-
tance.” Additionally, recent experiments on annealed GaAsBi
samples grown at a very low temperature of 220 °C, revealed
the appearance of additional peaks in the PL spectrum at ener-
gies well below the GaAsBi bandgap, possibly arising from
clusters with very high Bi content.'®

Indeed, the growth parameters, such as the growth tem-
perature, are expected to have a profound effect on the
microstructure of the GaAsBi layers, which in turn will con-
tribute to the behavior of the material during the annealing
treatments. For example, the concentrations of both Asg,
antisites and Ga vacancies in LT-GaAs can increase over an

© 2013 AIP Publishing LLC
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order of magnitude when the growth temperature is
decreased from 300 °C to 200 °C.'"-'*!7

In this article, we study the impact of post-growth RTA
on the structural properties of GaAsBi epilayers grown by
molecular beam epitaxy (MBE) at temperatures between
220°C and 315°C. LT-GaAs samples grown at the same
temperatures were fabricated as a reference to study the
extent of Asg, antisite formation. We show that the GaAsBi
material grown at the lowest temperatures exhibits major
structural deformations even when annealed at temperatures
as low as 500°C. In particular, the lattice constant of the
layers is found to decrease significantly after annealing
towards that of the GaAs substrate. The reorganization of Bi
atoms towards Bi-rich GaAsBi clusters along with the re-
moval of Asg, antisites through As cluster formation are dis-
cussed in connection with this behavior.

Il. EXPERIMENTAL

The samples were grown by solid-source MBE on semi-
insulating GaAs (001) substrates. Conventional effusion cells
were used for Ga and Bi and a two-zone cracker source for
As,. The substrates were heated for 10min at 620°C to
remove the native oxide, after which a 110-130nm thick
GaAs buffer layer was grown at 580 °C. Then, the growth
was interrupted and the temperature was ramped down for
the growth of the target layer, which comprised either
270nm of GaAsBi or 230nm of GaAs (referred here as
LT-GaAs). Samples of both materials were grown at sub-
strate temperatures (T,) of 220°C, 270°C, and 315°C.
During the oxide removal and the buffer growth, the temper-
ature was monitored with an optical pyrometer. Since the py-
rometer range is limited to T, > 400 °C, the temperatures for
the GaAsBi/LT-GaAs layers were monitored with a thermo-
couple. The thermocouple readings were calibrated by line-
arly extrapolating the relationship between the pyrometer
values and the thermocouple values to the low temperature
range.

The growth rate was 0.50 um/h for the GaAsBi and
0.42 um/h for the LT-GaAs samples, estimated by layer
thickness measurements performed by XRD. The atomic
As/Ga flux ratio was 1.6 for GaAsBi and 3 for LT-GaAs.
The flux ratios were determined from ion gauge readings as
described by Preobrazhenskii er al.'® The nominal Bi flux
was the same for all samples. The as-grown samples were
cut in 4 x 4mm chips, which were annealed in a RTA oven
between 500°C and 800°C for 60s in a flowing nitrogen
environment. A GaAs wafer was used as a proximity cap to
protect the samples and to prevent desorption of As'® during
annealing. Additionally, a series of LT-GaAs samples was
grown with As/Ga flux ratios of 0.8-8.6, a growth rate of
0.45 pum/h and a growth temperature of 220 °C.

The XRD spectra were measured with a triple-axis
X-ray diffractometer using the Cu-K « radiation. Rutherford
backscattering spectrometry (RBS) measurements were per-
formed with a 1.7 MV Pelletron tandem accelerator using
4.2MeV He*" incident ions. The sample surface normal was
tilted 7° with respect to the incoming beam in order to avoid
channeling, and the energy detector was located at an angle
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of 165°. The measured energy spectra were fitted with the
SIMNRA software?® in order to determine the Bi concentra-
tion in the GaAsBi layer. (Scanning) transmission electron
microscopy (S)TEM measurements were carried out on a
JEOL 2100F microscope equipped with a field emission gun.
High-angle annular dark-field (HAADF)-STEM images were
obtained with a probe semi-angle of about 14 mrad and col-
lected with a detector inner angle of 80 mrad, which ensures
Z-contrast imaging conditions.*!

