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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 different 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 striking 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 compressively 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 telecommunications, 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
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of power consumption, eﬃciency, and speed, as demonstrated 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 bandgap reduction of up to 90 meV/%Bi, a strong enhancement
of spin-orbit splitting (useful to suppress Auger recombination losses) and an almost temperature-insensitive band
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gap, [1,3–6] all of which are attractive properties for nearto 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 wellcontrolled properties. The scarce miscibility of Bi in GaAs
and the strong tendency of Bi to segregate and form metallic 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 Asto-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 compressive 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 semiconductor 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 considerations, 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 compliant 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 contents but diﬀerent strain conditions, varying from compressive 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 ampliﬁers 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 temperature 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 diﬀerent 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 standard cleaning and oxide removal procedures, an epitaxial
GaAs buﬀer layer, 340 nm thick, is grown in As overﬂow
at 590 °C. GaAs1−x Bix ﬁlms (x = 0.8%–7.5%) under compressive strain are grown on the GaAs buﬀer layer (C1−C4
in Table I). GaAs1−x Bix ﬁlms (x = 0.7%–7.2%) under tensile strain (T1−T5, in Table I) are grown on top of a
partially relaxed Iny Ga1−y As/Inz Ga1−z As (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 protected during the exposure to ambient atmosphere by a
capping layer of amorphous As. The whole growth process 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 tapping 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 mechanical 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 Kα 1 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 (abuﬀer ) of the buﬀer layer; in-plane [aGa(As,Bi) ] and out of plane [a⊥
Ga(As,Bi) ] lattice parameters, Bi content (x Bi ) 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
C1
C2
C3
C4
T1
T2
T3
T4
T5





(In,Ga)As stressor layer

abuﬀer (Å)

aGa(As,Bi) (Å)

a⊥
Ga(As,Bi) (Å)

aGa(As,Bi) (Å)

xBi (%)

ε|| (%)

N
N
N
N
Y (DL, y = 0.11, z = 0.20)
Y (DL, y = 0.11, z = 0.20)
Y (DL, y = 0.10, z = 0.21)
Y (DL, y = 0.12, z = 0.24)
Y (DL, y = 0.11, z = 0.20)

5.653
5.653
5.653
5.653
5.706
5.702
5.714
5.720
5.706

5.654
5.653
5.654
5.658
5.704
5.696
5.709
5.718
5.705

5.663
5.687
5.705
5.746
5.617
5.644
5.666
5.685
5.699

5.659
5.671
5.681
5.704
5.658
5.669
5.687
5.700
5.702

0.8
2.7
4.1
7.5
0.7
2.3
4.9
7.0
7.2

−0.08
−0.31
−0.49
−0.81
0.81
0.48
0.39
0.31
0.06

[001] and [010] directions, respectively. The precise position 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). Samples 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 Corporation SpectraPro-300i) with variable slits. Signal detection
is accomplished by an ampliﬁed and temperature stabilized (In, Ga)As p-i-n photodiode (Hamamatsu G5851-11)
with lock-in ampliﬁer technique (Stanford Research Systems SR830 DSP). Typical power density on the sample
surface is in the range 10–103 W/cm2 .

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 thicknesses of the studied samples allow for the study of the
Ga(As, Bi) topmost layer.
G. Density-functional theory

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 chamber, 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 protective 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 bulklike 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

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−x Bix alloys as a function of the buﬀer-layer lattice parameter. Norm-conserving core-corrected not relativistic 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 agreement 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 functions and the charge density, respectively. To integrate the
charge density, we use grids of k points corresponding
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to 8 and 16 k points in the irreducible part of the Brillouin 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 calculated 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 inplane 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 ﬁrstneighbor positions, where Bi is substitutional also to Ga
atoms.

