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ABSTRACT: We report a systematic study of carrier
dynamics in AlxGa1−xAs-passivated GaAs nanowires. With
passivation, the minority carrier diﬀusion length (Ldiff)
increases from 30 to 180 nm, as measured by electron beam
induced current (EBIC) mapping, and the photoluminescence
(PL) lifetime increases from sub-60 ps to 1.3 ns. A 48-fold
enhancement in the continuous-wave PL intensity is observed
on the same individual nanowire with and without the
AlxGa1−xAs passivation layer, indicating a signiﬁcant reduction
in surface recombination. These results indicate that, in
passivated nanowires, the minority carrier lifetime is not limited by twin stacking faults. From the PL lifetime and minority carrier
diﬀusion length, we estimate the surface recombination velocity (SRV) to range from 1.7 × 103 to 1.1 × 104 cm·s−1, and the
minority carrier mobility μ is estimated to lie in the range from 10.3 to 67.5 cm2 V−1 s−1 for the passivated nanowires.
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carrier mobility are also calculated on the basis of the
experimental results.
As mentioned above, the problems associated with surface
states and surface depletion are more severe in GaAs nanowires
because of their high surface−volume ratios. In moderately
doped nanowires, the depletion region will consist of a
cylindrical ring with a conducting channel in the middle of
the nanowire. If the doping is too low, however, the entire
nanowire cross section will be depleted, and therefore
insulating. Figure 1 shows the free carrier density plotted as a
function of the dopant impurity concentration for several
nanowire diameters calculated by solving the Poisson equation
with Fermi−Dirac statistics, assuming midgap pinning of the
surface Fermi level. For a 100 nm diameter nanowire, doping
concentrations below 1017 cm−3 yield completely depleted
nanowires. Because of these surface states, dopant impurity
concentrations above approximately 7 × 1017 cm−3 are needed
in order to generate a signiﬁcant amount of free carriers in this
material. There are two ways to mitigate this problem. First, the
nanowires can be heavily doped, NI ≥ 1018 cm−3, or the GaAs
surface can be passivated with a wider bandgap semiconductor,
such as AlxGa1−xAs or GaP.

aAs is one of the most widely used semiconductors,
second to silicon, with applications in fast electronics,
infrared LEDs,1 and high-eﬃciency solar cells.2 However, GaAs
suﬀers from pronounced eﬀects associated with its surface
states, which has prevented GaAs metal-oxide-semiconductor
ﬁeld-eﬀect transistors (MOSFET) from becoming a viable
technology. This problem is also reﬂected in GaAs' extremely
high surface recombination velocity (106 cm/s), which is 3
orders of magnitude higher than most other III−V semiconductors.3,4 The surface depletion eﬀect in GaAs is
exacerbated in nanostructures with high surface-to-volume
ratios. For example, semi-insulating electrical behavior was
observed in highly doped GaAs nanowires without surface
treatment.5 Ammonium polysulﬁde (NH4)2Sx has been used to
passivate the surfaces of III−V semiconductors with covalently
bonded sulfur atoms.6,7 However, sulfur-passivation only
provides short-term surface stability. Passivating GaAs nanowires with a wide band gap semiconductor such as AlxGa1−xAs
provides long-term surface stability.8−12
Here, we present a systematic study of AlxGa1−xAs-passivated
GaAs nanowires using spatial mapping of Raman and
photoluminescence (PL) spectroscopy, time-resolved photoluminescence (TRPL) spectroscopy, and electron beam
induced current (EBIC) mapping. These measurements
directly probe the minority carrier diﬀusion length and lifetime
in these nanowires. The surface recombination velocity and
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partial pressures of 3.74 × 10−7 and 4.78 × 10−5 atm for TMGa
and arsine, respectively. After nucleation, the temperature is
increased to 790 °C for nanowire growth with the same partial
pressures of TMGa and arsine. The growth rate is
approximately 8.33 Å/s. Using these conditions, nanowires
are grown with very uniform cross section along the length of
each nanowire up to 10 μm long. After GaAs nanowire growth,
an AlxGa1−xAs layer is deposited as a passivation layer with
partial pressures of 3.74 × 10−7, 4.78 × 10−5, and 2.18 × 10−7
atm for TMGa, arsine, and TMAl, respectively. An additional
thin layer of GaAs (partial pressures of 1.41 × 10−5 atm for
TMG and 4.78 × 10−4 atm for arsine) is grown to prevent
oxidation of the AlxGa1−xAs shell. For individual nanowire
measurements, the nanowires were transferred onto a SiO2/Si
substrate with lithographically deﬁned grid markers, which
enables us to record the location of individual nanowires for
Raman spectroscopy and photoluminescence mapping.21 In
order to measure the minority carrier diﬀusion length, the GaAs
nanowire was contacted by two metal electrodes using EBL.
Before evaporation of the metal contacts, a short oxygen plasma
was performed to remove the residual resist and oxidize the
outer shell (AlxGa1−xAs and GaAs). The oxidized shell was then
removed using a mixture of HCl:H2O (1:1). Ohmic contacts
can be easily obtained between GeAu/Ni/Au metal contacts
and bulk GaAs after annealing. GaAs nanowires, however, are
completely dissolved in the electrodes at these high annealing
temperatures, and the lower annealing temperatures required
result in nonlinear, high resistance Schottky contacts.
Micro-Raman spectroscopy and micro-PL mapping are
performed using a translation stage with 100 nm step resolution
and a high numerical aperture objective lens (100×). A silicon
CCD detector is used to detect photoluminescence in the range
from 500 to 900 nm and Raman shift from 150 to 3200 cm−1.

