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Effect of Bi alloying on the hole transport in the dilute bismide alloy GaAs1−xBix
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We studied the effect of Bi incorporation on the hole mobility in the dilute bismide alloy GaAs1−xBix using
electrical transport (Hall) and photoluminescence (PL) techniques. Our measurements show that the hole mobility
decreases with increasing Bi concentration. Analysis of the temperature-dependent Hall transport data of p-type
GaAsBi epilayers along with low-temperature PL measurements of p-doped and undoped epilayers suggests that
Bi incorporation results in the formation of several trap levels above the valence band, which we attribute to Bi-Bi
pair states. The decrease in hole mobility with increasing Bi concentration can be explained as being caused by
scattering at the isolated Bi and the Bi-Bi pair states. We also observed a decrease in hole concentration with Bi
incorporation. We believe that BiGa heteroantisite defects compensate the acceptors, thus reducing the effective
hole concentration.
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I. INTRODUCTION

The dilute bismide alloy GaAs1−xBix has attracted a lot
of interest in recent years due to its unusual properties such
as giant band-gap bowing1,2 and spin-orbit bowing,3 and its
potential technological applications in high-efficiency solar
cells,4 heterojunction bipolar transistors (HBTs),5 spintronics,
and near-infrared devices. It is complementary to the well-
studied dilute nitride alloy GaAs1−xNx because incorporating
Bi in GaAs perturbs the valence band, whereas N in GaAs
perturbs the conduction band. Both alloys show a giant band-
gap bowing effect in which a small amount of Bi or N causes
a large reduction in the band gap.1,2,6,7 Isolated N forms a
resonant state in the conduction band of GaAs, and N pairs and
clusters form bound states in the gap. N incorporation in GaAs
causes a reduction in the electron mobility due to strong carrier
scattering at localized states due to isolated N and N-cluster
states.8 It has been theoretically shown that the isolated Bi
impurity will form a resonant state in the valence band of
GaAs.9 Even though experimental evidence for the isolated
Bi state in GaAs has not been reported, there is experimental
evidence for bound states due to pairs or clusters of Bi in
GaAs.10,11 By comparing the case of GaAsN and GaAsBi, one
might expect Bi alloying to affect the hole mobility in the case
of GaAsBi.

There have been several optical and structural studies
of the dilute bismide alloy, but few on electrical transport
characteristics. Recently, using Hall transport measurements,
we showed that Bi incorporation does not degrade the electron
mobility.12 In this paper we present a detailed study of
the hole mobility in p-doped GaAsBi epilayers using Hall
transport and photoluminescence (PL) measurements. Our
measurements show that unlike electron mobility, the hole
mobility decreases with increasing Bi concentration. Analysis
of the Hall data reveals that Bi incorporation introduces deep
trap levels above the valence band, which we attribute to
Bi-Bi pair states. PL measurements on undoped epilayers
also confirm the existence of these levels, consistent with the
Hall data of p-doped epilayers. We suggest that the decrease
in hole mobility with increasing Bi concentration is due to

hole scattering at the isolated Bi state and the Bi-Bi pair
states.

II. EXPERIMENT

GaAsBi epilayers of thickness 0.3–0.5 μm were grown
on semi-insulating, undoped GaAs substrates using molecular
beam epitaxy (MBE) and the details about the growth can
be found in Ref. 12. High-resolution x-ray diffraction (XRD)
measurements of symmetric (004) reflections were used to
estimate the concentration of Bi using the extrapolated GaBi
lattice constant of 6.33 Å.13 XRD reciprocal space maps
of asymmetric (224) reflections were performed on selected
samples to ensure that all growths were pseudomorphic. The
epilayers used for Hall measurements were doped with either
C or Be. The doped epilayers were etched into a cloverleaf
pattern and electroplated Au was used as ohmic contacts. The
carrier density and mobility data were obtained using the van
der Pauw technique on as-grown samples. The measurements
were carried out in the low electric field regime, i.e., in the
“ohmic” regime that was identified from I(V) conductivity
measurements carried out from negative to positive bias, giving
us a certainty about the linearity of the contact resistance
in all the measured samples. For carrying out the Hall
measurements, the samples were mounted on the cold finger
of a closed cycle cryostat placed between the poles of an
electromagnet. The Hall transport measurements were carried
out at temperatures ranging from ∼10 to 295 K. All connec-
tions between the cryostat and the Hall measurement system
were made using triaxial cables and the measurements were
performed in guarded mode to avoid parasitic capacitance.
For the temperature- and power-dependent PL measurements
a Nd-yttrium aluminum garnet (YAG) laser emitting at 532 nm
was used as the excitation source. PL emission was dispersed
by a Spex 270M spectrometer and detected using a cooled
charge-coupled device (CCD). For time-resolved PL (TRPL)
measurements, frequency-doubled pulses (∼404 nm) from a
Ti-sapphire amplifier (∼150 fs) were used as the excitation
source and PL was detected using an infrared photomultiplier
tube (IRPMT).
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FIG. 1. (Color online) (a) RT hole Hall mobility of p-type GaAs1−xBix epilayers. For comparison, electron Hall mobility data of n-type
GaAsBi and GaAsN samples taken from Refs. 12 and 14, respectively, is also shown. (b) The hole concentration at RT for p-type GaAs1−xBix
epilayers. The dotted lines are a guide to the eye.

