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The search for semiconducting materials with improved optical properties relies on the possibility to
manipulate the semiconductors band structure by using quantum confinement, strain effects, and by the
addition of diluted amounts of impurity elements such as Bi. In this study, we explore the possibility
to engineer the structural and physical properties of the Ga(As, Bi) alloy by employing different stress
conditions in its epitaxial growth. Films with variable concentration of Bi are grown by molecular beam
epitaxy on bare GaAs(001) crystals and on partially relaxed (In, Ga)As double buffer layers acting as
stressors aiming to control the Bi incorporation into the alloy and improving the optical properties in
terms of efficiency. A combination of several structural and electronic characterization techniques and
dedicated density-functional-theory calculations allows us a systematic comparison between the samples
grown under compressive and tensile strain. We demonstrate the possibility to grow Ga(As, Bi) under dif-
ferent strain conditions without affecting its crystal quality. The different strain conditions strongly impact
the Bi incorporation in the GaAs matrix and the luminescence properties of the sample. We find (i) a strik-
ing improvement of the photoluminescence with a strongly increased radiative efficiency when Ga(As, Bi)
is grown under tensile strain and (ii) an interesting higher redshift with respect to Ga(As, Bi) grown com-
pressively on GaAs. These two effects allow us to reach the important photoluminescence emission at
1.3 µm with a Bi concentration as low as 4.9% compared to 7.5% needed for samples grown directly on
GaAs. This is a significant achievement for the application of the Ga(As, Bi) material in optoelectronic
devices.

DOI: 10.1103/PhysRevApplied.14.014028

I. INTRODUCTION

Optics and photonics technologies are responsible for
the development of devices that impact telecommunica-
tions, information processing and storage, as well as other
important applications. Research on the optical properties
of materials aims at using photons as information carriers,
which are more efficient than electrons in the transport of
information, and at reaching higher performances in terms

*fabrizio.arciprete@roma2.infn.it
†ernesto.placidi@uniroma1.it

of power consumption, efficiency, and speed, as demon-
strated by the great impulse received by communication
technology after the invention of optical fibers. The band
structure of semiconductors can be manipulated by using
quantum confinement, strain effects, and by the addition
of small amounts of impurity elements. In this regard, the
development of III-V semiconductors with dilute bismuth
has been a topic of great interest among researchers in
recent years [1,2]. The Ga(As, Bi) alloy exhibits a band-
gap reduction of up to 90 meV/%Bi, a strong enhancement
of spin-orbit splitting (useful to suppress Auger recombi-
nation losses) and an almost temperature-insensitive band
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gap, [1,3–6] all of which are attractive properties for near-
to mid-infrared lasers, spintronic devices, photodetectors,
and terahertz optoelectronic applications. Ga(As, Bi) light
emission, for Bi contents ranging from 6 to 11%, would
cover the most important telecommunication bands (1.3
to 1.55 µm). However, the fabrication of a good-quality
emitting material at these Bi concentrations represents a
formidable and not yet accomplished task. [6] Indeed, the
implementation of Ga(As, Bi) is still limited due to the
difficulty of growing a high-quality material with well-
controlled properties. The scarce miscibility of Bi in GaAs
and the strong tendency of Bi to segregate and form metal-
lic clusters [7] require the adoption of nonstandard growth
conditions that lead to the simultaneous incorporation of
defects, which negatively affect the optical properties. The
most used approach reported in the literature to obtain
an efficient Bi incorporation during epitaxial growth of
Ga(As, Bi) is to act on the kinetic parameters of the
growth, such as flux ratios, growth rate, and temperature
[6,7]. In particular, low-temperature growth and 1:1 As-
to-Ga flux ratio are required to favor Bi incorporation.
The necessity to precisely control these parameters makes
molecular beam epitaxy (MBE) the preferred technique
for the growth of Ga(As, Bi). Anyway, in the last decade
the progress and/or development of alternative techniques
or approaches for the growth of Ga(As, Bi) was not as
successful as desired [6]. As a matter of fact, the com-
pressive strain induced by the growth of the alloy on a
GaAs substrate also influences, increasingly with the Bi
amount, the incorporation of Bi and the physical properties
of the Ga(As, Bi) film. The epitaxial growth of semicon-
ductor thin films and heterostructures have often been
manipulated by strain to tailor their structural and physical
properties, allowing the realization of artificial structures
not occurring in nature [8]. Based on these considera-
tions, in the present paper we report on a growth approach
aimed at strain engineering the pseudomorphic growth by
MBE of Ga(As, Bi) on GaAs(001). While a few papers
have considered the effects of strain in Ga(As, Bi) alloys,
a real strain-engineering approach aiming to foster the Bi
incorporation and improve optical properties in terms of
efficiency, is still lacking. To this end, we grew suitable
intermediate (In, Ga)As buffer layers acting either as com-
pliant virtual substrates or as internal stressors to tune the
strain conditions of the Ga(As, Bi) layer. This approach
enables us to grow Ga(As, Bi) layers with similar Bi con-
tents but different strain conditions, varying from compres-
sive to tensile, as well as to grow Ga(As, Bi) films under
negligible strain for Bi concentrations as high as 7.2%. We
find a striking improvement of photoluminescence, with
a strongly increased radiative efficiency when Ga(As, Bi)
is grown under tensile strain. This result demonstrates the
large potential of strain-engineering concepts for tailoring
the optical emissions of this material system. These results
could impact telecommunication technology, e.g., optical

fibers are widely used to transmit information by light
carrier for long distances, and usually need optical ampli-
fiers to regenerate the light pulses after attenuation. More
efficient light sources reduce this need with consequent
reduction of power consumption [9].

II. EXPERIMENTAL AND THEORETICAL
METHODS

A. Sample preparation

Samples are grown by MBE using a solid-source MBE
32P Riber equipped with a conventional Knudsen effusion
cell for As4. The substrate temperature is measured by an
optical pyrometer with a nominal accuracy of ±1 °C. All
Ga(As, Bi) films are grown at the same substrate tempera-
ture T = 325 °C, with a quasistoichiometric As-to-Ga flux
ratio, and a growth rate 0.5 ML/s for a thickness ranging
from 60 to 170 nm. To vary the Bi content four differ-
ent Bi fluxes are used with a beam equivalent pressure
in the range 1–8 × 10−8 Torr. Semi-insulating GaAs(001)

epiready substrates are used for all the samples. After stan-
dard cleaning and oxide removal procedures, an epitaxial
GaAs buffer layer, 340 nm thick, is grown in As overflow
at 590 °C. GaAs1−xBix films (x = 0.8%–7.5%) under com-
pressive strain are grown on the GaAs buffer layer (C1−C4
in Table I). GaAs1−xBix films (x = 0.7%–7.2%) under ten-
sile strain (T1−T5, in Table I) are grown on top of a
partially relaxed InyGa1−yAs/InzGa1−zAs (y = 20%–24%,
z = 10%–12%) double layer (DL), with a thickness of
300 nm for each layer. No GaAs cap is deposited on
Ga(As, Bi) layers. Samples for XPS measurements are pro-
tected during the exposure to ambient atmosphere by a
capping layer of amorphous As. The whole growth pro-
cess is monitored in situ by reflection high-energy electron
diffraction. Surface morphology is investigated ex situ by
a VEECO multimode (Nanoscope IIIa) AFM in the tap-
ping mode by using nonconductive Si tips with a nominal
curvature radius of about 5–7 nm.