Figure 1. The calculated free carrier density plotted as a function of
dopant impurity concentration for GaAs nanowires with various
diameters.

The synthesis of GaAs nanowires has been initiated more
than 10 years ago with several diﬀerent methods.13−19 In this
study, GaAs nanowires are synthesized by metal organic
chemical vapor deposition (MOCVD) with selective area
growth (SAG).12,20 Trimethylgallium (TMGa), trimethylaluminum (TMAl), and arsine are used as precursors for Ga, Al,
and As deposition. High density arrays of GaAs nanowires are
grown along the (111) direction on silicon substrates. A
thermally grown silicon oxide layer is used as a mask for the
SAG growth. A Raith electron beam lithography (EBL) system
is used to pattern a 1 mm × 1 mm array of holes with 600 nm
pitch. A short (20−30 s) buﬀered HF etch is performed to
expose the crystalline silicon surface before loading the sample
into the MOCVD reactor. The sample is ﬁrst annealed in
hydrogen at 920 °C for 5 min to remove the native oxide.
Arsine ﬂows while the temperature is cooled from 850 to 440
°C. Nucleations of GaAs are grown at 440 °C for 8 min with

Figure 2. (a) SEM image of a tapered AlxGa1−xAs-passivated GaAs nanowire. (b) Continuous-wave PL spectra taken at the tip and base of the
nanowire in part a. (c, d) Spatially mapped PL and Raman data along the nanowire axis plotted as a function of position.
B
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with free carriers.26 Without AlxGa1−xAs passivation, most of
the free carriers are depleted in the GaAs core, resulting in band
edge-to-band edge PL emission. After the surface states are
passivated, free carriers begin ﬁlling up the conduction band,
causing a blueshift in the PL emission.26 Since the amount of
blueshift depends on the number of free carriers, the
inhomogeneity in surface passivation leads to broadening of
the PL peak. A similar eﬀect was observed by Titova et al. in
InP nanowires, which showed a broadening and blueshift in PL
emission under illumination due to the presence of a highdensity electron−hole plasma.27
Figure 3a shows a SEM image of a GaAs nanowire with a
metal (Cr/Au) electrode patterned on top using EBL. The