III. RESULTS AND DISCUSSION

A. p-type samples

We performed temperature-dependant Hall transport
measurements and PL measurements on C- and Be-
doped GaAs1−xBix epilayers. Figure 1(a) shows the room-
temperature (RT) hole Hall mobility of the samples. A decrease
in the hole mobility with increasing x was observed for
the p-type samples. For comparison, electron Hall mobility
of n-type GaAsBi (Ref. 12) and GaAsN (Ref. 14) samples
reported earlier is also shown in Fig. 1(a). Electron mobility
did not show significant degradation with Bi alloying while a
drastic (almost exponential) reduction in the electron mobility
was observed with N incorporation in GaAs. As reported
earlier, N incorporation in GaAs causes a reduction in the
electron mobility owing to strong carrier scattering at the
localized states due to isolated N and N-cluster states.8 Our
observations show that Bi incorporation causes degradation
of the hole mobility in GaAs. This can be understood by
considering the fact that isolated Bi and pairs and/or clusters of
Bi generate potential trap states for holes [schematically shown
in Fig. 4(d)], which can lead to a decrease in hole mobility due
to scattering at these states. A most recent report agrees well
with our observation that Bi incorporation causes degradation
of the hole mobility in GaAs.15

Figure 1(b) shows the variation of hole concentration at RT
with Bi incorporation. A decrease in hole concentration with
Bi incorporation was observed. The Be flux was maintained
at the same level while growing the different samples,
and secondary-ion-mass spectroscopy (SIMS) measurements
indicate that Be concentration is similar in all of the samples
(∼2 × 1017 cm−3). This suggests that in the case of Be-doped
samples, the hole concentration decreases with increasing
Bi concentration. SIMS measurements on C-doped samples
indicate a similar concentration of carbon in both the samples
(∼5 × 1017 cm−3). Comparing this with the observed hole
concentration in Hall measurements (0.6–0.8 × 1017 cm−3) of
the C-doped samples, even though a monotonic decrease of the
hole concentration with increasing Bi concentration cannot be
unambiguously inferred, it is clear that Bi incorporation causes
an overall decrease in the hole concentration. This suggests that

the dopants are either compensated16 or form complexes that
passivate the dopants.17 Similar behavior has been reported
for GaInNAs alloys, where the electron concentration was
observed to decrease with increase in N concentration, and
it was suggested that N-related localized states or complexes
were compensating the donors.17 In the case of GaAsBi, it
has been shown that a fraction (up to 10%) of the total Bi
content occupies the Ga site and acts as singly ionized double
donors.18 We believe that these BiGa heteroantisite defects
result in the compensation of the acceptors, thus reducing the
effective hole concentration. However, further experiments
are required to confirm the presence of BiGa heteroantisite
defects. Extended x-ray absorption fine-structure spectroscopy
(EXAFS) was used to investigate the atomic neighborhood
and local distortions around Bi atoms in GaAsBi.19 Such
measurements may be useful to confirm the presence of BiGa

heteroantisite defects.
Figure 2 shows the variable temperature Hall data obtained