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−x Bix
(x = 0.74%–7.2%) layers are grown under tensile strain
on top of a partially relaxed Iny Ga1−y As/Inz Ga1−z As
(y = 20%–24%, z = 10%–12%) DL, with a thickness of
300 nm for each layer. All the samples were characterized 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)

III. RESULTS AND DISCUSSION
A. Tetragonal deformation of strained Ga(As, Bi) ﬁlms
The main goal of the present paper is the strain engineering of the pseudomorphic growth of Ga(As, Bi) on
GaAs(001) by MBE and the use of appropriate intermediate buﬀer layers acting as stressors; in this regards,
two sets of samples are prepared with the Ga(As, Bi) layers under compressive and tensile conditions, respectively
(Fig. 1). The ﬁrst set of samples consists of four different GaAs1−x Bix ﬁlms (x ranging from 0.83 to 7.5%)

(b)

(c)

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 tensile strain are grown and studied in comparison with standard
Ga(As, Bi) ﬁlms directly grown on GaAs under compressive
strain.

FIG. 2. Reciprocal space maps of three representative samples: (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 In0.2 Ga0.8 As/In0.1 Ga0.9 As double
layer, and (c) Ga(As, Bi) layer grown under quasimatched conditions (T5) on a partially relaxed In0.2 Ga0.8 As/In0.1 Ga0.9 As 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 substrate 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 compressive 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 inplane lattice parameter is in fact a few thousandths of Å
greater than that of GaAs, indicating a just incipient plastic 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 corresponding 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 exception 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 samples 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 pseudomorphic 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 inplane and out-of-plane lattice parameters of all the samples
(Table I). The tetragonal strain relation:
ε⊥ =

−2ν
ε ,
1−ν

(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 =

aGa(As,Bi) −aGa(As,Bi)
aGa(As,Bi)

ε⊥ =

,

a⊥
Ga(As,Bi) − aGa(As,Bi)
aGa(As,Bi)

,

(2)


where aGa(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 calculations 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 distortion (t) in the Ga(As, Bi) ﬁlms with the results of DFT
calculations. The tetragonal distortion, being deﬁned as


t=

a⊥
Ga(As,Bi) − aGa(As,Bi)


aGa(As,Bi)

,

(3)

is plotted as a function of the Bi content x. The calculated values (circles) are shown for three diﬀerent
buﬀer-layer lattice constants: 5.653 Å (GaAs, blue symbols), 5.701 Å [partially relaxed (In, Ga)As DL, red symbols], and 5.732 Å [completely relaxed (In, Ga)As DL,
green symbols], where the DFT-LDA calculated parameters [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 distortion 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 symbols and line represent theoretical data and ﬁt for the case of a
completely relaxed Iny Ga1−y As/Inz Ga1−z As 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 conﬁguration 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 deformation of the lattice. This result also validates the determination 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

 

aGaAs
1+k
t = (1 + k) 
−1 + 
(aGaBi − aGaAs ) x,
aGa(As,Bi)
aGa(As,Bi)
(4)
where k = [2ν/(1 − ν)]. By approximating the Ga(As, Bi)
Poisson’s ratio as a constant (the one of GaAs), the tetragonal distortion t is linear with x, the slope being dependent

on the in-plane lattice parameter aGa(As,Bi) . For the values


of the buﬀer-layer lattice parameter aGa(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 remarkably 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 symbols). 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 compressive 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 substitutional Bi atoms (Bi substituting As) in the GaAs matrix
in terms of the quantity:
Emisc (a ) = E(a ) − NAs μGaAs (a ) − NBi μGaBi (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 calculation 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 segregation during growth [6,7]. Emisc decreases of 27–28 meV
per cell and per Bi atom when the substrate lattice parameter 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 parameter 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 desorption 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 testiﬁes 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 content 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 samples grown under compressive strain, except for sample C4

(a)

(b)

(c)

(d)