lll. RESULTS AND DISCUSSION

XRD scans from (004) planes for the as-grown GaAsBi
samples and GaAsBi samples grown and annealed at various
temperatures (T,, T,) are shown in Fig. 1. In all cases, the
main peak at 0 arcseconds corresponds to the GaAs sub-
strate, while the highest intensity peak on the left side corre-
sponds to the compressively strained GaAsBi layer. The
separation of these two peaks corresponds to the amount of
lattice mismatch between the GaAsBi layer and the sub-
strate. The XRD curves of the as-grown samples were fitted
with the Bede RADS software, yielding GaAs;_,Bi, compo-
sitions of x=1.46%, 1.29%, and 1.30% for the samples
grown at 220°C, 270°C, and 315°C, respectively. In the
analysis, we assumed Vegard’s law and used a literature
value for the GaBi lattice constant of 6.33 A'. Furthermore,

T,=220 °Cc

Mﬂ%ﬂw As-grown
WY Ww T,=500°C
e m/\mm T =600°C
o N T =700°C
i aray % T_=800°C
Tg =270°C
mrmm As-grown
Mm T =500°C
oy wit T, =600 °C
M T =700°C
- I | T, =800 °C
T =315°C
/\N\me As-grown

o wiwie oo T_=500°C
M v T_=600°C

Aw T _=700°C
M:an. wand T =800°C

-500 0 500
®-20 (arcsec.)

Intensity (a.u.)

FIG. 1. XRD spectra of the GaAsBi samples for different growth (T,) and
annealing temperatures (T,).
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we assumed an ideal lattice, where all Bi atoms occupy sub-
stitutional positions.

For samples grown at 220°C and annealed at up to
600 °C, well-defined fringes are observed around the main
GaAsBi peak, which indicate an average homogeneous layer
composition and good interface quality. With increasing T,,
the GaAsBi peak shifts towards the GaAs peak, indicating a
decrease in the mismatch. Moreover, the amount of shift
increases with increasing T,. The disappearance of the
fringes after annealing at 700 °C or higher temperatures sug-
gests a significant increase of the structural disorder in the
GaAsBi layer and/or at the GaAsBi/GaAs interface. For the
sample grown at 270°C, the fringes remain clear up to an
annealing temperature of 700°C. Again, we find that the
mismatch decreases after annealing; however, the effect is
smaller than for the sample grown at 220 °C. Finally, for the
sample grown at 315 °C, there is only a very slight decrease
of the mismatch after annealing and no significant degrada-
tion of the fringes is detected even after T, = 800 °C.

As mentioned before, GaAs grown at low temperatures
contains excess As in the form of Asg,. It is known that the
amount of Asg, can be as high as ~10°° cm >, which leads
to a compressive strain between the layer and the GaAs sub-
strate, which is detectable by XRD. In order to study the
extent of this effect, reference LT-GaAs samples were grown
without Bi flux. First, a series of samples was grown at
220°C with varying As/Ga flux ratios. Fig. 2(a) displays a
summary of the mismatch values in LT-GaAs samples grown
using different As/Ga ratios. The mismatch corresponds to
the amount of excess As incorporated in the form of Asg,
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FIG. 2. (a) Mismatch in the Bi-free reference samples between the LT-GaAs
layer and the GaAs substrate for T, =220°C using different As/Ga flux
ratios. (b) XRD spectra of the LT-GaAs samples with As/Ga flux ratio of 3
for different growth and annealing temperatures.
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antisites.!" As observed, at this growth temperature, the
amount of mismatch between the LT-GaAs and the GaAs
substrate increases rapidly between flux ratios of 1 and 2, af-
ter which it saturates and slowly starts to decrease. To ensure
conditions with the maximum amount of Asg,, the reference
LT-GaAs samples for annealing experiments were grown at
an As/Ga flux ratio of 3.