for Be-doped samples. A similar temperature dependence of
the mobility and carrier concentration was observed for the C-
doped samples (not shown). The mobility of the sample with no
bismuth doping (x = 0) shows a temperature dependence that is
typical for p-type GaAs.20 Due to the decrease in phonon scat-
tering, the mobility increases as the temperature is decreased
from 300 to 185 K. For T < 185 K ionized impurity scattering
becomes the dominant mobility-limiting scattering mechanism
and mobility decreases as the temperature is decreased. The
sample with 0.37% Bi has a lower 300 K mobility compared to
the sample with no bismuth. The temperature dependence of
the mobility is similar to the sample with no bismuth—the
mobility increases as the temperature is decreased up to
160 K, then decreases as the temperature is further decreased.
The temperature dependence of the hole mobility can be
analyzed assuming a typical temperature dependence for
the various fundamental scattering mechanisms—for ionized
impurity scattering, μII ∼ T 3/2, and for lattice scattering,
μlatt ∼ T −3/2. If each scattering mechanism contributes si-
multaneously and independently, then the net mobility is
given by the Matthiessen relation, μ = [μII + 1/μlatt].−1 The
temperature dependence of the mobility for the sample with
x = 0 and 0.37% can be estimated using ionized impurity
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FIG. 2. (Color online) (a) The hole mobility and (b) the hole
concentration of Be-doped GaAs1−xBix samples as a function of
temperature. The solid lines are fits to the data.

and lattice scattering as shown in Fig. 2(a). The temperature
dependence of the hole mobility for the sample with 0.76%
Bi is quite different from the sample with 0.37% Bi; the
mobility decreases with decrease in temperature, which can
be approximated by a T 3/2 dependence. This behavior can be
explained using ionized impurity scattering limited mobility
(μII ∼ T 3/2), which suggests that at higher Bi concentrations
ionized impurity scattering is the dominant mobility limiting
mechanism.

Figure 2(b) shows the variable temperature carrier-
concentration data for Be-doped samples. For the sample
with x = 0, the hole concentration decreases as the tem-
perature is lowered due to the freeze-out of holes onto
acceptor sites. The hole concentration reaches a minimum
of ∼7 × 1016 cm−3 at ∼92 K, and then appears to increase
at lower temperatures, indicating impurity band conduction.
At this doping concentration (∼1017 cm−3) the dopants are

close enough for their wave function to overlap and form
an impurity band. This impurity band conduction is also
evidenced in the variation of resistivity with temperature (not
shown). Impurity band conduction is also seen in the sample
with x = 0.37%. For the sample with x = 0.76% the carrier
concentration decreases as the temperature is decreased and it
does not show any impurity band formation. If an impurity
band is formed, the effective hole concentration can be
calculated as21

ph = (pv + γpi)2

(pv + γ 2pi)
,

where pv and pi are the hole concentrations in the valence and
impurity bands, respectively, and γ = μi

μv
is the ratio of the

impurity and valence-band mobility. The hole concentration
in the valence band pv can be calculated using the neutrality
equation given by22

pv + ND =
k∑

i=1

[
NAi

1 + p/φAi

]
,

where φAi = 2(2πm∗
pkB )3/.2

h3 gAiT
3/.2e−EAi/.kBT and NAi, EAi, and

gAi are the concentration, activation energy, and degeneracy
factor, respectively, for the ith acceptor. ND is the total
donor concentration, m∗

p is the hole effective mass, and h
is Planck’s constant. The hole concentration in the impurity
band is equal to pi = ∑k

i=1 NAi − ND − pv . The p-vs-T curve
for the sample with x = 0 was fitted using a single acceptor
model with EA1 = 40 meV. The data for the sample with
x = 0.3% and 0.37% were fitted using a two-acceptor charge
balance equation, and a single-acceptor model was sufficient
for fitting the data for the samples with x = 0.6% and 0.76%.
Table I gives the values of the parameters used for fitting
the experimental data. Because there are a large number of
free parameters while attempting to fit the experimental data
to the above equation, it is difficult to find unique values
for the activation energy and hole concentration. However,
the fitting exercise gives a good estimate for the parameter
values and shows that Bi incorporation introduces a deep
trap level, EA2, at ∼167–224 meV above the valence band.
The transport properties are mainly influenced by this level
at higher Bi concentrations (x � 0.6%). We believe that the
EA1 level may be due to the acceptors. Localized states due to

TABLE I. Characteristics of the GaAs1−xBix samples studied: Parameters used for fitting the temperature-dependent transport data, the
estimated concentration of Bi-Bi pairs and triplets, and the binding energy of the exciton corresponding to the PL peaks at ∼10 K.

Binding energy
corresponding to
the PL peaks, Eb

(meV)

Analysis of transport dataa Calculated concentration of

Bi EA1 EA2 NA1 NA2 Pairs Triplets
concentration (x%) (meV) (meV) × 1016 cm−3 × 1018 cm−3 γ × 1018 cm−3 × 1018 cm−3

0 40 – 27 – 0.078 – – 28
0.3 56 182 1.3 1.25 0.0007 3.3 0.18 81 178
0.37 55 167 3.3 2 0.001 4.9 0.33 80 160
0.6 – 213 – 11 – 12 1.3 – 157
0.76 – 224 – 0.55 – 18 2.5 – 139

aND = 0 was used for all the samples except for the sample with x = 0, for which ND = 1.5 × 1016 cm−3 gave a good fit to the experimental
data.
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FIG. 3. (Color online) Low-temperature (∼10 K) PL data for (a) Be-doped and (b) undoped GaAs1−xBix samples.

