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We use x-ray absorption spectroscopy to investigate the local structure around Bi atoms in GaAs1−xBix layers
grown on GaAs as a function of Bi concentration in order to detect short-range order. We find that static
disorder in the Bi next-nearest-neighbor interatomic distances dramatically increases when the Bi concentration
is increased. At 1.2% Bi concentration, the Bi atoms are randomly distributed whereas at 1.9%, they tend to
form next-nearest-neighbor pairs. When the Bi concentration rises to 2.4%, our results suggest that some of the
Bi atoms form small Bi clusters. Such strong deviations from a random distribution are likely to play an
important role in the occurrence of the giant optical bowing recently measured in this alloy.
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I. INTRODUCTION

Long-wavelength infrared devices on GaAs substrates of-
fer important advantages over competing approaches, such
as growth on InP substrates. In order to obtain GaAs-based
1.3–1.55 �m emitters and 1 eV band-gap components for
multijunction solar cells,1 GaAs alloys with N,2 In,3 and Sb
�Ref. 4� have recently attracted much attention. In particular,
in dilute nitride semiconductors,5 the conduction-band mini-
mum is pushed downward due to the perturbation of the host
conduction-band-edge states caused by the incorporation of
the light N atoms: this induces an anomalously large optical
bowing which gives access to the useful wavelength range.6

However, the use of dilute nitrides in devices presents some
intrinsic drawbacks: in particular, the electron mobility is
strongly inhibited7 and the short carrier diffusion lengths
limit their integration in solar cells.1

Recently, important progress has been made in incorpo-
rating Bi into GaAs. GaAs1−xBix alloys containing up to 3%
Bi, with good structural quality and strong photolumines-
cence �PL� emission without need of annealing, have been
grown by molecular-beam epitaxy.8 The interest in dilute bis-
mides alloys is threefold: First, since Bi incorporation per-
turbs the valence-band maximum instead of the conduction-
band minimum,9 this does not affect the electron mobility.7

Second, for the same alloy concentration, Bi redshifts the
band gap by more than four times as much as Sb or In �Ref.
10�: this would enable a GaAs-lattice matched
GaAs1−x−yBixNy alloy emitting at 1.55 �m with smaller N
concentration �N=2% and Bi=3.5%� and therefore with less
deterioration of the transport properties. Finally, in
GaAs1−xBix, an anomalously large spin-orbit splitting has re-
cently been detected11 and tailoring spin-orbit interaction by
isoelectronic doping opens exciting possibilities in the field
of spintronics. Several questions about the properties of the
GaAs1−xBix alloy remain open: for example, the origin of the
observed giant reduction in the band gap upon Bi incorpora-
tion is still controversial since ab initio density-functional
theory calculations predict an almost “regular” bowing pa-

rameter of −2.1 eV,12 while recent self-consistent
pseudopotential-based charge patching methods better repro-
duce the larger bowing parameter �−5.6 eV� observed in
experiments.9 The efficient PL emission is also surprising,
considering the low growth temperature which is normally
associated with excess As incorporation and poor electronic
properties.13

In the present work, we address some of these open issues
by investigating the atomic neighborhood and the local dis-
tortions around Bi atoms in GaAs1−xBix via extended x-ray
absorption fine-structure spectroscopy �EXAFS� and inter-
preting the experimental data via valence force field �VFF�
calculations. It is well known that short-range ordering af-
fects the optical properties of dilute nitrides: for example,
In-N preferential binding blueshifts the band gap of
InxGa1−xAs1−yNy,

14–16 and like-atoms association in one of
the two zinc-blende sublattices �clustering� induces a redshift
of the band gap as in the case of N-N correlations in
GaAs1−xNx and In-In in InxGa1−xN.17 Here, we give evidence
that Bi impurities tend to correlate in GaAs1−xBix. Determin-
ing whether there are Bi next-nearest-neighbor clusters
present and their density is important since, similar to N, Bi
clusters are likely to induce shallow bound states in the band
gap.

II. SAMPLES AND EXPERIMENTAL METHODS

We investigated three GaAs1−xBix samples grown by
molecular-beam epitaxy on GaAs substrates with Bi concen-
trations ranging from 1.2% to 2.4%. Details of the growth
procedure and concentration measurements are given in Ref.
8; the samples characteristics are reported in Table I. The
change in the band gap with Bi concentration, as determined
from the room-temperature PL peak position �column IV�, is
in agreement with the large redshift previously measured.8,10

X-ray-diffraction rocking curves attest to the absence of both
plastic relaxation and phase separation at large scale: the
samples are under pseudomorphic deformation, as we can
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infer from x-ray-diffraction peaks with in-plane components
that match the substrate �not shown�.