B. Transmission electron microscopy

The layers’ microstructure is investigated by TEM using
a JEOL JEM 3010 electron microscope operated at 300 kV.
Cross-section TEM specimens are prepared by mechani-
cal polishing, dimpling, and precision ion milling, which is
performed with ion-beam energies between 3 and 2.5 keV
to minimize Ar-ion milling damage.

C. X-ray diffraction

XRD is carried out ex situ utilizing a PANalytical
X’ Pert PRO MRD diffractometer with Ge (220) hybrid
monochromator, employing a Cu Kα1 radiation (λ = 1.
540 598 Å). Reciprocal space maps (RSMs) are acquired
around the asymmetric GaAs(224) Bragg peak in coplanar
configuration. The Qz and Qy axes are parallel to the GaAs
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TABLE I. Summary of relevant parameters of all the samples grown: composition of the stressor layers (if any), in plane lattice
parameter (a‖

buffer) of the buffer layer; in-plane [a‖
Ga(As,Bi)] and out of plane [a⊥

Ga(As,Bi)] lattice parameters, Bi content (xBi) and in plane
strain (ε‖) of Ga(As, Bi) film as determined by XRD characterization (see the text). Absolute uncertainties on the determination of the
lattice parameters, Bi content, and strain are 0.001 Å, 0.2, and 0.05, respectively.

Sample (In,Ga)As stressor layer a‖
buffer(Å) a‖

Ga(As,Bi)(Å) a⊥
Ga(As,Bi)(Å) aGa(As,Bi)(Å) xBi(%) ε||(%)

C1 N 5.653 5.654 5.663 5.659 0.8 −0.08
C2 N 5.653 5.653 5.687 5.671 2.7 −0.31
C3 N 5.653 5.654 5.705 5.681 4.1 −0.49
C4 N 5.653 5.658 5.746 5.704 7.5 −0.81
T1 Y (DL, y = 0.11, z = 0.20) 5.706 5.704 5.617 5.658 0.7 0.81
T2 Y (DL, y = 0.11, z = 0.20) 5.702 5.696 5.644 5.669 2.3 0.48
T3 Y (DL, y = 0.10, z = 0.21) 5.714 5.709 5.666 5.687 4.9 0.39
T4 Y (DL, y = 0.12, z = 0.24) 5.720 5.718 5.685 5.700 7.0 0.31
T5 Y (DL, y = 0.11, z = 0.20) 5.706 5.705 5.699 5.702 7.2 0.06

[001] and [010] directions, respectively. The precise posi-
tion of the Ga(As, Bi) and (In, Ga)As peaks and the data in
Table I are determined by fitting the RSM. The uncertainty
on the determination of Qy and Qz is less than 0.001 Å−1.
The data analysis is carried out using x-ray utilities [10].

D. Photoluminescence spectroscopy

The optical properties of the Ga(As, Bi) layers are
studied by PL using the 514.5-nm excitation line of a
continuous-wave Ar+ laser (Coherent Innova Sabre). Sam-
ples are mounted in a helium closed cycle cryocooler
(Galileo Vacuum Tec), which allows a temperature range
from 20 K to room temperature. PL spectra are collected
using a 30-cm monochromator (Acton Research Corpora-
tion SpectraPro-300i) with variable slits. Signal detection
is accomplished by an amplified and temperature stabi-
lized (In, Ga)As p-i-n photodiode (Hamamatsu G5851-11)
with lock-in amplifier technique (Stanford Research Sys-
tems SR830 DSP). Typical power density on the sample
surface is in the range 10–103 W/cm2.

E. X-ray photoemission spectroscopy

XPS is performed on a NanoESCA photoemission
microscope (Omicron) with an overall energy resolution
of �E = 0.4 eV. For excitation we use monochromatized
Al Kα radiation. To avoid sample surface contamination
during the ex situ transport to the NanoESCA UHV cham-
ber, samples are protected by a 100-nm-thick capping layer
of amorphous As. Before carrying out XPS measurements,
samples are annealed in UHV at 430 °C to desorb the pro-
tective As cap layer and to obtain the As-rich 2 × 4 surface
reconstruction [11]. This temperature is high enough to
remove possible Bi segregated at the surface and to avoid
any effect due to excess Bi on the sample surface [11]. This
procedure allows us, by using the Al Kα line, to probe bulk-
like structures in a region 2–3 nm from the surface and to
rule out a surface origin for the two components identified
in the shallow Bi 5d core levels reported in Fig. 6. Spectra

are fitted in KolXPD software (http://kolxpd.com) using
Voigt peaks on linear background.

F. Raman spectroscopy

Raman spectra are collected at room temperature. The
Stokes scattering of the samples is measured by means
of micro-Raman equipment from HORIBA LabRAM HR
Evolution. The spectra are excited by a continuous-wave
He-Ne laser 632.8 nm equipped with a LN2 cooled
CCD detector in backscattering geometry. The emission
is focused by a microscope objective with 0.9 numerical
aperture and the same objective is used for the collection of
the signal. The spectral resolution achieved is 0.7 cm−1 and
a notch filter suppressed the stray light. For pure GaAs, the
penetration depth of the used Raman laser is about 100 nm,
whereas for the Ga(As, Bi) alloy it is reduced due to the
increase in the absorption coefficient [12]. Thus, the thick-
nesses of the studied samples allow for the study of the
Ga(As, Bi) topmost layer.

G. Density-functional theory

Calculations based on density functional theory (DFT)
are carried out using the Quantum Espresso suite [13,14]
to study the structural and electronic properties of the
GaAs1−xBix alloys as a function of the buffer-layer lat-
tice parameter. Norm-conserving core-corrected not rel-
ativistic pseudopotentials are used for the Ga and As
atoms, whereas a full relativistic pseudopotential is used
for the Bi atom. The local-density approximation (LDA)
as parametrized by Perdew and Zunger [15] is used for
the exchange-correlation potential. The pseudopotentials
are tested on a series of GaAs-based materials and on
the Bi metal, obtaining structural parameters in agree-
ment with the experiment. The electron wave functions
and the charge density are expanded in plane waves, whose
energy is less than 45 Ry and 360 Ry for the wave func-
tions and the charge density, respectively. To integrate the
charge density, we use grids of k points corresponding

014028-3

http://kolxpd.com


E. TISBI et al. PHYS. REV. APPLIED 14, 014028 (2020)

to 8 and 16 k points in the irreducible part of the Bril-
louin zone. The Ga(As, Bi) alloys are modeled through
unit cells containing 128 atoms whose in-plane (x and y)
lattice constant is fixed at three different values: the calcu-
lated equilibrium lattice constant of GaAs, and two other
lattice constants, one 0.83% and the other 1.4% larger than
the GaAs lattice constant. Such in-plane lattice constants
correspond to the experimental in-plane lattice parameter
of the partially relaxed (In, Ga)As DL and to a completely
relaxed (In, Ga)As DL. The vertical cell dimension along
z and the atomic positions are simultaneously optimized
until the forces are less than 0.01 eV/Å. For each in-
plane lattice parameter we consider cells containing one
Bi (concentration 1.5625%), two Bi (x = 3.125%), and five
Bi (x = 7.8125%). The Bi atoms are distributed among
the sites, substitutional to As, in different ways. We do
not consider here configurations with Bi atoms in first-
neighbor positions, where Bi is substitutional also to Ga
atoms.