Bi incorporation have been reported by others using optical
studies of dilute bismides.10,23 To correlate the trap levels
observed in our transport measurements with those observed
in optical studies, we have done PL measurements which are
described below.

Figure 3(a) shows low-temperature (∼10 K) PL data for Be-
doped GaAs1−xBix samples. For the sample with x = 0.37%
it is possible to resolve two peaks at ∼1.40 and 1.32 eV. For
the sample with x = 0.76% the emission is dominated by the
lowest-energy peak at ∼1.30 eV. The emission peaks show a
redshift with increasing Bi concentration. If we assume that Bi
causes a band-gap reduction of 90 meV per % of Bi [see inset
of Fig. 4(a)], and use the free excitonic (FE) band gap of GaAs,
EGaAs

FE , we can calculate the binding energy corresponding to
PL peaks Eb = EGaAs

FE − x × 90 meV − EPL. For the sample
with x = 0.37% we obtained binding energies of ∼80 and
160 meV and for the sample with 0.76% Bi, a binding energy
of ∼139 meV is obtained. Similar values were obtained for
the C-doped samples. Hence PL data also suggest that Bi
introduces a deep trap level (>100 meV) that qualitatively
agrees with the transport data.

The concentration of the EA2 level obtained from fitting
the carrier transport data is approximately two orders of
magnitude smaller than the estimated concentration (0.6–
1.5 × 1020 cm−3) of isolated Bi atoms assuming a random
distribution of Bi atoms in the lattice. This suggests that
these deeper levels could be due to pairs or clusters of Bi,
which are expected to be present in lower concentrations.
The concentration of the clusters of Bi can be estimated as
the product of the total Bi atoms (x × 2.2 × 1022 cm−3) and
the probability for each cluster.24 The total concentration for
different pair and triplet configurations is also given in Table I.
The total concentration was calculated assuming nearest-
neighbor (nn) and next-nearest-neighbor (nnn) interactions by
following the method given in Ref. 24. There is reasonable
agreement between the estimated pair concentration and the
concentration of the EA2 level obtained from data fitting,
except for the Be-doped sample with x = 0.76%. This shows
that the EA2 level may be due to Bi-Bi pairs. To further
understand the nature of the trap levels due to Bi, we performed
PL measurements on a series of undoped epilayers in which

the analysis of the data is slightly simplified since there are
no acceptors. These measurements are described in the next
section.

B. Undoped samples

Figure 3(b) shows low-temperature (∼10 K) PL for the
undoped samples with different Bi concentrations, 0.05% �
x � 1.4%. For samples with x � 0.25% several emission
peaks labeled C1–C7 are seen and the spectrum is similar to
that reported by Francoeur et al.10 In Ref. 10 it was proposed
that C1 and C2 may be due to clusters of Bi and C3, C6, and C7
were assigned as the phonon replicas of C1 and C2. However,
some of the peaks had to be excluded (C5 in Ref. 10, N1 in our
case) while assigning the peaks as phonon replicas and there
is only an approximate agreement between the peak energy
separation and the LO phonon energy. We believe that these
emission peaks may be due to Bi-Bi pairs with different lattice
spacing, similar to the case of N-N pairs in GaPN,25 with
the lower-energy peaks corresponding to the pairs with the
smallest pair separation. The following observations support
this assignment.

(i) As the Bi concentration is increased the lower-energy
peaks dominate the PL spectrum, because the probability of
the closest pairs increases.

