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Microstructure features of nanosized AsSb precipitates in LT-GaAsSb
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The structural state of AsSb precipitates formed upon annealing of non-stoichometric GaAs0.97Sb0.03, epitaxial

layer grown by molecular beam epitaxy on a GaAs (001) substrate at a temperature of 150◦C, was investigated using

transmission electron microscopy. New orientation relationships between AsSb precipitates with a rhombohedral

lattice and the zincblende LT-GaAsSb matrix subjected to isothermal annealing at temperatures below 800◦C for

15minutes, were discovered: {1̄012}p ‖ {111}m and 〈2̄201̄〉p ‖ 〈11̄0〉m. These orientation relationships differ from

those known for As precipitates (0003)p ‖ {111}m; 〈1̄21̄0〉p ‖ 〈11̄0〉m and take place for particles with size less

than ∼ 10 nm. For particles smaller than ∼ 7 nm, electron microscopy results allow to hypothesize a transition to

the cubic phase Pm3̄m.
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1. Introduction

Gallium arsenide grown at low (150−350◦C) tempera-

ture (LT-GaAs) by molecular-beam epitaxy (MBE) turns

out to be highly non-stoichiometric due to the capture

of excess arsenic in the growing crystal [1–3]. When

annealing in the temperature range of 400−600◦C, diffusion

decomposition of the supersaturated solid solution of As

in LT-GaAs occurs with the precipitation of excess arsenic

into nanoscale crystalline particles (precipitates) [4,5]. As a
result the material acquires a high resistivity (∼ 108 � · cm),
while keeping a short (< 1 ps) lifetime of charge carri-

ers [6,7]. Such properties make it attractive for creating

semiconductor photoconductive antennas for detecting and

generating terahertz radiation [8,9], photodetectors and

photomixers [10], and fast photoresistive switches [11].
Precipitation of As in LT-GaAs was studied in details,

in particular, in the paper [12] it was found that the

precipitates are spherical in shape and have an inherent α-As

rhombohedral crystal lattice with space group R3̄m, and

their orientation relationships (OR) with LT-GaAs matrix in

a hexagonal four index notation are defined as

(0003)p ‖ {1̄11̄}m and 〈1̄21̄0〉p ‖ 〈11̄0〉m, (1)

where the subscripts p and m refer to the As precipitate and

LT-GaAs matrix, respectively.

However, in LT-GaAs with delta-layers of GaSb [13] and
solid solutions of LT-GaAsSb [14,15], along with particles of

the rhombohedral phase with the above OR (1), precipitates
were observed, whose microstructure and/or OR did not

correspond to the configuration for α-As. When studying

LT-Al0.3Ga0.7As0.97Sb0.03 it was established that in the

precipitated particles of the second phase the Sb content

greatly exceeds its concentration in the matrix [16,17],
i. e. the particles are an alloy As1−xSbx . AsSb has the

same structure as arsenic and antimony with space group

R3̄m [18], and As0.5Sb0.5, natural crystals of which are

called stibarsen, is characterized by the presence of atomic

ordering of GeTe type [19]. In terms of lattice constants,

Sb differs significantly from arsenic, whose precipitates

are semi-coherently incorporated into the sphalerite lattice

of the LT-GaAs matrix. The lattice mismatch between

AsSb and LT-GaAs and the corresponding increase in

the elastic energy of the particle can affect its structural

behavior in the matrix [20,21]. Additional interest in the

microstructure of AsSb inclusions is caused by the detection

in the optical spectra of LT-Al0.3Ga0.7As0.97Sb0.03 of signs of

plasmon resonance due to the presence of an ensemble of

nanosized particles and not observed in LT-GaAs [22,23].
The existence of plasmon resonance in the system of

AsSb nanoparticles enriched with antimony and embedded

in AlGaAs matrix is predicted by theoretical calculations

performed for nanoinclusions with a rhombohedral atomic

structure [24].
The goal of the paper was to determine the structural

features of AsSb precipitates in LT-GaAs0.97Sb0.03 matrix

using transmission electron microscopy (TEM).

