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Electron mobility in dilute GaAs bismide and nitride alloys measured by
time-resolved terahertz spectroscopy
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We report time-resolved terahertz spectroscopy measurements of the electronic transport properties
of dilute GaAs bismide and nitride alloys. The electron mobility for GaAs1−yBiy �y=0.84% �
extracted from Drude fits to the transient complex conductivity was �2800 cm2/V s at a carrier
density of 2.7�1018 cm−3, close to the mobility of 3300 cm2/V s measured for GaAs at a similar
carrier density. The electron mobility did not decrease significantly for Bi concentrations up to 1.4%.
In contrast, the GaNxAs1−x �x=0.84% � and GaNxAs1−x−yBiy �x=0.85%, y=1.4%� films exhibited
non-Drude behavior with a highly reduced electron mobility and suppressed conductivity at low
frequencies indicative of carrier localization. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2349314�
The alloying of GaAs with small amounts of N or Bi
produces an anomalously large reduction in the band gap,
commonly referred to as giant band gap bowing.1 The dilute
nitride alloys, when combined with In, can be lattice
matched to GaAs and are useful in long wavelength lasers,2

solar cells,3 and heterojunction bipolar transistors.4 Although
N and Bi are isoelectronic with As, the electronic structures
of these atoms are sufficiently different from As that they
behave more like impurities than conventional III-V alloying
elements. In the case of the dilute nitride alloy, the band gap
reduction is due to the resonant interaction of a nitrogen state
with the bottom of the conduction band.5 Similarly, for the
Bi alloy, the band gap reduction is believed to be due to a
resonant interaction with the top of the valence band.6 The
dilute nitride alloys show strong impurity scattering for
electrons7 and carrier localization effects8 consistent with a
strong interaction between N and the states at the bottom of
the conduction band. This imposes severe limitations on de-
vice applications based on these nitride alloys. The effect of
dilute Bi alloying on the transport properties of GaAs is,
however, unknown. In this letter, we present experimental
evidence that alloying GaAs with Bi does not significantly
affect the electron mobility �e in contrast to the effect of N.
Using dilute Bi alloying to lower the band gap energy with-
out compromising the electron mobility should be important
for device applications that currently use nitride alloying.

We use time-resolved terahertz spectroscopy �TRTS� to
monitor the transient photoconductive �PC� decay of GaNAs,
GaAsBi, and GaNAsBi samples after optical injection of car-
riers with 400 nm, 100 fs light pulses. The transient complex
ac conductivity of GaAsBi is found to be well described by a
simple Drude model, revealing an electron mobility that is
relatively unaffected by dilute Bi doping compared to a bulk
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GaAs reference. GaNAs and GaNAsBi, however, show signs
of carrier localization in the suppression of the real part of
the complex conductivity at low frequencies, consistent with
localized states in the conduction band associated with N
clustering.8,9

In this study, three GaAs1−yBiy films �y=0.84%, 1%, and
1.4%, thicknesses of 260, 200, and 260 nm, respectively�,
one 225 nm thick GaNxAs1−x film �x=0.84% �, and one
170 nm thick GaNxAs1−x−yBiy �x=0.85%, y=1.4%� film
were compared to a reference sample consisting of a 200 nm
thick GaAs buffer layer. The films were grown by solid-
source molecular-beam epitaxy on �001� GaAs substrates
following growth of 200 nm thick GaAs buffer layers at
580 °C. Activated N was provided by a low-pressure rf
plasma source. Conventional effusion cells were used for Ga,
Al, and Bi, and the As2 source was a two zone cracker cell.
The GaNAs film was grown at a substrate temperature of
440 °C, while the bismides were grown at lower tempera-
tures �GaAsBi at 340–370 °C, GaNAsBi at 380 °C� and
reduced Ga/As flux ratios ��1� in order to achieve Bi incor-
poration. The reference GaAs layer was grown at 550 °C.
Film compositions were determined by simulation of high-
resolution x-ray diffraction measurements.10

TRTS is an optical-pump far-infrared-probe technique
used to monitor the photoinduced conductivity of materials
with subpicosecond time resolution.11–15 In these experi-
ments, the 800 nm, �100 fs output from a kilohertz multi-
pass amplified laser system is frequency doubled in a beta
barium borate crystal to a 400 nm pump pulse. A smaller
portion of the fundamental is used to generate an �0.5 ps,
terahertz probe pulse with Fourier components from
0.3 to 3 THz by optical rectification in a 0.5 mm thick �110�-
oriented ZnTe crystal. The sample is mounted on a 1.5 mm
aperture, at the focus of the terahertz probe beam. All mea-
surements were taken at room temperature. The pump pulse