XRD curves for as-grown and annealed LT-GaAs sam-
ples grown between T, =220-315 °C are shown in Fig. 2(b).
The peak on the left side of the GaAs peak originates from
the compressive LT-GaAs layer. As expected, the amount of
mismatch increases with decreasing growth temperature. We
observe that in all samples, the LT-GaAs peak almost com-
pletely merges into the main GaAs peak after annealing at
500°C or higher T, (only 500°C spectra are shown here),
owing to the diffusion of the Asg, into As clusters.'* The
mismatch values for the annealed GaAsBi and LT-GaAs
samples are summarized in Table I. For most of the
LT-GaAs samples, the epilayer peaks are so close to the sub-
strate peak that they are no longer clearly distinguishable. In
this case, the mismatch values were obtained after fitting the
experimental XRD data to simulated curves.

The maximum annealing-induced shift of the mismatch
can be extracted by comparing the mismatch value after
annealing at the highest T,, which still provides a clear epi-
layer peak with respect to the as-grown value. Shifts for the
GaAsBi samples are: 182, 117, and 10 arcseconds for the
layers grown at 220 °C, 270 °C, and 315 °C, respectively. For
the LT-GaAs layers, the shifts after the corresponding
annealing treatments are 116, 73, and 20 arcseconds, respec-
tively. We observe that for the samples grown at 220 °C and
270°C, the shifts for GaAsBi are considerably higher than
those for LT-GaAs. This difference increases as the growth
temperature is reduced. For the GaAsBi sample grown at
315°C, we observed almost no shift, while for the LT-GaAs
sample grown at this T,, a minor shift of 20 arcseconds is
observed. The unexpected large shifts for the GaAsBi sam-
ples suggest that there is another mechanism, in addition to
the Asg, removal, contributing to the decrease in the mis-
match. We should note that, although the As/Ga flux ratio
used for the GaAsBi samples was clearly lower than for the
LT-GaAs, several studies have shown that the surfactant
effect and/or incorporation of Bi can modify the defect envi-
ronment compared to samples without Bi.**** Although we
do not have direct information on the Asg, concentration in
the GaAsBi samples, the fact that the mismatch of the

TABLE I. Mismatch between the GaAsBi/LT-GaAs layers and the GaAs
substrate before and after annealing (arcseconds).

Sample T, (°C)  As-grown 500°C  600°C 700°C  800°C
GaAsBi 220 438 322 256 N a
GaAsBi 270 386 348 289 269 #
GaAsBi 315 387 392 382 386 377
LT-GaAs 220 128 11 12 9 8
LT-GaAs 270 82 14 7 9 8
LT-GaAs 315 20 10 0 0 0

“Peak position not identifiable due to deterioration of the XRD curve.
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FIG. 3. RBS spectra for the GaAsBi sample grown at 220 °C (a) as-grown
and (b) annealed at 600 °C. The dots represent the experimental values and
the lines represent the simulated data.

GaAsBi samples continues decreasing at higher T, (unlike
the LT-GaAs samples, where annealing at 500 °C already
removes most of the mismatch) suggests that the additional
shifts in GaAsBi are indeed caused by a Bi-related
mechanism.

In order to investigate the possibility of Bi diffusing out
of the epilayer, we performed RBS measurements on the
GaAsBi sample exhibiting the highest shift after annealing
(Tg=220°C and T, = 600 °C). The experimental data can be

J. Appl. Phys. 114, 243504 (2013)

fitted to a homogeneous Bi profile for both samples (see
Fig. 3). Moreover, the Bi concentration estimated by RBS
for both the as-grown and the annealed GaAs;_,Bi, samples
is the same, x=1.44 £0.06%. Therefore, the significant
reduction in the mismatch of the annealed GaAsBi layer is
not due to diffusion of Bi out of the epilayer. We also note
that RBS provides a direct indication of the atomic Bi con-
centration in the material. On the contrary, the above XRD
analysis is based on information on the lattice constant and
cannot distinguish contributions from Bi or Asg,, both of
which expand the GaAs lattice. Indeed, the close agreement
between the Bi concentration values deduced from RBS
(1.44%) and XRD (1.46%) measurements suggests that the
contribution from Asg, is low and hence, reduction of Asg,
can only account for a fraction of the total shift in mismatch
after annealing.