Performing an EXAFS experiment at the Bi L edge on
thin GaAs1−xBix /GaAs epilayers is extremely challenging
due to the weakness of the signal and to the closeness of the
Bi L- and �Ga, As� K-fluorescence lines. Moreover, detecting
deviations from random statistics in the distribution of Bi
atoms requires the measurement of reproducible EXAFS os-
cillations with good statistics up to high values of the pho-
toelectron wave number k: in fact the Bi backscattering am-
plitude is severely damped with respect to the As one in the
region 5�k�8 Å−1 so that higher k values are precious in
order to recover Bi sensitivity. To this end, an x-ray probe of
not only high intensity �flux of 4�1010 photons /s at 16
keV� but also exceptional collimation and stability �repro-
ducibility and resolution in energy scans better than �E /E
=5�10−5, stabilization of the power incident on the mono-
chromator optical surfaces, and noise to signal in the beam
intensity monitor lower than 8�10−3� is mandatory: these
requirements are met by the BM29 beamline of the European
Synchrotron Radiation Facility �ESRF�,18 where the experi-
ment was performed with a Si-111 monochromator in fluo-
rescence detection mode19 with a 13-element Ge detector.
We selected the Bi L�1 emission line �Bi L�1 is too close
to the substrate K lines� and recorded EXAFS spectra at the
Bi L2 edge. In order to reduce thermal damping and, at the
same time, to extract a signal free of distortions originating
from possible excitation of a stationary wave field in the
sample,20 the epilayers were mounted on a sample holder
developed at BM29.21 The holder permits the sample to ro-
tate and be cooled simultaneously, maintaining a stable tem-
perature �90 K� and eliminating all distortions.

III. RESULTS AND DISCUSSION

Despite the experimental difficulties, high-quality Bi
L2-edge EXAFS spectra have been obtained on all samples
up to k=12.5 Å−1; EXAFS k��k� spectra, extracted from the
raw data with the ATHENA code,22 are shown in the inset of
Fig. 1: at first sight, they differ only in the k region of
8.5–12.5 Å−1 where the signal from second shell Bi atoms
recovers from the amplitude loss present at lower k. ��k�
data were k2 weighted and Fourier transformed in the k range
�3.2–12.4 Å−1�. Figure 1 shows the Fourier transform �FT�
for the three samples. Comparing the FT of samples A and B,
the first evident difference is that, despite an almost identical
amplitude of the first and third main peaks, the second peak

is strongly damped in sample B. The three main peaks cor-
respond to the different atomic coordination shells around Bi
so that the damping affects the mixed Bi-As shell. In stan-
dard EXAFS analysis on crystalline materials, theoretical
signals are often generated starting from atomic positions
given by x-ray diffraction. Some of the interatomic distances
are possibly allowed to vary freely and thermal and structural
disorders are accounted for by a Debye-Waller parameter for
each shell. This was also the approach followed by Ofuchi et
al.23 in analyzing InAs1−xBix samples; the authors observed a
damping in the amplitude of all atomic shells with increasing
Bi concentration, which was attributed to increasing struc-
tural disorder. In our case the situation is different because
we observe a decrease in amplitude of the sole second shell
peak, suggesting an origin associated with a different distri-
bution of Bi and As atoms in the second shell around Bi
�thermal disorder is identical since all samples were mea-
sured at the same temperature�. To analyze these data, we
used a strategy that we recently devised and applied to
GaAs1−x−ySbxNy,

24 aimed at taking precisely into account
structural disorder and associated EXAFS signal damping in
the case of mixed atomic shells. The method is based on the
calculation of the EXAFS theoretical signals using the FEFF

8.1 code25 performed on simulated crystals. In the simulated
crystals atoms occupy sites either randomly or to realize a
particular type and degree of short-range order; the static
displacement of these atoms from the average crystal sites is
determined by VFF calculations. In the present case, the EX-
AFS simulations were carried out on Bi-centered samples of
381 atoms, containing 4 Bi and 197 As atoms. Nonrandom
samples were obtained by placing other Bi atoms around the
central Bi to realize the particular short-range order of inter-
est. In order to establish the boundary conditions necessary
for the VFF minimization procedure, these samples were em-
bedded into much larger cubic zinc-blende GaAs1−xBix crys-
tals �consisting of 216 000 atoms, i.e., 30 cubic unit cells in
each direction� with an average Bi concentration of 1.9%. In
the embedding part of the crystal, the Bi atoms were placed
at random. The equilibrium atomic positions of all the atoms
in the large crystals were found by minimizing the VFF en-

TABLE I. Samples characteristics: Bi concentration, thickness,
PL peak position, and PL peak full width at half maximum
�FWHM�.