Low power (<0.5 mW) excitation by a continuous 532 nm laser
is used to avoid optical heating of the nanowires. EBIC
measurements are carried out in a JEOL JSM-6610 scanning
electron microscope (SEM) equipped with a voltage source
(Keithley 2400) and a low noise current preampliﬁer (Ithaco
1201). In time-resolved PL measurements, sample excitation
was carried out with a pump pulse (Tsunami fs laser) of center
wavelength 800 nm and pulse energy 32 pJ. The PL signal was
detected by a streak camera (Hamamatsu C5680) with an
extended response NIR streak tube. The photon collection was
centered at 860 nm with a bandwidth of 75 nm. The data
integration time was 6000 s, and the minimum system response
is 60 ps.
Figure 2a shows a SEM image of a 7 μm long AlxGa1−xAspassivated, undoped GaAs nanowire. The diameter of the
nanowire is tapered from the tip to the base of the nanowire
due to the inhomogeneity of the AlxGa1−xAs passivation layer.
The tapered structure of the passivated nanowires was studied
by atomic force microscopy (AFM), as shown in Figure S2 in
the Supporting Information, which shows that the AlxGa1−xAs
coating varies from 0 to 11 nm in thickness. This thickness
variation was also veriﬁed by high resolution transmission
electron microscopy (HRTEM), as shown in Figure S3 of the
Supporting Information. The Raman intensity ratio of the AlAs
peaks (337 and 371 cm−1) to that of GaAs (266.5 cm−1) gives a
relative measure of the AlxGa1−xAs thickness. This ratio changes
from 0.7 at the tip of the nanowire to almost zero (no
passivation) at the base, as shown in Figure 2c (right axis). On
the basis of these Raman spectra, there is no change in the
composition of AlxGa1−xAs along the length of the nanowire.
The aluminum composition x can be obtained from the
vibrational frequency of the AlAs-like LO Raman mode via the
2 22,23
On
following relation: ωAlAs
LO (x) = 364.7 + 46.7x − 9.4x .
the basis of the Raman spectrum shown in Figure S4 of the
Supporting Information, we found a composition of 14.5%
aluminum, which is close to the value of 12% characterized by
X-ray diﬀraction measurements presented in a previous
publication using similar growth conditions.19 The PL spectra
also show a strong position dependence due to the varying
degree of passivation along the length of the nanowire. Figure
2b shows the photoluminescence spectra taken at both ends of
the nanowire, which show a 48-fold enhancement in the PL
intensity with passivation. Surface states in the less-passivated
regions form nonradiative recombination sites causing most of
the photoexcited carriers to recombine nonradiatively at the
nanowire surface, thereby lowering the PL intensity. On the
basis of our previous HRTEM studies,24 we found that the
density of stacking faults is uniform throughout the length of
the bare nanowires. Also, since EDX measurements on bare
GaAs nanowires show an equal composition of Ga and As
throughout the length of these nanowrires, we believe that the
large change in PL intensity is mainly due to the AlxGa1−xAs
passivation layer. This PL enhancement indicates that these
surface states have been successfully passivated by the
AlxGa1−xAs layer. In addition to enhancement in the PL
intensity, we also observe a blueshift (from 852 to 842 nm) and
broadening (from 56 to 65 nm) in the PL emission, as shown
in Figure 2d. Strain-induced optical band gap modulation25 is
excluded here in accordance with the spatially mapped Raman
data, which do not show any shift in the Raman modes of the
GaAs. The GaAs Raman peak remains almost constant at 266.5
cm−1 throughout the length of the nanowire. Thus, we attribute
the broadening and blueshift to ﬁlling of the conduction band

Figure 3. (a) SEM image of an AlxGa1−xAs-passivated GaAs nanowire
device and (b) corresponding EBIC image. (c) Schematic diagram
illustrating the electron beam induced current measurement. (d) EBIC
proﬁles along the nanowire axis for passivated and bare nanowires.

electrode forms a Schottky contact at the nanowire surface, and
the current−voltage characteristics show a typical nonlinear
behavior. Figure 3c shows a schematic diagram of the EBIC
measurement technique, where the focused electron beam
creates electron−hole pairs in a p-type nanowire. Electron−
hole pairs generated within one minority carrier diﬀusion
length of the metal−semiconductor Schottky junction will, on
average, result in a measurable current. Minority carriers
generated far away from the Schottky junction will recombine
and, therefore, not contribute to the measured (EBIC) current.
By spatially mapping the EBIC current, we can determine the
C
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On the basis of the measured carrier lifetimes determined
from TRPL, the surface recombination velocity S can be
estimated by the following equation28,29