III. RESULTS AND DISCUSSION

A. Tetragonal deformation of strained Ga(As, Bi) films

The main goal of the present paper is the strain engi-
neering of the pseudomorphic growth of Ga(As, Bi) on
GaAs(001) by MBE and the use of appropriate inter-
mediate buffer layers acting as stressors; in this regards,
two sets of samples are prepared with the Ga(As, Bi) lay-
ers under compressive and tensile conditions, respectively
(Fig. 1). The first set of samples consists of four dif-
ferent GaAs1−xBix films (x ranging from 0.83 to 7.5%)

FIG. 1. Schematic of the growth approach employed in
this work. By using appropriate partially relaxed double
buffer layers of (In, Ga)As, films of Ga(As, Bi) under ten-
sile strain are grown and studied in comparison with standard
Ga(As, Bi) films directly grown on GaAs under compressive
strain.

grown under compressive strain on the GaAs buffer
layer (denoted as C1, C2, C3, and C4, see Table I).
The second set is composed of five samples (T1, T2,
T3, T4, and T5, see Table I), where the GaAs1−xBix
(x = 0.74%–7.2%) layers are grown under tensile strain
on top of a partially relaxed InyGa1−yAs/InzGa1−zAs
(y = 20%–24%, z = 10%–12%) DL, with a thickness of
300 nm for each layer. All the samples were character-
ized by XRD in order to ascertain their crystal quality,
and to determine the Bi content. As an example, Figs. 2(a)
and 2(b) show the RSMs around the GaAs(224) Bragg

(a)

(b)

(c)

FIG. 2. Reciprocal space maps of three representative sam-
ples: (a) Ga(As, Bi) layer under compressive strain (C2) on a
GaAs substrate, (b) Ga(As, Bi) layer under tensile strain (T2)
grown on a partially relaxed In0.2Ga0.8As/In0.1Ga0.9As double
layer, and (c) Ga(As, Bi) layer grown under quasimatched condi-
tions (T5) on a partially relaxed In0.2Ga0.8As/In0.1Ga0.9As double
layer. Red dotted lines highlight the final Qy position of the
second (In, Ga)As layer.
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reflection for Ga(As, Bi) layers with an intermediate Bi
content, C2 and T2, under compressive and tensile strain
conditions, respectively. Figure 2(c) shows the same map
for a sample (T5) grown with a high Bi content but in
unstrained, so-called “quasimatched” conditions. The map
in Fig. 2(a) shows two intense peaks for the GaAs sub-
strate and Ga(As, Bi) film, while the fringes, clearly visible
along Qz, denote the high epitaxial quality of the interface,
typical of coherent epilayers. Ga(As, Bi) and GaAs peaks
exhibit the same in-plane component Qy of the scattering
vector. This means that the Ga(As, Bi) film has the same
in-plane lattice parameter as the GaAs substrate, i.e., it
is pseudomorphic to GaAs and therefore under compres-
sive strain. It undergoes a tetragonal distortion with an
out-of-plane lattice parameter larger than the in-plane one,
as calculated (see below) by the value of the Qz component
(smaller than that of GaAs). This behavior is common to all
the samples directly grown on GaAs, even for the highest
Bi contents (see Table I). A virtually negligible relaxation
can be detected for the C4 sample (not shown): the in-
plane lattice parameter is in fact a few thousandths of Å
greater than that of GaAs, indicating a just incipient plas-
tic relaxation. A different scenario appears if we look at
Fig. 2(b), where the RSM of the sample grown with the
same conditions as sample C2 but on top of the (In, Ga)As
DL is shown. In this case, four peaks are detected, one for
the GaAs substrate, two for the (In, Ga)As layers, and one
for the Ga(As, Bi) film. It is evident that both (In, Ga)As
layers undergo a partial plastic relaxation with the corre-
sponding peaks placed at lower Qy and Qz values than that
of the GaAs peak. Most importantly, the Ga(As, Bi) peak
is now vertically aligned to the second (In, Ga)As layer,
therefore matching an in-plane lattice parameter larger
than that of GaAs (see Table I and the lattice parameters’
determination below). For all the Ga(As, Bi) layers grown
onto an (In, Ga)As DL a minimal (negligible) relaxation
is detected, with the in-plane Ga(As, Bi) lattice parameter
resulting in a few thousandths of Å smaller than that of
the second (In, Ga)As layer (see below). The only excep-
tion is represented by sample T5 [whose RSM is shown
in Fig. 2(c)], which is quasilattice matched to the relaxed
(In, Ga)As DL. It represents an example of Ga(As, Bi)
with a high Bi content (7.2%) but essentially unstrained
(see Table I and the lattice parameters’ determination
below). In general, the relaxation observed for the sam-
ples under tensile strain is very small, in particular when
increasing the Bi content (as the tensile strain reduces).
Therefore, the growth can be considered almost pseudo-
morphic to the second (In, Ga)As layer. This makes the
in-plane lattice parameter of Ga(As, Bi) large enough to
invert the sign of the tetragonal distortion of Ga(As, Bi)
with respect to the first set of samples: on the (In, Ga)As
DL, Ga(As, Bi) alloy is under biaxial tensile stress in the
(001) plane, which causes a lattice-parameter shortening
along the growth direction.

The analysis of the RSMs allows us to determine the in-
plane and out-of-plane lattice parameters of all the samples
(Table I). The tetragonal strain relation:

ε⊥ = −2ν

1 − ν
ε‖, (1)

with ν being Poisson’s coefficient, relates the in-plane (ε‖)
and out-of-plane (ε⊥) strain components of a cubic lattice
under an in-plane biaxial stress. ε‖ and ε⊥ are defined as

ε‖ = a‖
Ga(As,Bi)−aGa(As,Bi)

aGa(As,Bi)
, ε⊥ = a⊥

Ga(As,Bi) − aGa(As,Bi)

aGa(As,Bi)
,

(2)

where a‖
Ga(As,Bi) and a⊥

Ga(As,Bi) are the measured in-plane
and out-of-plane lattice parameters, respectively, of the
tetragonally distorted Ga(As, Bi) cell and aGa(As,Bi) the
equilibrium lattice parameter of the related cubic cell. By
means of Eqs. (1) and (2) we first determine aGa(As,Bi)
approximating the Ga(As, Bi) Poisson’s ratio with the
one of GaAs. Then, applying Vegard’s law: aGa(As,Bi) =
xaGaBi + (1 − x)aGaAs, we obtain the Bi content x for each
sample (Table I). We use the literature value aGaAs =
5.6532 Å for GaAs [16]. The binary compound GaBi has
not yet been grown, therefore we use the lattice parameter
aGaBi = 6.33 Å, compatible with both theoretical calcula-
tions and experimental estimations in the literature [7,17].
The resulting ε‖ for each sample are reported in Table I,
where the absolute uncertainties on the determination of
the lattice parameters, strain, and Bi content are, 0.001 Å,
0.05, and 0.2, respectively. As expected, for the Ga(As, Bi)
films grown on GaAs the compressive strain on the alloy
increases with the Bi content. On the other hand, for
Ga(As, Bi) films grown under tensile strain (second set of
samples), the strain instead decreases with the Bi content.