We note, however, that the above XRD and RBS meas-
urements do not reveal microscale inhomogeneities in the
layers. Hence, the microstructure of the samples was further
examined with (S)TEM. As observed in Fig. 4(a), displaying
a representative cross-sectional chemically sensitive g =002
dark-field TEM image, there are clear evidences of cluster-
ing in the sample grown at 220°C and annealed at 600 °C.
Contrastingly, the as-grown sample is free from clusters
(images not shown here). Two size distributions of the clus-
ters are identified: small clusters (diameter of about 5nm),
and big clusters (diameter of about 12 nm). Z-contrast imag-
ing of an area close to that presented in Fig. 4(a) is shown in
Fig. 4(b). In this case, the image contrast is proportional to
the atomic number; therefore the brighter spots can be
directly interpreted as Bi-containing clusters. The brighter
spots in Fig. 4(b) (i.e., the Bi-rich clusters) appear smaller
(about 8 nm diameter) than the big clusters revealed by the
chemical sensitive imaging in Fig. 4(a). Since the contrast of
the micrographs shown in Figs. 4(a) and 4(b) arises from dif-
ferent physical mechanisms,?*> the above mentioned differ-
ence in the cluster size indicates the existence of a Bi
concentration gradient peaked at the center of the cluster.
This in turn suggests the nature of the GaAsBi clustering as
being formed by means of spinodal decomposition, which is
a general behavior of pseudo-binary III-V alloys.?® Further
detailed high-resolution (HR)TEM analysis reveals Moiré in-
terference fringes in the small clusters, which correspond to

surface

FIG. 4. Cross-section (S)TEM images
of GaAsBi grown at 220°C and
annealed at 600 °C. (a) The chemically
sensitive g=002 dark field image
reveals two types of clusters: small
ones (circles) attributed to As clusters
and big ones (boxes) attributed to Bi-
rich coherently strained GaAsBi clus-
ters. (b) Z-contrast image of an area
close to that in (a). The brighter con-
trast reveals that most of the clusters
contain the heavy Bi element.
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incoherent As clusters with rhombohedral structure, whereas
HRTEM shows that the big ones are coherently strained
zinc-blende GaAsBi clusters. Note that beside the clusters,
no dislocations are observed in this sample. On the other
hand, no evidences of clustering are detected by (S)TEM in
the sample grown at 315 °C and annealed at 600 °C (images
not shown here).

We attribute the reduction in the lattice mismatch of the
GaAsBi samples to the diffusion of Bi atoms to GaAsBi
clusters with high Bi content, in addition to the well-known
As cluster formation process from Asg, antisites. With low
annealing temperatures, the GaAsBi clusters are coherent
with the GaAs matrix, and the material does not exhibit large
deformations as shown by the presence of well-defined
fringes in the XRD spectra. Since the main changes in the
microstructure occur in the GaAsBi samples grown at the
lowest temperatures, we assume that the reorganization of
the Bi atoms during annealing must be facilitated by the
native defects of the as-grown samples. As mentioned
before, the density of point defects in LT-GaAs (primarily
Asg, antisites and Ga vacancies) increases rapidly with
decreasing T,. In particular, Ga vacancies are known to
assist in the diffusion process of excess As®’ towards As
clusters and, hence, it is feasible to assume that they may
also assist Bi diffusion in the GaAsBi samples grown at low
temperatures.

IV. CONCLUSIONS

In conclusion, the Ilattice constant of compressive
GaAsBi layers grown at low temperatures (220°C and
270 °C) decreased significantly towards the GaAs value after
post-growth annealing, while samples grown at a higher tem-
perature (315 °C) did not exhibit this behavior. We attribute
these findings to the reorganization of the Bi atoms towards
GaAsBi clusters with high Bi content, along with the
expected removal of Asg, antisites through As cluster forma-
tion. This process is enabled by the specific microstructure
of the as-grown GaAsBi material, in particular, when grown
at lower temperatures.
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