Sample
Bi

�%�
Thickness

�nm�
PL peak

�nm�
PL FWHM

�nm�

A 1.2 270�15 958 36

B 1.9 210�10 984 58

C 2.4 210�10 1014 91
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FIG. 1. �Color online� Fourier transform of the Bi L2-edge EX-
AFS signal for the three samples. The three main peaks are labeled.
Inset: background subtracted k���k� spectra.
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ergy, as detailed previously26 using calculated values of the
lattice parameter and elastic constants for the binary com-
pound GaBi.27 Theoretical EXAFS signals were then Fourier
transformed together with the experimental ones, and fits
were performed in the 1.3–4.8 Å R range using the ARTEMIS

code.22

The spectrum from sample A is well fitted with a random
distribution of anions �Fig. 2, bottom�. All the EXAFS paths
generated from the VFF cluster �the degeneracy of crystallo-
graphic data is removed due to the disorder� were used in the
fit and interatomic distances were fixed to the calculated val-
ues using a unique Debye-Waller variable for each shell. We
have used a Gaussian-type Debye-Waller broadening. The
values of the structural parameters extracted from the fit are
reported in Table II. Note that if Bi is randomly distributed,
we are not sensitive to its contribution in the second shell
because of the low Bi content. �The probability of a next-
nearest-neighbor dimer is 13%.�

As for sample B �Fig. 2, top�, if we fix the Debye-Waller
values to those determined for sample A, it is evident that the
second shell peak cannot be reproduced by a random model
�red �light gray�, open circles�. Increasing the second shell
Bi-As Debye-Waller factor by 25% �i.e., significantly over
the 1	 error bar reported in Table II for sample A� provides

an apparently satisfactory fit; however, our aim is to go be-
yond this purely phenomenological procedure and to identify
the actual configuration responsible for the signal damping,
rather than fitting the data by artificially modifying the
Debye-Waller factor to incorporate indiscriminately the ef-
fects of static and thermal displacements. We found that the
experimental data for samples B and C can be fitted by con-
sidering a combination of only three different local configu-
rations: a next-nearest-neighbor Bi pair �inset of Fig. 2�, a Bi
tetramer �inset of Fig. 3�, and a random Bi distribution. In
the tetramer configuration, the central Bi atom is surrounded
by three Bi next-nearest-neighbors, in a way that all Bi atoms
are next nearest neighbors of each other. The procedure con-
sists of simulating the EXAFS spectra by a weighted sum of
simulated spectra for each configuration �which depend both
on the particular atomic distribution around the central Bi
and on the atomic displacements� and using the relative
weights as free variables in the fit. In order to keep the num-
ber of free parameters to an absolute minimum, for each
model we fixed the interatomic distances to the values cal-
culated by VFF and the Debye-Waller factors to the values
extracted for sample A. In the case of sample B, we get an
excellent best fit �top, blue �dark gray�, filled squares� with
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FIG. 2. �Color online� Experimental and simulated Fourier-
transformed EXAFS spectra for samples A �bottom� and B �top�.
The fits are based on clusters with either a random distribution of Bi
atoms �red �light gray�, open circles� or a predominance of Bi pairs
�blue �dark gray�, filled squares, see sketch in the inset�.

TABLE II. Structural parameters extracted from fits to the EXAFS data. Calculated interatomic distances
are given as average values. RBi-X is the distance between the central Bi atom and its X neighbor and 	Bi-X

yth shell

is the Bi-X Debye-Waller factor in the yth atomic shell.