In Fig. 3, we compare the measured tetragonal distor-
tion (t) in the Ga(As, Bi) films with the results of DFT
calculations. The tetragonal distortion, being defined as

t = a⊥
Ga(As,Bi) − a‖

Ga(As,Bi)

a‖
Ga(As,Bi)

, (3)

is plotted as a function of the Bi content x. The cal-
culated values (circles) are shown for three different
buffer-layer lattice constants: 5.653 Å (GaAs, blue sym-
bols), 5.701 Å [partially relaxed (In, Ga)As DL, red sym-
bols], and 5.732 Å [completely relaxed (In, Ga)As DL,
green symbols], where the DFT-LDA calculated parame-
ters [slightly underestimated (0.85%) with respect to the
experiment] are reported in the figure rigidly shifted to the
experimental ones. The agreement between the measured
parameters (blue and red triangles) and the calculated ones
(blue and red dots) is remarkable [we point out that sample
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FIG. 3. Comparison between the experimental tetragonal dis-
tortion t in Ga(As, Bi) films under compressive (blue triangles)
and under tensile (red triangles) strain with the results of DFT
calculations (blue dots and red dots for compressive and tensile
strain, respectively). Continuous and dashed lines are linear fits
to the experimental and theoretical data, respectively. Green sym-
bols and line represent theoretical data and fit for the case of a
completely relaxed InyGa1−yAs/InzGa1−zAs double buffer layer.

T4 is the only one grown on a different (In, Ga)As DL].
The value of t does not depend significantly on the con-
figuration of the Bi atoms in the matrix, isolated atoms,
or atoms located in neighboring sites-second neighbors on
the zinc-blende lattice produce the same tetragonal defor-
mation of the lattice. This result also validates the determi-
nation of the alloy concentration by using the in-plane and
out-of-plane strains, as determined by XRD.

Starting from Eqs. (1) and (2) and applying Vegard’s
law, we can determine the expected behavior of t as a
function of the Bi content x, which reads as

t = (1 + k)

(
aGaAs

a‖
Ga(As,Bi)

− 1

)
+

[
1 + k

a‖
Ga(As,Bi)

(aGaBi − aGaAs)

]
x,

(4)

where k = [2ν/(1 − ν)]. By approximating the Ga(As, Bi)
Poisson’s ratio as a constant (the one of GaAs), the tetrag-
onal distortion t is linear with x, the slope being dependent
on the in-plane lattice parameter a‖

Ga(As,Bi). For the values
of the buffer-layer lattice parameter a‖

Ga(As,Bi) considered
in this paper, such dependence is very small and almost
negligible, with the expected slopes ranging from 0.227 to
0.224. As a matter of fact, the fit of the calculated values of
t, using a linear dependence t(x) = t(0) + qx , is remark-
ably good and gives the values of the slopes: q = 0.217
for the GaAs buffer layer (blue symbols), q = 0.197 for
the partially relaxed (In, Ga)As DL (red symbols), and q =
0.204 for the largest in-plane lattice constant (green sym-
bols). Similar values of q are found fitting the experimental

data. The slightly larger deviation between experimental
and calculated slopes at higher Bi concentration in the case
of the tensile samples is due to the inclusion in the fit of
T4, which is grown on a DL with more In and exhibits a
larger in-plane lattice parameter (see Table I). Although
there is no experimental counterpart for the completely
relaxed DL, this result shows that it is possible to predict
the tetragonal deformation of the Ga(As, Bi) as a function
of the Bi concentration x.

By comparing the data in Table I with Fig. 3, we note
that films deposited with the same growth parameters [in
particular the same Bi flux, i.e., the couples C1-T1, C2-T2,
C4-T4-(T5)], but under different strain conditions, exhibit
a reduced Bi incorporation (about 10%) when the strain
goes from compressive to tensile. For example, sample T5
is quasi-lattice-matched to the DL and its Bi content is
lower than that of sample C4, which is under a compres-
sive strain, but larger than that of sample T4, subjected to
a tensile strain. Thus, we find a higher Bi incorporation
in the compressively strained samples than in the tensely
strained ones, contrary to our expectation (see below).

Our DFT calculations define the stability of substitu-
tional Bi atoms (Bi substituting As) in the GaAs matrix
in terms of the quantity:

Emisc(a‖) = E(a‖) − NAsμGaAs(a‖) − NBiμGaBi(a‖), (5)

which is a measure of the miscibility of Bi inside GaAs. In
this expression E(a‖) is the total energy of the Ga(As, Bi)
alloy with a number NAs of arsenic atoms and a number
NBi of bismuth atoms in the unit cell. a‖ is the in-plane
lattice parameter. μGaAs and μGaBi are the total energies
per Ga-As and Ga-Bi pair of the binary GaAs and GaBi
systems. All the total energies are calculated for the same
value of a‖. If Emisc is positive the system will tend to phase
segregate, the contrary is true if Emisc is negative. The cal-
culation investigates the thermodynamic tendency to mix
or segregate, and is valid only if the growth conditions
are close to the thermodynamic limit (high temperatures
and slow growth rates). Our calculations produce in all
cases Emisc > 0, with the largest values of Emisc occurring
when a‖ = aGaAs. These values of Emisc indicate that the
substitution of As with Bi is not energetically favorable
and they agree with the observation of Bi surface segre-
gation during growth [6,7]. Emisc decreases of 27–28 meV
per cell and per Bi atom when the substrate lattice param-
eter is increased by 1.4%. Thus, the calculations predict
that the miscibility could be slightly improved increasing
the substrate lattice parameter. This result agrees with a
recent theoretical work [18] that predicts an increase of
2 orders of magnitude of Bi solubility when Ga(As, Bi)
is epitaxially constrained to an in-plane lattice parame-
ter 5% larger than that of bulk GaAs. Thus, one would
expect a slightly increased Bi incorporation in the case
of the samples grown on the DL buffer, differently from
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our experimental result. This discrepancy can be explained
considering that the theoretical calculations apply to the
thermodynamic limit, while in our experiments, due to the
low growth temperature, the alloys are grown in conditions
very far away from equilibrium. In this regime, kinetic
effects are dominant and Bi incorporation is affected by
the ratios of the rates of deposition, diffusion, and desorp-
tion of both cations and anions. Interestingly, we observe
a reduced Bi incorporation when the growth is carried out
under tensile-stress conditions.

B. Characterization of crystal quality

The surface morphology of our samples clearly tes-
tifies the different strain conditions between the two
sets of samples, as shown in Fig. 4, where the ex situ
atomic force microscopy (AFM) topographies of the two
couples of samples C2-T2 and C4-T4 (similar Bi con-
tent but different strain conditions) are reported. Sample
C2 [Fig. 4(a)] exhibits a flat surface [surface roughness
σ rms(C2) = 0.30 nm] completely free of Bi-related surface
features and/or droplets, a clear evidence of good epitaxy
conditions for our samples. This is the case for all the sam-
ples grown under compressive strain, except for sample C4

(a) (b)

(c) (d)

FIG. 4. AFM topographies of two couples of Ga(As, Bi) sam-
ples (C2-T2 and C4-T4) with similar Bi concentrations but
different strain conditions: compressive (a), (c) and tensile (b),
(d). The surface is always free from Bi cluster, apart for high Bi
content and high compressive strain (C4), where the presence of
small clusters is indicated by white arrows. The texture present
in tensile-strained samples is related to the occurrence of cross-
hatch patterns due to the misfit dislocations in the (In, Ga)As
double layer.

[Fig. 4(c)], which incorporates the highest Bi concentration
(xBi= 7.5%). In this case, a low density of small Bi-related
features (about 5 nm high, on average) can be observed on
the surface [surface roughness σ rms(C4) = 0.86 nm].