2. Experimental procedure

Epitaxial layers of LT-GaAs0.97Sb0.03 were grown using

the MBE method on GaAs substrate with a surface
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Figure 1. Cross-sectional bright-field TEM-image of the epitaxial layer of LT-GaAs0.97Sb0.03/GaAs in the zone axis [11̄0] (a) and the

corresponding electron diffraction pattern (b) after annealing at a temperature 800◦C. Red circles indicate second phase reflexes. The

asterisk indicates a pair of reflections from the second variant of particle arrangement due to the symmetry of the matrix. The inserts in

the lower right part show enlarged fragments of the diffraction pattern in the vicinity of the matrix reflexes 1̄ 1̄1 and 220.

orientation of (001) ± 0.5◦ . Preliminary, GaAs buffer layer

with a thickness of 200 nm was grown on the substrate

at a temperature of 580◦C. Then the temperature was

reduced to 150◦C, and LT-GaAs0.97Sb0.03 was deposited.

At such low temperature the problem of epitaxial growth

failure arises [25,26], which does not allow the growth of a

relatively thick (∼ 1µm) layer. To prevent growth failure,

the process was monitored by recording the reflection high-

energy electron diffraction (RHEED) pattern. When signs

of diffuse scattering associated with the surface roughening

of the growing layer appeared, the process was stopped by

shutting off the Ga flow, the temperature increased to 250◦C

and was maintained until the contribution of diffuse scat-

tering disappeared in the RHEED pattern. After this, the

temperature dropped again to 150◦C, and growth resumed.

To obtain a layer 1µm thick, this technique was required

twice. Upon growth completion of LT-GaAs0.97Sb0.03
layer, AlAs film 5 nm thick was deposited on its surface,

performing the function of a diffusion barrier, and a GaAs

film 5 nm thick was deposited for AlAs protection from

oxidation. The resulting sample was divided into several

parts, which were annealed in the growth chamber of the

MBE installation under vapor backpressure conditions As4
for 15min at a temperature of 400, 500 or 600◦C. Two

parts,
”
folded face-to-face“, were subjected to rapid thermal

annealing at 800◦C in STE RTA100 unit (CJSC
”
NTO“,

Russia) in nitrogen atmosphere.

Structural studies of the obtained samples were carried

out by TEM using JEM-2100F microscope (JEOL, Japan)
at an accelerating voltage of 200 kV and Phillips EM420

microscope at accelerating voltage of 100 kV. Samples

for electron microscopy studies were prepared in two

orientations — (001) plan-view and (110) cross section,

by mechanical grinding-polishing and finishing ion milling.

Fourier analysis of images obtained in high-resolution mode

(HREM) was performed using the Digital Micrograph

software package (Gatan, Inc. USA).

3. Experimental results

Figure 1, a shows an overview cross-sectional TEM-

image of LT-GaAs0.97Sb0.03/GaAs epitaxial layer, annealed

at temperature 800◦C. In the image AsSb precipitates

deposited as a result of annealing are shown in the form

of spots of dark contrast, randomly distributed throughout

the epitaxial layer. The high annealing temperature led

to the generation of structural defects associated with the

precipitated particles, creating a characteristic contrast in

the image. The measured average particle size is 17 nm.

Besides, in the lower region of the layer at a distance of

about 190 nm from the boundary with GaAs buffer layer, a

number of small inclusions is observed, apparently formed

as a result of decorating the growth surface with particles

of the residual atmosphere during an intermediate Growth

Interruption [27]. A characteristic electron diffraction

pattern (Figure 1, b) obtained along zone axis [11̄0] from the

same layer, together with the reflexes of LT-GaAs0.97Sb0.03
matrix contains extra-reflexes from the ensemble of particles

of the second phase. Due to the small volume fraction of

the second phase, the reflexes from particles have weak

intensity. The resulting pattern contains four additional

reflexes (marked with red circles), located near reflections

111 of the matrix and deviating from the corresponding axes

〈111〉 of the matrix by angle 13◦ . The interplanar spacing
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Figure 2. HREM-images of precipitates AsSb in LT-GaAs0.97Sb0.03, annealed at temperature 800◦C (a, b) and corresponding to them

patterns FFT (c, d). Insert: zoom in fragment of diffraction pattern in area of reflex 2̄ 2̄0 of matrix, marked by dashed circle.

measured by the diffraction pattern for these additional

reflexes d = 3.04 Å, and taking into account the fact that

the particles are AsSb solution, the corresponding planes

are indicated as (101̄ 2̄) of the rhombohedral lattice. Near

1̄ 1̄1 in the direction coinciding with the axis [1̄ 1̄1] of the

matrix, there is another weak reflex, more clearly presented

in the insert in the lower right corner of Figure 1, b. The

interplanar spacing for this reflex is measured as 3.76 Å
and corresponds to the plane (0003) of the precipitate

lattice. With a slight deviation from the zone axis [11̄0]

an additional reflex appears in the diffraction pattern near

the matrix reflection 220, the reflex lies on the axis [11̄0]

of the matrix. It is shown in the insert in the lower central

part of Figure 1, b. The corresponding interplanar spacing is

d = 2.10 Å, and the planes are indicated as (112̄0).