excites electrons and holes in the sample at normal incidence
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with a fluence of 3.7 �J /cm2. The terahertz pulse then
probes the transient photoconductivity in the sample at some
time delay ��t� after the initial excitation by the pump pulse.
A third portion of the 800 nm fundamental is used for coher-
ent free-space electro-optic detection of the transmitted tera-
hertz electric field in another 0.5 mm thick ZnTe crystal, so
that the amplitude and phase of the electric field are mea-
sured. This permits extraction of both the real and imaginary
parts of the complex conductivity �̃���=�1���+ i�2���
without the use of Kramers-Kronig analysis.11 By varying
the time delay ��t� between the pump and terahertz probe,
the photoinduced conductivity of the sample can be mapped
with subpicosecond resolution. The complex transmission
function, obtained by taking the ratio of the Fourier trans-
forms of the terahertz wave forms with �pump� and without
�ref� photoexcitation, is related analytically to the conductiv-
ity of the excited layer by13–15

T̃��� =
Ẽpump���

Ẽref���
=

N + 1

N + 1 + Z0d�̃���
, �1�

where N is the index of refraction of the substrate at terahertz
frequencies �taken as 3.6 for bulk GaAs� and Z0=377 �. The
thickness of the conducting layer, d, is approximately the
pump penetration depth of 15 nm in bulk GaAs.13 In this
study it is assumed that the electrons dominate the transient
PC response, since for GaAs the electron mobility �e is ap-
proximately ten times that of the hole mobility �h.

While measuring the entire terahertz wave form for each
probe time delay affords frequency-resolved spectroscopy,
the lengthy data acquisition times put a limit on the time
resolution with which one can map out the PC decay. To
resolve this, the peak terahertz electric field amplitude is
monitored while scanning the pump-probe time delay. This is
a measure of the terahertz attenuation averaged over the
bandwidth of the pulse, where the negative differential tera-
hertz transmission, −�T /T0= �Tref−Tpump� /Tref, is directly
proportional to the PC of the sample for small ��T /T0�.13–15

Figure 1 shows the −�T /T0 transients for the GaAsBi

FIG. 1. �a� Linear and �b� semilog plots of the negative differential terahertz
transmission �−�T /T0� for the GaAs buffer layer �solid black�, GaAsBi
�0.84% Bi� �dashed�, GaNAs �0.84% N� �dotted�, and GaNAsBi �0.85% N,
1.4% Bi� �gray� samples, at a pump fluence of 3.7 �J /cm2. The open sym-
bols in �a� are carrier densities normalized to the peak −�T /T0, derived from
the Drude fits to the complex conductivity for the GaAs buffer ���, and
GaAsBi ��� samples.
�0.84% Bi�, GaNAs �0.84% N�, GaNAsBi �0.85% N, 1.4%
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Bi�, and the reference GaAs buffer layer. The peak −�T /T0
is proportional to the electron mobility given the same exci-
tation density. The significantly lower GaNAs and GaNAsBi
signals compared to the buffer and bismide samples are a
strong initial indication that N severely reduces carrier mo-
bility while Bi does not. The PC decay for the GaAs �Ga-
NAs� samples is well described by a biexponential decay
with fast and slow time constants of 22 �23� and 260
�170� ps, respectively. This fast decay is likely due to surface
recombination, which is efficient since the majority of carri-
ers are injected within 20 nm of the surface. The GaAsBi
film, however, showed a clear single exponential decay of
101±1 ps, as seen in Fig. 1�b�. This indicates a single, fast
free-carrier depletion mechanism which is not likely due to
surface recombination, since this would lead to a different
nonexponential decay.12 A more likely explanation is due to a
distribution of trap centers distributed throughout the film.
The GaNAsBi film showed an approximately exponential de-
cay with a time constant of 86 ps.

Figure 2 presents the frequency-resolved complex con-
ductivity for the samples shown in Fig. 1, 10 ps after photo-
excitation. At 400 nm excitation, photoexcited carriers have
sufficient energy to scatter into satellite valleys in GaAs.
Within �6 ps, carriers have relaxed into the higher mobility
� valley and an accurate, low-field mobility value can be
obtained.12 For the GaAs buffer layer, both �1��� and �2���
are well described by a simple Drude model, as shown in
Fig. 2�a�. Using a bulk GaAs electron effective mass,
mGaAs

* =0.067me, the simultaneous fitting of �1 and �2 to
these data gives a carrier density n=1.8�1018 cm−3 and mo-
bility �e=4100 cm2/V s, in good agreement with the maxi-
mum density of 2.6�1018 cm−3 calculated from the pump