The morphology of the films grown on the (In, Ga)As
DL [Figs. 4(b) and 4(d)] is completely different. The
surface of samples T2 and T4 shows a cross-hatched
(CH) morphology made of undulations 2–4 nm high,
which significantly increase the average surface rough-
ness [σ rms(T2) = 1.2 nm, σ rms(T4) = 1 nm] compared to
that of the samples directly grown on GaAs. The forma-
tion of such a CH pattern is well known in the literature
[19–21] as a footprint of long segments of interfacial
misfit dislocations (MDs) originating upon plastic relax-
ation of the (In, Ga)As film in the case of low mismatch.
Therefore, all the samples grown under tensile condi-
tions (T1−T5) exhibit the CH pattern. However, this is
not an indication of low-quality Ga(As, Bi) material, as
shown by TEM. The images reported in Fig. 5 are chemi-
cally sensitive dark-field TEM (DF) images of the samples
C2, T2, and T5 obtained with the diffraction vector
g = 002. This imaging mode is highly sensitive to vari-
ations in the chemistry of the alloy in semiconduc-
tors with zinc-blende (ZB) structure [22]. Furthermore,
g002 DFTEM is a powerful technique to detect com-
position fluctuations in Ga(As, Bi) [23]. The representa-
tive images shown in Fig. 5 evidence the high compo-
sitional homogeneity of the samples, regardless of the
strain state of the layer, i.e., compressive (C2), tensile
(T2), and quasi-lattice-matched (T5), where no composi-
tion fluctuations or Bi cluster formation are detected at
this length scale (approximately equals 100 nm), even in
the case of the highest Bi content (xBi= 7.2%, sample
T5). The comparison of the TEM images for the ten-
sile and compressive samples demonstrates the possibility
to control the Ga(As, Bi) strain condition without affect-
ing the crystal quality. Additionally, analysis of the g002
diffracted intensity enables quantification of the chemi-
cal composition [22]. We find a fair agreement between
the rough estimation of the Bi content based on TEM
[xBi(C2)∼2.4%, xBi(T2)∼2.1%, xBi(T5)∼6.9%] and that
determined using XRD (Table I), which reinforces the suit-
ability of g002 DFTEM for the analysis of Ga(As, Bi) layers
[23,24] (more details on TEM analysis can be found in
Appendix A).

To investigate the presence of nonequivalent incorpo-
ration sites for Bi atoms, we study, by means of high-
resolution x-ray photoemission spectroscopy (XPS), two
different samples grown in the same conditions, namely C4
(C4b - xBi= 7.5%, compressive) and T5 (T5b - xBi= 7.2%,
quasimatched). The analysis of the Bi 5d and 4f core lev-
els presented in Fig. 6 clearly shows, within our resolution,
for both samples, two different components [Bi(1) and
Bi(2)] that can be ascribed to the presence of at least two
nonequivalent Bi sites in the GaAs lattice. The presence of
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FIG. 5. Chemically sensitive
g002 cross-section TEM-DF
images of representative
Ga(As, Bi) layers grown under
compressive (C2), tensile strain
(T2), and quasimatched (T5)
conditions. The images show the
high compositional homogeneity
and the absence of dislocations
on a range of several hundreds of
nm.

a third component due to segregated metallic Bi, expected
at a slightly higher binding energy than the Bi(1) and Bi(2)

components [25,26], is not detected for both the samples.
Therefore, we can conclude that the Bi(1) and Bi(2) core-
level components originate from different Bi-Ga bonding
configurations due to Bi complexes [26] formed by one,
two, or three fcc Bi nearest neighbors to the same Ga atom,
or by Bi-Ga-Bi-Ga-Bi chains along given crystal direc-
tions. It is reasonable to assume that the lower binding
energy component Bi(1), more intense, might be related to
isolated substitutional Bi atoms, while Bi(2), less intense
and slightly more bonded, to some Bi-Ga-Bi complexes.
The C4b and T5b samples show a different ratio in the rel-
ative intensity of these two components, which represents a
different relative concentration of the two nonequivalent Bi
atoms in the two samples. Also, we need to remember that
T5 is almost unstrained, suggesting that the in-plane com-
pressive strain favors the formation of complexes, even
according to DFT calculations that predict a larger mis-
cibility gap under compressive strain. This result gives
evidence of the presence of different Bi configurations in

a different proportion in the Ga(As, Bi) films grown under
a different epitaxial strain. Further insights on the structural
properties of the Ga(As, Bi) films are obtained by means of
Raman spectroscopy (see Appendix B), which indicates a
higher crystal order for the Ga(As, Bi) tensile samples with
respect to the compressive ones.

Summarizing, both AFM and TEM show no evidence of
Bi clusters at the surface (except sample C4) or phase sep-
aration (Figs. 4 and 5) in our Ga(As, Bi) samples. XPS and
Raman spectroscopies hint at a more uniform crystalline
structure in the case of the samples grown under tensile
biaxial stress in terms of both composition (minor number
of Bi complexes) and of long-range lattice order.

C. Strain-dependent photoluminescence properties

Figure 7 shows the normalized low-temperature PL
spectra collected at the same excitation power for the
three couples of Ga(As, Bi) samples, each couple with a
similar Bi content but under different strain conditions:
compressive versus tensile. The low-temperature PL peak

FIG. 6. Bi 5d and 4f XPS spec-
tra of corresponding Ga(As, Bi)
layers grown under compressive
(C4b) and under quasi-matched
conditions (T5b). In both cases,
we find, together with the main
component due to Ga-Bi bound
[Bi(1)], a higher binding energy
component [Bi(2)] with a low
intensity that is likely due to Bi-
Ga-Bi complexes.
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(a)

(b)

(c)

(d)

FIG. 7. Normalized PL spectra taken at the same conditions and excitation power density W = 8.8 × 102 W/cm2 for compressive
(a) and tensile (b) Ga(As, Bi) layers. (c) PL peak energy plotted as a function of Bi concentration. The dashed line highlights that the
emission at 1.3 µm is achieved in tensile samples with 35% less Bi than the compressive ones; the light red stripes show the most
important telecommunication bands (1.3 and 1.55 µm). (d) Absolute PL intensity plotted as a function of Bi concentration; the two
light brown areas help to highlight the low-intermediate (I) and high-intermediate (II) Bi content regions to better show the higher
quality of tensile samples.

for the standard compressive samples C1, C2, and C4,
appears redshifted with respect to the expected free exci-
ton [27–31]. Such a redshift is well known in this material
and is explained by the presence of Bi-related localized
states close to the valence-band maximum (VBM), which
dominates the exciton recombination processes at low tem-
peratures. The origin of these localized states is attributed
to the formation of Bi-related complexes and to alloy dis-
order in Ga(As, Bi) [4,28–34]. As a matter of fact, our XPS
characterization reveals the presence of different Bi config-
urations in our samples. The extent of the energy redshift
is strongly dependent on the growth conditions that can
give rise to the formation of different kinds of Bi-related
complexes [28,31,33,35,36].