The location of the additional reflexes in Figure 1, b

taking into account four variants of particle orientation due

to the presence in the matrix of a an inversion axis of

four-fold symmetry and changed interplanar spacings due

to the presence of antimony in the particle, corresponds

to precipitates of the rhombohedral phase, (0003) plane

of which is parallel to one of the four planes {111}
of the matrix. The location of the reflex 112̄0 from

precipitates on the matrix axis [110] specifies the second

OR: 〈112̄0〉p ‖ 〈11̄0〉m . Such relationships are similar to the

known ORs (1) for As precipitates of the rhombohedral

phase in LT-GaAs [12].
Using the measured interplanar spacings and Vegard’s

law, the Sb content in precipitates can be estimated.

Neglecting elastic deformations in the particle, which are

obviously small due to the relaxation of misfit stresses with
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Figure 3. Bright-field TEM image of sample annealed at 400◦C, in the active reflex 002 (a) and patterns of electron microdiffraction

from different regions of LT-GaAs0.97Sb0.03 epitaxial layer. Yellow circles indicate atypical reflexes.

the generation of defects observed in Figure 1, a, the fraction

of antimony turns out to be 0.8.

The data obtained from diffraction patterns on

the microstructure and OS of deposited particles in

LT-GaAs0.97Sb0.03 after annealing at 800◦C are confirmed

by the results of their studies in the HRTEM mode. Figure 2

shows examples of typical HRTEM images of precipitates

and the corresponding Fourier images obtained by fast

Fourier transform (FFT). Figure 2, a shows an AsSb particle

observed in the zone axis [1̄21̄0]p ‖ [11̄0]m. In the center of

the particle image, the atomic planes in it are clearly visible.

The interplanar spacings measured from the image and

FFT pattern correspond to (0003) and {101̄ 2̄}. It can be

seen that the FFT pattern for individual particle is quite

consistent with the diffraction pattern from the ensemble

of precipitates in Figure 1, b. Figure 2, b shows image of

the particle rotated by 90◦ around the matrix axis [001]
relative to the one shown in Figure 2, a. In the image of the

particle and the FFT there are planes (112̄0) parallel to the

planes (220) of the matrix and close to them in interplanar

spacings. This situation also corresponds to the diffraction

pattern in Figure 1, b.

Lowering the annealing temperature to 600◦C leads to a

decrease in the average particle size to 9.8 nm, and along

with the precipitates described above, individual particles

with a different phase and/or other ORs are detected. With

a further decrease in the annealing temperature to 500◦C,

the average particle size becomes 7.1 nm, and particles with

nontrivial configuration are more common. After annealing

at 400◦C the fraction of such particles increases even more.

Figure 3, a shows an overview image of LT-GaAs0.97Sb0.03
epitaxial layer subjected to post-growth annealing at 400◦C.

The image shows two horizontal lines of dark contrast,

containing small inclusions and resulting from a double

growth interruption with low-temperature heating to 250◦C.

They divide the epitaxial layer into three regions. In the

lower region of the layer, which was heated twice, the

average particle size is 7.5 nm, in the middle region with

single heating, 7.0 nm, and in the upper region, which

was not subjected to intermediate heating, the average size

decreases to 4.9 nm.
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Figure 4. HRTEM images of AsSb precipitates in LT-GaAs0.97Sb0.03 annealed at temperature 400◦C (a, b, c), and the corresponding to

them FFT patterns (d, e, f ). Yellow circles indicate reflexes from the second phase.

Typical diffraction patterns from each of the regions of

the epitaxial layer of LT-GaAs0.97Sb0.03 are presented in

Figure 3, b, c and d. The diffraction pattern from the lower

region of the layer (Figure 3, d) there are reflexes inherent

to rhombohedral phase with general OR (marked with red

circles). At the same time, two weaker reflections are

present, symmetrical with respect to the matrix direction

[110] with a deviation from it by an angle 4◦ (marked with

a yellow circle). The corresponding interplanar spacings

are determined as 2.97 Å, which is close to the value

for {101̄2̄}. Only these reflexes appear in the diffraction

pattern from the middle region (Figure 3, c). For the upper

region with the smallest particle size, the same reflexes turn

out to be located practically on the axis [110] of the matrix

(Figure 3, b).