16

FIG. 2. Extracted complex conductivity for �a� GaAs buffer layer, �b�
GaAsBi �0.84% Bi� �c� GaNAs �0.84% N�, and �d� GaNAsBi �0.85% N,
1.4% Bi� 10 ps after 400 nm excitation at a fluence of 3.7 �J /cm2. The
solid and dashed lines are fits to the real and imaginary parts of the Drude
conductivity with �a� �p /2�=46±1 THz, 	=157±7 fs, �b� �p /2�
=57±1 THz, 	=115±4 fs, �c� �p /2�=48±2 THz, 	=35±3 fs, and �d�
�p /2�=86±2 THz, 	=12±1 fs.
fluence and literature �e values.
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Examining the extracted conductivity data for the
GaAsBi sample in Fig. 2�b�, we see again that the complex
conductivity is well described by a free-carrier Drude model
with �e=3020 cm2/V s at n=2.7�1018 cm−3 assuming m*

=mGaAs
* . At a comparable carrier density of 2.2�1018 cm−3,

the GaAs buffer layer showed �e=3300 cm2/V s, only
slightly higher than that of the bismide. This shows that the
electron mobility in GaAsBi films is relatively insensitive to
dilute Bi alloying. The higher concentration Bi �1.4%�
sample showed the same electron mobility as the 0.84%
sample at early times, indicating that the mobility is not sig-
nificantly altered by increasing the Bi concentration up to
1.4%.

As seen in Fig. 2�c�, the GaNAs conductivity shows a
strong suppression in �1 at low frequencies that smoothly
returns to Drude behavior above 1.56 THz. Such a reduction
is consistent with the picture of localized cluster states within
the conduction band, where long range transport �low fre-
quency� is hindered by the cluster potential but transport
over short distances �high frequency� is bandlike. From the
high frequency Drude fits assuming m*=mGaAs

* , the mobility
is 920 cm2/V s at n=1.9�1018 cm−3, which is in good
agreement with the intrinsic limitation on the electron mobil-
ity imposed by alloy scattering in GaNxAs1−x for x�0.01
and m*=mGaAs

* .17

It has been proposed that the incorporation of Bi might
improve the electronic properties of GaNAs by strain com-
pensating the small N atom with the larger Bi atom.18,19 The
appropriate concentration ratio of Bi to N to achieve lattice
matching with GaAs has been reported to be 1.7.18,20 Figure
2�d� shows the conductivity results for the GaNxAs1−x−yBiy
sample with y�1.7x. Like the GaNAs sample, �1��� is
highly suppressed at lower frequencies and merges with
Drude behavior at higher �. Drude fits to the high � portion
of the spectra, assuming m*=mGaAs

* , give a mobility of
320 cm2/V s, reduced from the GaNAs mobility and indicat-
ing that the electronic properties are not improved by codop-
ing with Bi. We note that our measurements show that a dc
measurement ��=0� of the mobility will be smaller than
these high frequency estimates.

A possible complication in these measurements is the
diffusion of carriers into the underlying high � buffer layer.
GaAsBi may have little conduction band offset with GaAs,
whereas GaNAs has a significant offset which acts as a bar-
rier to diffusion of electrons. To ensure that the high � ob-
served in the GaAsBi was not due to electron transfer to the
buffer layer, a similar film was grown on a 1.4 �m
Al0.27Ga0.63As barrier layer to confine carriers to the GaAsBi
film. In addition to confining the electrons, the Al0.27Ga0.63As
barrier layer also has a low mobility. Without the AlGaAs
barrier, the extracted GaAsBi �e values are constant at
�2800 cm2/V s for �t=4–10 ps and then slowly rise due to
diffusion into the buffer region. With the AlGaAs barrier, �e
is constant at 2800 cm2/V s for �t
50 ps, reflecting the
300 meV conduction band offset limiting diffusion into the
buffer layer. We therefore conclude that diffusion does not
influence the extracted mobility values in the nonbarrier
samples for �t�10 ps. Table I summarizes these early time
��t
10 ps� mobility results for all samples investigated.

In conclusion, we have used TRTS to characterize the

carrier transport mechanisms in dilute GaAs nitride and bis-
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mide alloys. We find that the electron mobility is signifi-
cantly reduced in GaNAs, with non-Drude behavior at low
frequencies due to the presence of localized states. In
GaAsBi, however, we find Drude behavior with �e
=2800 cm2/V s at n=2.7�1018 cm−3, which is almost un-
changed relative to GaAs with �e=3300 cm2/V s at n=2.2
�1018 cm−3. We find no further reduction in �e for Bi con-
centrations up to 1.4%, showing that the band gap of GaAs
can be reduced without significantly degrading the electron
transport properties by dilute Bi alloying. Finally, the elec-
tronic properties of the quaternary alloy GaNAsBi were
found to be further degraded over GaNAs by incorporation
of Bi, again showing strong deviation from Drude conduc-
tivity with low frequency �1��� suppression.
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