The measured PL peak emission energy of our samples
decreases monotonically with increasing Bi concentration
[see Fig. 7(c)], similarly to what is expected for the free
exciton. Figure 7(b) shows the PL spectra of the three sam-
ples T1, T2, and T4, grown under the same conditions
as the samples in Fig. 7(a) but on top of the (In, Ga)As
DL. Interestingly, despite their slightly lower Bi content,
the PL of tensile samples exhibits a further redshift with
respect to the corresponding compressive samples, which
ranges from 40 to 80 meV. This behavior is found to

depend on the different hydrostatic strain of the samples
grown under compressive and tensile in-plane stresses.
Indeed, using the values for ε‖ and ε⊥ of Table I and
the GaAs hydrostatic deformation potentials of the con-
duction and the valence-band edges ac = −7.17 eV and
av = −1.16 eV, [16] the shift of the band gaps due to the
hydrostatic strain, defined as δEG = (ac − av)(2ε‖ + ε⊥),
is towards higher gaps for the compressive samples (the
lattice is globally compressed). On the other hand, it is
towards lower gaps for the tensile samples whose lattice is
globally expanded. Thus the difference between the band
gaps of the compressive and tensile samples having almost
the same Bi content, due to the hydrostatic lattice expan-
sion, is 60.52 meV for the C1-T1 couple, 51.93 meV
for the C2-T2 one, 75.25 meV for the C4-T4 one, and
56.21 meV for the C4-T5 one, values in good agreement
with the experiment. The biaxial strain greatly affects the
band gaps, with shifts towards lower gaps for both series
of samples, ranging from 200 meV to about 300 meV, but
since the shifts are in the same direction for both sets of
samples, their effects on the band-gap difference between
samples under compressive and tensile strains are smaller.
Moreover, DFT calculations find a large sensitivity of the
band gaps on the Bi atom arrangement in the GaAs matrix.
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Indeed, the band gap reduces of 107 meV if five Bi atoms
are moved from disperse locations within the 128 atoms
unit cell to second-neighbor zinc-blende positions forming
a small Ga-Bi cluster. This result confirms that the forma-
tion of complexes leads to a further reduction of the alloy
band gap.

Our PL results demonstrate that the peak energy of the
Ga(As, Bi) alloys can be controlled not only by varying
the Bi concentration but also by changing the strain con-
ditions, increasing in such a way the degrees of freedom
for the tuning of the optical emission. The impact of this
result is well represented in Fig. 7(c), where the PL peak
energy of the tensile samples is plotted as a function of the
Bi concentration and compared to that of the compressive
samples and pure GaAs. We can see that, by exploiting
a tensile strain, we can shift the energy emissions towards
lower values, notably within the range of the telecommuni-
cation wavelengths, using less bismuth: an unquestionable
advantage given the extreme difficulty of growing high-
quality material at high Bi concentrations. For example, an
emission wavelength of 1.3 µm (0.95 eV) can be obtained
from Ga(As, Bi) grown on GaAs with a Bi content of 7.5%
while for Ga(As, Bi) under tensile strain at a Bi content of
only 4.9%, i.e., the same PL peak energy is achieved with
the incorporation of 35% less Bi, as shown by the dashed
black line in Fig. 7(c).

Another important result concerns the PL signal inten-
sity. With the only exception of the couple of samples
C1-T1, both containing a very low Bi concentration, the
PL efficiency of Ga(As, Bi) grown under tensile strain
is always higher than that of Ga(As, Bi) grown under
compressive strain. In the case of the couple C1-T1, the
Ga(As, Bi) film grown directly on GaAs experiences the
lowest mismatch, whereas the sample T1 is in the opposite
situation, i.e., it is under the highest tensile strain. Only in
this particular case the growth on an (In, Ga)As DL is not
advantageous compared to the growth on a GaAs buffer
layer. In Fig. 7(d) the PL intensity is plotted as a function
of Bi concentration. Two main regions can be identified:
region I for low-intermediate Bi concentrations [xBi < 3%,
in Fig. 7(d)] and region II for intermediate-high Bi con-
centrations [xBi > 4% in Fig. 7(d)]. Moving from region I
to region II, the PL intensity of the samples under com-
pressive biaxial stress decreases drastically. Conversely,
the PL intensity of the samples under tensile biaxial stress
preserves the same order of magnitude over a wide range
of Bi concentrations (between 0.74 and 7.2%). This is a
quite surprising and strongly encouraging result since one
would expect a loss of radiative efficiency due to the plas-
tic relaxation of the (In, Ga)As DL with the consequent
formation of dislocations and, in general, a high density
of nonradiative recombination centers. In the case of sam-
ples under compressive strain, it is well known [27,37] that
the PL intensity at first increases with increasing Bi con-
tent, due to the surfactant effect of Bi, which favors an

improvement of the crystal quality, and then decreases at
an intermediate Bi content (about 4%, but strongly depen-
dent on the growth conditions) due to an increase of the
density of defects, and an overall worsening of the crys-
tal quality. Thus, at these higher Bi concentrations and
related higher compressive biaxial stress, the surfactant
action of Bi seems to be less effective. In the case of
Ga(As, Bi) under tensile strain, the PL intensity remains
high or even increases with increasing Bi contents up to
7.2%. This result suggests that Ga(As, Bi) grown under
tensile strain exhibits an overall better crystal quality and a
reduced defect density. It is worth keeping in mind that for
our set of samples under tensile strain an increase of the
Bi concentration implies a reduction of the strain, which
clearly favors a better crystal growth. However, this can-
not be the only explanation. In fact, as shown in Fig. 3,
samples C2 and C3 have similar absolute strain values
as samples T2 and T3, respectively, but the PL inten-
sity of the tensile samples is much higher [Fig. 7(d)]. We
speculate that in addition to the lattice expansion caused
by the epitaxial tensile strain (we have analyzed previ-
ously the effect of the hydrostatic expansion of the volume
on the band-gap value), the local strain at the atomic level
induced by subsurface stresses is key to the process. It has
been demonstrated that surface processes (related to the
surface reconstruction and surface stoichiometry) are cru-
cial in determining the final microstructure of Ga(As, Bi)
layers [38,39]. During the growth of tensile samples on
the (In, Ga)As DL, Bi atoms impinge on a (In, Ga)As sur-
face characterized by the presence of a bigger atom, In,
than Ga and As atoms of the plain GaAs substrate. As a
consequence, the atomic size mismatch between Bi-In-Ga-
As is significantly reduced compared to Bi-Ga-As, causing
a reduction in the local strain at the growth front, which
would favor the homogeneous incorporation of Bi and
improve the quality of the layers. In addition, subsurface
stresses related to the surface reconstruction in (In, Ga)As
DL and the lattice expansion caused by the tensile epitax-
ial strain may impact adatom mobilities and diffusivities,
leading to a more effective Bi surfactant effect and produc-
ing crystals with higher quality, as also supported by the
Raman characterization (see Appendix B).

IV. SUMMARY

In order to pursue a strain-engineering strategy on the
control of Bi incorporation in Ga(As, Bi) alloy, several
films with variable concentration of Bi are grown by
MBE on bare GaAs(001) crystals and on partially relaxed
InyGa1−yAs/InzGa1−zAs (y = 20%–24%, z = 10%–12%)
double layers. Samples are studied from both a crystallo-
graphic and structural and optical point of view. Indeed,
Ga(As, Bi) layers grown on GaAs are under a compres-
sive strain, whereas the growth on the relaxed (In, Ga)As
substrates induces a tensile strain or, for the right Bi
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concentration, an almost strain-free Ga(As, Bi). The differ-
ent strain conditions strongly impact the Bi incorporation
in the GaAs matrix and the luminescence properties of
the sample. In particular, samples grown under tensile
strain demonstrate a higher PL efficiency and an interest-
ing higher redshift with respect to the compressive ones.
These two effects allowed us to reach the important photo-
luminescence emission at 1.3 µm with a Bi concentration
as low as 4.9% compared to 7.5% needed for the stan-
dard compressive samples. This breakthrough is expected
to impact the application of Ga(As, Bi) material in opto-
electronic devices. The different PL efficiency of the two
sets of samples can be traced back to two effects: the
different hydrostatic and biaxial strain in the tensile and
compressed samples and the improved surfactant effect of
Bi in the tensile samples. In summary, we demonstrate that
strain engineering offers a further degree of freedom in the
photoluminescence design of Ga(As, Bi) material.
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APPENDIX A: TEM MEASUREMENTS

The reason for the chemical sensitivity of g002 DFTEM
is that in III-V alloys with ZB structure, the diffracted
intensity for the 002 reflection under kinematic approxi-
mation is proportional to the square of the structure factor,
which in turn depends on the difference in the atomic scat-
tering factors of the alloy components [22,40]. Hence, the
image contrast in this “structure-factor imaging mode” can
be directly correlated with the chemical composition. Due

to the different atomic scattering factors involved in the
(In, Ga)As and Ga(As, Bi) layers, (In, Ga)As layers with
In concentration y In ∼ 20% appear with a very dark con-
trast, as predicted by theory [40]; while Ga(As, Bi) layers
exhibit a bright contrast, which increases with increasing
Bi content, [24] as clearly observed in Fig. 5.