FIG. 4. AFM topographies of two couples of Ga(As, Bi) samples (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 crosshatch 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 roughness [σ rms (T2) = 1.2 nm, σ rms (T4) = 1 nm] compared to
that of the samples directly grown on GaAs. The formation 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 relaxation of the (In, Ga)As ﬁlm in the case of low mismatch.
Therefore, all the samples grown under tensile conditions (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 chemically 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 variations in the chemistry of the alloy in semiconductors with zinc-blende (ZB) structure [22]. Furthermore,
g002 DFTEM is a powerful technique to detect composition ﬂuctuations in Ga(As, Bi) [23]. The representative images shown in Fig. 5 evidence the high compositional 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 composition 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 tensile and compressive samples demonstrates the possibility
to control the Ga(As, Bi) strain condition without aﬀecting the crystal quality. Additionally, analysis of the g002
diﬀracted intensity enables quantiﬁcation of the chemical 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 suitability 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 incorporation sites for Bi atoms, we study, by means of highresolution 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 levels 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
cross-section
TEM-DF
g002
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) corelevel 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 directions. 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 relative 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 compressive strain favors the formation of complexes, even
according to DFT calculations that predict a larger miscibility 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 separation (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 spectra 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 BiGa-Bi complexes.

014028-8

INCREASING OPTICAL EFFICIENCY IN . . .

PHYS. REV. APPLIED 14, 014028 (2020)

(a)

(c)

(b)

(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 exciton [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 temperatures. The origin of these localized states is attributed
to the formation of Bi-related complexes and to alloy disorder in Ga(As, Bi) [4,28–34]. As a matter of fact, our XPS
characterization reveals the presence of diﬀerent Bi conﬁgurations 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 samples 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  and ⊥ of Table I and
the GaAs hydrostatic deformation potentials of the conduction 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 )(2 + ⊥ ),
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 expansion, 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 formation 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 conditions, 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 telecommunication wavelengths, using less bismuth: an unquestionable
advantage given the extreme diﬃculty of growing highquality 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 intensity. 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 concentrations [xBi > 4% in Fig. 7(d)]. Moving from region I
to region II, the PL intensity of the samples under compressive 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 plastic 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 samples under compressive strain, it is well known [27,37] that
the PL intensity at ﬁrst increases with increasing Bi content, 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 dependent on the growth conditions) due to an increase of the
density of defects, and an overall worsening of the crystal 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 cannot 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 intensity 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 previously 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 crucial 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 surface 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-GaAs 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 epitaxial strain may impact adatom mobilities and diﬀusivities,
leading to a more eﬀective Bi surfactant eﬀect and producing 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
Iny Ga1−y As/Inz Ga1−z As (y = 20%–24%, z = 10%–12%)
double layers. Samples are studied from both a crystallographic and structural and optical point of view. Indeed,
Ga(As, Bi) layers grown on GaAs are under a compressive 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 diﬀerent 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 interesting higher redshift with respect to the compressive ones.
These two eﬀects allowed 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 the standard compressive samples. This breakthrough is expected
to impact the application of Ga(As, Bi) material in optoelectronic 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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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 contrast, 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 investigated 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 limitation, we develop an alternative strategy where we use the
ﬁrst (In, Ga)As buﬀer (with z In ∼ 10% In) as the reference
layer instead. To this end, the procedure requires recording reference g002 DFTEM micrographs of the three layers
[Ga(As, Bi), second (In, Ga)As and ﬁrst (In, Ga)As] simultaneously 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 conditions 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 crystal with Td symmetry and the backscattering geometry,

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 approximation is proportional to the square of the structure factor,
which in turn depends on the diﬀerence in the atomic scattering 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

FIG. 8. Raman spectra normalized at GaAs LO( ) peak of
GaAs and Ga(As, Bi) samples C3 and T3 having a similar absolute 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.
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allow for the detection of the longitudinal optical phonon
LO( ), while the transverse optical phonon TO( ) is forbidden. The relaxation of the selection rules for the TO( )
mode can be attributed to the near-Brewster angle incidence 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 ) =
0
ωLO
+ ωLO x, 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 properties of the Ga(As, Bi) ﬁlms, Raman spectroscopy measurements 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 diﬀerence 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 GaBiTO( ) 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 quality 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 sample 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 opposite 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 dependent on the in-plane lattice parameter, as a matter of fact
it is redshifted for the T3 sample [grown on the partially relaxed (In, Ga)As DL] compared to pure GaAs and

sample C3, which is pseudomorphic to GaAs. The shoulder at lower energy of GaAs-TO( ) peaks is assigned to
disorder-activated TO (DATO) modes. Similarly, disorderactivated 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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