AsSb precipitates in samples annealed at temperatures

600◦C and below were also studied in the HRTEM mode.

Characteristic images of particles with unusual configuration

in sample annealed at 400◦C and the corresponding Fourier

transform are presented in Figure 4.

As you can see, the FFT patterns do not correspond to the

usual ORs, but the position of the reflexes in Figure 4, e, f

is quite consistent with the SAED patterns (Figure 3, b, c).
The FFT pattern in Figure 4, d also does not coincide with

the usual ORs, and is obviously obtained from the particle

in another projection, corresponding to its rotation by 90◦

around the axis of symmetry [001] of matrix. The indication

of reflections in the FFT patterns of Figure 4, d, e was carried

out using the measured interplanar spacings and angles

in the representation of the rhombohedral system. The

position of the reflexes in Figure 4, f exactly on the matrix

axis [110] allows us to consider the structure as cubic, which

is discussed below.

4. Discussion

Thus, the above experimental results indicate that in the

studied samples with post-growth annealing temperature

400◦C, along with precipitates of the rhombohedral phase

and ORs determined in [12], the precipitates with different

ORs or with a different crystal lattice are formed. The

fraction of such precipitates decreases with increasing

annealing temperature and a corresponding increase in their

average size until complete disappearance after annealing

at 800◦C, when the average particle size reaches 17 nm. The

interpretation of the obtained data for small precipitates was

carried out using modeling of the diffraction patterns under

the condition that one of the planes of the family {101̄ 2̄}p

Physics of the Solid State, 2023, Vol. 65, No. 12
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Figure 5. Simulated diffraction patterns of AsSb particles in two mutually perpendicular zone axes of LT-GaAsSb matrix for the

rhombohedral (a) and simple cubic (b) phase.

of the AsSb rhombohedral lattice is parallel to the (111)
GaAsSb plane. The variant that satisfies the experimental

data is shown in Figure 5, a for two mutually perpendicular

zone axes of the matrix.

According to the simulated pattern, reflexes 1̄102̄

and 11̄02 from the precipitate observed in the zone

axis [110] of the matrix (lower part of Figure 5, a),
are located at angle 3◦ relative to the matrix direction

[11̄0]m. This situation occurs in the diffraction patterns in

Figure 3, c, d and the FFT pattern in Figure 4, e. But in

Figure 3, a and 4, f these reflexes turn out to lie directly

on the matrix axis [11̄0]m. This may be due to some

distortion of the rhombohedral lattice. On the other hand,

antimony outside normal conditions can crystallize into a

simple cubic lattice [28–31], with a ≈ 3 Å. The simulated

diffraction pattern for simple lattice As0.2Sb0.8 provided that

the (1̄00)p plane is parallel to the matrix plane (111)m is

shown in Figure 5. b. The diffraction pattern obtained in the

experiment for the ensemble of particles with average size

of 4.9 nm (Figure 3, b) and the FFT pattern for small (7 nm)
particle (Figure 4, f ) have exactly this form.

The combination of experimental data and calculated

results shows that for precipitates As0.2Sb0.8 with average

size ∼ 10 nm and less, having a rhombohedral lattice, the

following ORs are predominantly satisfied:

{1̄012}p ‖ {111}m and 〈2̄201̄〉p ‖ 〈11̄0〉m. (2)

The data obtained do not allow us to unambiguously de-

termine whether the crystal lattice of precipitates As0.2Sb0.8
with size less than 7 nm is rhombohedral or cubic. If the

lattice is cubic, then for OR with matrix LT-GaAs0.97Sb0.03
the following relations are satisfied

{1̄00}p ‖ {111}m and 〈01̄0〉p ‖ 〈11̄0〉m. (3)

5. Conclusion

TEM method was used to study the structural state

of AsSb precipitates formed as a result of annealing

Physics of the Solid State, 2023, Vol. 65, No. 12
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of epitaxial layer of non-stoichiometric LT-GaAs0.97Sb0.03
grown by MBE on GaAs(001) substrate at temperature

150◦C. It is established that precipitates with the average

size greater than ∼ 7 nm have conventional rhombohedral

lattice with the space group R3̄m, inherent to As and Sb

under normal conditions. For precipitates with the average

size less than ∼ 10 nm new orientation relationships with

LT-GaAsSb matrix were discovered: {1̄012}p ‖ {111}m and

〈2̄201̄〉p ‖ 〈11̄0〉m . TEM results for particles with average

size less than ∼ 7 nm give grounds to assume the presence

of the cubic phase.
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