The quantification of the chemical composition relies
on the analysis of the ratio of the intensity diffracted by
the layer compared to that of an adjacent reference layer
of known composition [22]. In the case of the investi-
gated tensile samples, it would have been fairly simple to
use the second (In, Ga)As buffer layer as a reference for
the analysis. Unfortunately, the g002 diffracted intensity of
(In, Ga)As with In content around 20% is characterized by
a minimum in the intensity [40], giving rise to an extremely
dark contrast (cf. Fig. 5) and important uncertainties in
the chemical determination. To circumvent this limita-
tion, we develop an alternative strategy where we use the
first (In, Ga)As buffer (with zIn ∼ 10% In) as the reference
layer instead. To this end, the procedure requires record-
ing reference g002 DFTEM micrographs of the three layers
[Ga(As, Bi), second (In, Ga)As and first (In, Ga)As] simul-
taneously and under the same imaging conditions. Surface
relaxation of the TEM thin foils and local strain fields, in
particular at the relaxed (In, Ga)As layers, give rise to local
deviations from the exact g002 DFTEM imaging condi-
tions and, hence, impose practical challenges during TEM.
Thus, the Bi content estimated in this way is approximate.

APPENDIX B: RAMAN MEASUREMENTS

The Raman selection rules for the zinc-blende crys-
tal with Td symmetry and the backscattering geometry,

FIG. 8. Raman spectra normalized at GaAs LO(
) peak of
GaAs and Ga(As, Bi) samples C3 and T3 having a similar abso-
lute value of tetragonal distortion t. The different peaks related to
Ga-As and Ga-Bi LO(
) and TO(
) modes are labeled. DATO
and DALA modes represent disorder-activated TO modes and
disorder-activated longitudinal acoustic modes, respectively.

014028-11



E. TISBI et al. PHYS. REV. APPLIED 14, 014028 (2020)

allow for the detection of the longitudinal optical phonon
LO(
), while the transverse optical phonon TO(
) is for-
bidden. The relaxation of the selection rules for the TO(
)
mode can be attributed to the near-Brewster angle inci-
dence and the large aperture of the collecting lens [41].
For low Bi concentration the GaAs LO(
) position can
be described by the linear relation [42,43]: ωLO(cm−1) =
ω0

LO + �ωLOx, where the shift ΔωLO is related to the strain
and the Bi incorporation by �ωLO = �ωalloy + �ωstrain.

In order to get further insight into the structural proper-
ties of the Ga(As, Bi) films, Raman spectroscopy measure-
ments of GaAs(001) and C3 and T3 Ga(As, Bi) samples
have been carried out, whose results are reported in Fig. 8.
Samples C3 and T3 are chosen because, with a differ-
ence in Bi content less than 20%, they have a compressive
and tensile tetragonal distortion t of similar magnitude.
The spectra show the typical features of bulk GaAs such
as the pronounced longitudinal optical phonon (LO) at
292.5 cm−1 and the weaker transverse optical phonon (TO)
mode at 268.4 cm−1, both at the high symmetry point 
.
When Bi is incorporated substitutional to As, additional
Raman modes arise: they are the GaBi-LO(
) and GaBi-
TO(
) modes at about 207.5 and 178.9 cm−1, respectively.
The intensity of these peaks is directly proportional to
the Bi concentration [44,45]. What is important to note
in the spectra reported in Fig. 8 is the relative intensity
of the GaBi-LO(
) and GaBi-TO(
) peaks. Despite the
small difference in Bi content, these peaks are well defined
only for sample T3, while are suppressed in the sample
under compressive strain (C3). The intensity and linewidth
of these modes depend on the long-range order of the
lattice; thus this result should indicate a higher crystal qual-
ity of the Ga(As, Bi) tensile sample with respect to the
compressive one.

From a comparative analysis of the spectra in Fig. 8, we
can observe that the energy position of the GaAs-LO(
)
mode redshifts from 292.5 cm−1 (GaAs) to 284.1 cm−1

(T3), the shift being dependent on Bi concentration and
strain [42]. In particular, the compressive sample C3 shows
a smaller redshift of the GaAs-LO(
) peak (�ωLO =
1.2 cm−1 with respect to pure GaAs) than the tensile sam-
ple T3 (�ωLO = 8.4 cm−1) and a very small redshift of the
GaAs-TO(
). The comparison between samples C3 and
T3 evidences the role of the strain. Samples C3 and T3
have Bi concentrations that differ by less than 20%, while
their tetragonal distortion is almost the same but of oppo-
site sign. Therefore, in both cases we expect a redshift
of the GaAs-LO(
) peak induced by the contribution of
�ωalloy but an opposite effect of �ωstrain, which induces a
redshift for sample T3 and a blueshift for sample C3. The
overall effect explains the quite different values of �ωLO.

As for the GaAs-TO(
) peak, its position is depen-
dent on the in-plane lattice parameter, as a matter of fact
it is redshifted for the T3 sample [grown on the par-
tially relaxed (In, Ga)As DL] compared to pure GaAs and

sample C3, which is pseudomorphic to GaAs. The shoul-
der at lower energy of GaAs-TO(
) peaks is assigned to
disorder-activated TO (DATO) modes. Similarly, disorder-
activated longitudinal acoustic (DALA) modes can be
observed in the range 150–190 cm−1. These phonons are
due to the lattice deformation of the GaAs lattice induced
by Bi incorporation [42] and are more broadened in the C3
sample.
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F. Arciprete, and E. Placidi, Electronic properties of
GaAsBi(001) alloys at low Bi content, Phys. Rev. Mater.
3, 044601 (2019).

[26] P. Laukkanen, M. P. J. Punkkinen, A. Lahti, J. Puusti-
nen, M. Tuominen, J. Hilska, J. Mäkelä, J. Dahl, M.
Yasir, M. Kuzmin, J. R. Osiecki, K. Schulte, M. Guina,
and K. Kokko, Local variation in Bi crystal sites of
epitaxial GaAsBi studied by photoelectron spectroscopy
and first-principles calculations, Appl. Surf. Sci. 396, 688
(2017).

[27] X. Lu, D. A. Beaton, R. B. Lewis, T. Tiedje, and Y.
Zhang, Composition dependence of photoluminescence
of GaAs1-xBix alloys, Appl. Phys. Lett. 95, 041903
(2009).