(ii) As shown in Fig. 4(a), when the temperature is
increased, the intensity of the higher-energy peaks reduces
compared to the lower-energy peaks. This is because as the
temperature is increased the exciton, which is bound to the
center with a small binding energy is thermally released.
Also, for the centers with small binding energy there will be
an opportunity for the exciton to tunnel to a lower-energy
state (closer pairs) and decay there.26 This latter process
also explains why the higher-energy peaks are missing in the
concentrated samples (x > 0.25%), because in the concentrated
samples the probability of closer pairs and hence the tunneling
probability to lower-energy pairs is higher. As shown in
Fig. 4(a), as the temperature is increased, the emission from
the higher-energy peaks quench and eventually only a broad
peak remains. The inset of Fig. 4(a) shows the energy of PL
peaks as a function of the Bi concentration at 70 K for the
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FIG. 4. (Color online) (a) PL at different temperatures for GaAs1−xBix sample with x = 0.25% at a laser excitation power of 1.2 mW. The
inset shows the PL peak energy as well as the band gap, Eg , at 70 K as a function of Bi concentration, x. Eg was obtained using modulated
reflectance measurements. (b) PL curves for the sample with x = 0.25% at 10 K for different excitation powers. P0 refers to a laser excitation
power of 30 μW. (c) TRPL data for the sample with x = 0.25% at 10 K obtained in a 10 nm window centered around 865, 884, 912, and
939 nm. The inset shows the PL obtained with 404 nm pulsed laser excitation. (d) A schematic representation of the isolated Bi and Bi-Bi pair
states in GaAs.

samples with 0.1% < x < 1.4%. From a linear fit to the data
we obtain a redshift of 92 meV per% of Bi, which is close to
the band-gap reduction due to Bi incorporation. This shows
that the emission from the trap levels closely follows the band
edge.

(iii) As shown in Fig. 4(b), when the excitation intensity
is increased the emission shifts to high-energy peaks. This is
because as the excitation intensity is increased the emission
from the closest pairs saturate and recombination from the
farthest pairs dominates.

These observations, the temperature and power dependence
of the PL intensity of various peaks, cannot be explained
by considering C3–C7 as phonon replicas of C1 and C2.
Comparison of the PL spectra of undoped samples and
the transport and/or PL measurements of p-doped samples
discussed earlier, suggests that each of the emission peaks
is owing to trap levels due to Bi-Bi pairs with different pair
spacing. The temperature, power, and intensity dependence
can be explained using exciton energy transfer between the
various Bi-Bi levels. Similar concentration, temperature, and
excitation power dependence was observed in the case of

N-N pairs in GaP and a stochastic model to explain this
was developed by Leroux-Hugon et al.27 Hence it is possible
to conclude that Bi incorporation in GaAs results in the
formation of several trap states above the valence-band edge as
schematically shown in Fig. 4(d). These states act as scattering
centers for holes and cause a reduction in the mobility.

We performed TRPL measurements to compare the lifetime
(τ ) and energy transfer processes in GaAsBi with GaPN.28

Figure 4(c) shows the TRPL data obtained in a 10-nm window
centered around 865, 884, 912, and 939 nm corresponding
to C1 and C2, C3 and C4, N1, and C7 peaks, respectively.
An exponential fit to the second half of the TRPL data was
used to estimate the lifetime. Compared to the usual excitonic
lifetime in GaAs (�1 ns), these emission peaks show a long
lifetime (∼37–86 ns). Similar to the case of N-N lines in
GaPN,28 as we move toward lower-energy states, τ increases.
However, in contrast to N-N pairs in GaPN, the rise time is
similar at all the emission peaks (Bi-Bi pair states) and is very
short (∼100 ps), which indicates very efficient energy transfer
between the levels. To further understand the exciton dynamics
at these Bi-Bi pair states, a detailed study of TRPL at different
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temperatures and excitation powers is underway and will be
reported later.

IV. CONCLUSIONS

We have studied the effect of Bi incorporation on the
hole mobility in the dilute bismide alloy GaAs1−xBix using
electrical transport (Hall) and PL techniques. Our measure-
ments show that the hole mobility decreases with increasing
Bi concentration. Analysis of the temperature-dependent
Hall transport data of p-type GaAsBi epilayers along with
low-temperature PL measurements of p-doped and undoped
epilayers suggests that Bi incorporation results in the formation
of several trap levels above the valence band. Comparison of
the estimated Bi-Bi pair concentration and the concentration
of the EA2 level obtained from fitting transport data suggest
the trap levels to be due to Bi-Bi pair states. The decrease
in hole mobility with increasing Bi concentration can be

understood as being caused by scattering at the isolated Bi and
the Bi-Bi pair states. At higher Bi concentration (x � 0.6%),
the transport properties are mainly influenced by the EA2

level and the temperature dependence of the hole mobility
can be approximated by a T 3/2 dependence. This suggests
that at higher Bi concentration ionized impurity scattering is
the dominant mobility limiting mechanism. We also observed
a decrease in hole concentration with Bi incorporation.
We believe that BiGa heteroantisite defects compensate the
acceptors, thus reducing the effective hole concentration.
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