Sample
Bi pairs

�%�
Bi tetramers

�%�
Random

�%�
RBi-Ga

�Å�
RBi-As

�Å�
RBi-Bi

�Å�
	Bi-Ga

first shell

�10−3Å2�
	Bi-As

second shell

�10−3 Å2�

A 100 2.627 4.048 2.27�0.41 5.2�0.7

B 94�17 6�17 0�24 2.621 4.058 4.097 2.27 �fixed� 5.2 �fixed�
C 0�4 37�19 63�19 2.619 4.049 4.193 2.27 �fixed� 5.2 �fixed�
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C, experimental data
fit with 37% Bi tetramers
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FIG. 3. �Color online� Experimental Fourier-transformed EX-
AFS spectrum for sample C �continuous black line, top and bottom�
and fits performed for clusters with a random anions distribution
�red �light gray�, open squares�, a Bi tetramer �olive �light gray�,
open diamonds, see sketch in the inset�, and a combination of dif-
ferent local configurations as detailed in the text �blue �dark gray�,
filled circles�.
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94�17% Bi pairs and 6�17% Bi tetramers �0% random
configuration�. However, if we fix the Bi pairs percentage to
100%, the agreement between our simulation and experiment
does not significantly worsen; moreover we obtain very simi-
lar results when combining random, pairs, and other short-
range order configurations such as Bi triplets or different Bi
tetramers where Bi next nearest neighbors are linked to dif-
ferent Ga atoms. This result strongly supports the hypothesis
that Bi pairs form when the Bi concentration increases from
1.2% to 1.9%. Due to measurement uncertainties, we cannot
rule out the possibility that other configurations exist, albeit
with much lower concentrations. We note that the damping
of the second shell signal when a Bi pair forms is caused by
the broadening of the Bi-As distance distribution and not
only by the presence of a Bi-Bi EXAFS path. The Bi-As
distances are spread over 0.086 vs 0.022 Å for the random
model according to VFF calculations. The first shell Bi-Ga
distance spread is smaller: these distances lie within 0.023 Å
for the Bi pair vs 0.001 Å in the random case.

In the case of sample C, even if the amplitude of the first
shell Fourier peak is almost identical to that of sample A, the
second and third shell peak amplitudes and shapes change,
suggesting a different organization of the Bi neighbors. A fit
with the random model �Fig. 3, top, red �light gray�, open
squares� fails to reproduce the experimental amplitude of the
second and third shell peaks �continuous black line�. In case
of tetramer formation, the interatomic distances are strongly
perturbed by the presence of the Bi next nearest neighbors in
the second shell: according to the VFF calculation, the Bi-Ga
first shell distances spread over 0.061 Å and the Bi-As sec-
ond shell ones over 0.10 Å. The fit with the tetramer model
�top, olive �light gray�, open diamonds� is effective in repro-
ducing the amplitude of the third shell and the region be-
tween the second and third shells �where part of the Bi sec-
ond shell signal is also found�. On the contrary it
dramatically fails to reproduce the amplitude of the whole
second shell peak. By applying the same fitting strategy as
for sample B �i.e., weighting the same three modeled local
configurations�, we obtained a best fit �bottom, blue �dark
gray�, filled circles� with 37�19% Bi tetramers and 0�4%
Bi pairs �63% random�. This combination models well the
experimental Fourier transform, and the agreement is better
than that obtained using any other combination involving
different short-range order configurations, including other
tetramers where Bi atoms are next nearest neighbors of the
central one but not next nearest neighbors of each other,
triplets with Bi atoms set in a row or in a triangle, or inter-
stitials. Note that the rather long Bi-Bi second shell distance
�RBi-Bi� predicted by VFF in the case of the tetramer of Fig.

3, longer than in any other configuration examined, contrib-
utes significantly to the fit quality. Our results indicate that in
sample C the number of next-nearest-neighbor Bi atoms
around Bi is on average close to 1, but that Bi atoms, when
they do not remain randomly distributed, tend to aggregate in
small clusters rather than in pairs.

Analyzing the average interatomic distances reported in
Table II, we remark that there is a trend for the first shell
Bi-Ga distance to decrease with increasing Bi concentration:
this phenomenon has not been observed in previous experi-
ments on InAs1−xBix.

23 We note here that the pseudomorphic
deformation of the epilayers has been taken into account in
modeling the EXAFS data;28–30 however, its effect on the
interatomic distances is very small �−1.27�10−3, −2.07
�10−3, and −2.55�10−3 Å for the first shell Bi-Ga distance
in samples A, B, and C, respectively�. We do not need to
arbitrarily increase the Debye-Waller factors or to make them
vary in order to account for the different structural disorder
in samples with different Bi concentrations: once the correct
short-range ordering configuration is found �accounting itself
for the nonthermal part of the distances distribution broaden-
ing�, all spectra are well fitted with the Debye-Waller factors
of sample A.

IV. CONCLUSIONS

We have investigated short-range order in GaAs1−xBix al-
loys as a function of Bi concentration by EXAFS and have
found evidence of an evolution from a random distribution of
Bi anions to Bi pairing and clustering as the concentration
increases. Since the incorporation of the isoelectronic Bi im-
purity has an effect similar to that of N in lowering the band
gap of GaAs,9,10 and since N clustering in GaAs1−xNx red-
shifts the band gap with respect to a random alloy,17 we think
that the deviation from a random distribution of Bi demon-
strated in the present work can play an important role in
producing the giant optical bowing observed in GaAs1−xBix.
Moreover, Bi clusters could trap excitons according to a
mechanism similar to that proposed for InxGa1−xN,31 ac-
counting for the PL enhancement observed in these materials
despite the low growth temperature and the presence of As
antisite defects.
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