[28] Muhammad Usman, Christofer A. Broderick, Andrew
Lindsay, and Eoin P. O’Reilly, Tight-binding analysis of

the electronic structure of dilute bismide alloys of GaP and
GaAs, Phys. Rev. B 84, 245202 (2011).

[29] S. Mazzucato, H. Lehec, H. Carrère, H. Makhloufi,
A. Arnoult, C. Fontaine, T. Amand, and X. Marie,
Low-temperature photoluminescence study of exciton
recombination in bulk GaAsbi, Nanoscale Res. Lett. 9, 19
(2014).

[30] F. Sarcan, Ö Dönmez, K. Kara, A. Erol, E. Akalın, M.
Çetin Arıkan, H. Makhloufi, A. Arnoult, and C. Fontaine,
Bismuth-induced effects on optical, lattice vibrational, and
structural properties of bulk GaAsBi alloys, Nanoscale Res.
Lett. 9, 119 (2014).

[31] T. Wilson, N. P. Hylton, Y. Harada, P. Pearce, D. Alonso-
Álvarez, A. Mellor, R. D. Richards, J. P. R. David, and
N. J. Ekins-Daukes, Assessing the nature of the distribu-
tion of localised states in bulk GaAsBi, Sci. Rep. 8, 6457
(2018).

[32] S. Francoeur, S. Tixier, E. Young, T. Tiedje, and A. Mas-
carenhas, Bi isoelectronic impurities in GaAs, Phys. Rev. B
77, 085209 (2008).

[33] G. Ciatto, E. C. Young, F. Glas, J. Chen, R. Alonzo Mori,
and T. Tiedje, Spatial correlation between Bi atoms in dilute
GaAs1-xBix: From random distribution to Bi pairing and
clustering, Phys. Rev. B 78, 035325 (2008).

[34] B. Yan, X. Chen, L. Zhu, W. Pan, L. Wang, L. Yue,
X. Zhang, L. Han, F. Liu, S. Wang, and J. Shao, Bismuth-
induced band-tail states in GaAsBi probed by photolumi-
nescence, Appl. Phys. Lett. 114, 052104 (2019).

[35] T. M. Christian, K. Alberi, D. A. Beaton, and B. Fluegel,
Spectrally resolved localized states in GaAs1-xBix, Jpn. J.
Appl. Phys. 56, 035801 (2017).

[36] K. Alberi, T. M. Christian, B. Fluegel, S. A. Crooker,
D. A. Beaton, and A. Mascarenhas, Localization behav-
ior at bound Bi complex states in GaAs1-xBix, Phys. Rev.
Mater. 1, 024605 (2017).

[37] R. D. Richards, F. Bastiman, C. J. Hunter, D. F. Mendes,
A. R. Mohmad, J. S. Roberts, and J. P. R. David, Molecu-
lar beam epitaxy growth of GaAsBi using As2 and As4, J.
Cryst. Growth 390, 120 (2014).

[38] E. Luna, M. Wu, J. Puustinen, M. Guina, and A. Trampert,
Spontaneous formation of nanostructures by surface spin-
odal decomposition in GaAs1-xBix epilayers, J. Appl. Phys.
117, 185302 (2015).

[39] E. Luna, M. Wu, T. Aoki, M. R. McCartney, J. Puustinen,
J. Hilska, M. Guina, D. J. Smith, and A. Trampert, Impact
of Bi incorporation on the evolution of microstructure dur-
ing growth of low-temperature GaAs:Bi/Ga(As, Bi) layers,
J. Appl. Phys. 126, 085305 (2019).

[40] H. Cerva, Transmission electron microscopy of het-
eroepitaxial layer structures, Appl. Surf. Sci. 50, 19
(1991).

[41] Z. P. Wang, H. X. Han, G. H. Li, D. S. Jiang, and K. Ploog,
Raman scattering from to phonons in (GaAs)n/(AlAs)n
superlattices, Phys. Rev. B 38, 8483 (1988).

[42] J. A. Steele, R. A. Lewis, M. Henini, O. M. Lemine, and
A. Alkaoud, Raman scattering studies of strain effects in
(100) and (311)B GaAs1-xBix epitaxial layers, J. Appl.
Phys. 114, 193516 (2013).

[43] P. Wang, W. Pan, X. Wu, C. Cao, S. Wang, and Q. Gong,
Heteroepitaxy growth of GaAsBi on Ge(100) substrate by

014028-13

https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1103/PhysRevB.23.5048
https://doi.org/10.1063/1.1368156
https://doi.org/10.1103/PhysRevB.65.115203
https://doi.org/10.1103/PhysRevB.86.085207
https://doi.org/10.1007/s13391-016-5318-8
https://doi.org/10.1063/1.4867368
https://doi.org/10.1007/s00604-003-0165-3
https://doi.org/10.1080/01418618908221178
https://doi.org/10.1088/0957-4484/26/42/425701
https://doi.org/10.1063/1.5024199
https://doi.org/10.1103/PhysRevMaterials.3.044601
https://doi.org/10.1016/j.apsusc.2016.11.009
https://doi.org/10.1063/1.3191675
https://doi.org/10.1103/PhysRevB.84.245202
https://doi.org/10.1186/1556-276X-9-19
https://doi.org/10.1186/1556-276X-9-119
https://doi.org/10.1038/s41598-018-24696-2
https://doi.org/10.1103/PhysRevB.77.085209
https://doi.org/10.1103/PhysRevB.78.035325
https://doi.org/10.1063/1.5079266
https://doi.org/10.7567/JJAP.56.035801
https://doi.org/10.1103/PhysRevMaterials.1.024605
https://doi.org/10.1016/j.jcrysgro.2013.12.008
https://doi.org/10.1063/1.4919896
https://doi.org/10.1063/1.5111532
https://doi.org/10.1016/0169-4332(91)90134-6
https://doi.org/10.1103/PhysRevB.38.8483
https://doi.org/10.1063/1.4831947


E. TISBI et al. PHYS. REV. APPLIED 14, 014028 (2020)

gas source molecular beam epitaxy, Appl. Phys. Express 9,
045502 (2016).

[44] J. A. Steele, R. A. Lewis, M. Henini, O. M. Lem-
ine, D. Fan, Y. I. Mazur, V. G. Dorogan, P. C. Grant,
S.-Q. Yu, and G. J. Salamo, Raman scattering
reveals strong LO-phonon-hole-plasmon coupling in

nominally undoped GaAsBi: Optical determination of
carrier concentration, Opt. Express 22, 11680
(2014).

[45] P. Verma, K. Oe, M. Yamada, H. Harima, M. Herms, and
G. Irmer, Raman studies on GaAs1-xBix and InAs1-xBix,
J. Appl. Phys. 89, 1657 (2001).

014028-14

https://doi.org/10.7567/APEX.9.045502
https://doi.org/10.1364/OE.22.011680
https://doi.org/10.1063/1.1336561

	I. INTRODUCTION
	II. EXPERIMENTAL AND THEORETICAL METHODS
	A. Sample preparation
	B. Transmission electron microscopy
	C. X-ray diffraction
	D. Photoluminescence spectroscopy
	E. X-ray photoemission spectroscopy
	F. Raman spectroscopy
	G. Density-functional theory

	III. RESULTS AND DISCUSSION
	A. Tetragonal deformation of strained Ga(As,Bi) films
	B. Characterization of crystal quality
	C. Strain-dependent photoluminescence properties

	IV. SUMMARY
	ACKNOWLEDGMENTS
	A. APPENDIX A: TEM MEASUREMENTS
	B. APPENDIX B: RAMAN MEASUREMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