minority carrier diﬀusion length directly. Figure 3b shows the
EBIC map corresponding to the SEM image in Figure 3a. Here,
an acceleration voltage of 5 kV was used to create electron−
hole pairs in this measurement. The EBIC signal is strongest
near the Schottky interface and gradually diminishes away from
the contact. Figure 3d shows the EBIC intensity proﬁle plotted
along the nanowire axis. The minority carrier diﬀusion length,
Ldiff, is extracted by ﬁtting with an exponentially decaying
function. For passivated nanowires, we ﬁnd that Ldiff = 180 nm,
while, for unpassivated nanowires, Ldiff = 30 nm. This value of
30 nm corresponds to the minimum resolution of our EBIC
system. Despite this 6-fold increase in Ldiff with passivation, 180
nm is a relatively short diﬀusion length, roughly on the scale of
the diameter (90 nm). Dense twin stacking faults have been
observed in these nanowires by high resolution transmission
electron microscopy (shown in the Supporting Information),
which are expected to aﬀect the electron transport. However,
the observed Ldiff = 180 nm is more than 2 orders of magnitude
longer than the average separation between twin stacking faults,
indicating that they do not form strong centers for electron−
hole recombination.
We also perform time-resolved photoluminescence spectroscopy in order to determine the carrier lifetimes in passivated
and unpassivated GaAs nanowires. For these measurements,
shorter nanowires (1.5 μm) were grown to mitigate the eﬀects
associated with nonuniform passivation. This data is shown in
Figure 4. For unpassivated nanowires, the PL lifetime is shorter

1
1
4S
=
+
τ
τb
d

where τ is the eﬀective carrier lifetime, τb is the carrier lifetime
in bulk material, and d is the diameter of the GaAs core (90
nm). Using a bulk carrier lifetime of τb = 1.3 μs, we calculate
the surface recombination velocity S to be 1.7 × 103 and 1.1 ×
104 cm·s−1 for the long and short decay constants.3 For bulk
GaAs with appropriate passivation, SRV values as low as 500
have been reported.30 The relatively high SRV values observed
in the nanowire samples indicate that either the surface states
have only been partially passivated or stacking faults and bulk
impurities are limiting the SRV.3 This is conﬁrmed by the
highly doped nanowires, which show a signiﬁcantly reduced PL
lifetime compared to the corresponding undoped sample. The
minority carrier lifetime and surface recombination velocity
(SRV) of twin-free AlxGa1−xAs passivated GaAs nanowires
grown by the vapor−liquid−solid (VLS) growth method were
reported by three other groups ranging from 1 to 2.5 ns and
around 3 × 103 cm/s, respectively.8,9,31,32 While dense twin
stacking faults are normally seen in our nanowires, using
catalyst-free selective area MOCVD growth, we did not observe
a signiﬁcant diﬀerence in the lifetime and SRV compared to the
numbers reported in twin-free nanowires. This indicates that
these twin stacking faults are not the main factor limiting
minority carrier dynamics. We can also correlate Ldiff with τ to
estimate the minority carrier mobility μ by the following
equation
Ldiff =

Dτ

where the diﬀusion coeﬃcient is given by D = μ·kT/e and both
Ldiff and τ are measured at room temperature. The short and
long decay constants give higher and lower limits of the
minority carrier mobility μ to be 67.5 and 10.3 cm2 V−1 s−1,
respectively, for the passivated nanowires. These mobilities are
far lower than the values in bulk GaAs, which have been both
experimentally and theoretically reported in the range from
1000 to 7500 cm2 V−1 s−1 depending on the acceptor
concentration.33,34
In conclusion, a systematic study of AlxGa1−xAs-passivated
GaAs nanowires shows the signiﬁcance of surface passivation
on free carrier dynamics in GaAs nanowires. Weak PL emission
and short PL lifetimes are observed in bare (unpassivated)
GaAs nanowires. We observe a 48-fold enhancement in the PL
intensity and a 6-fold increase in the minority carrier diﬀusion
length with surface passivation. The surface recombination
velocity is calculated to lie in the range from 1.7 × 103 to 1.1 ×
104 cm·s−1. For the passivated nanowires, we estimate the
minority carrier mobility to lie in the range from 10.3 to 67.5
cm2 V−1 s−1, based on the measured lifetimes and diﬀusion
length. Furthermore, the relatively long minority carrier
diﬀusion lengths indicate that twin stacking faults do not
limit the minority carrier lifetimes in passivated nanowires.

Figure 4. Time-resolved photoluminescence spectra of passivated and
unpassivated nanowires with diﬀerent impurity concentrations.

than the instrument response time of our setup (60 ps).
However, passivated nanowires exhibit a signiﬁcantly longer
lifetime due to the passivation of surface states. In addition to
the instrument component, two time constants are needed to
ﬁt the TRPL curve. The average time constants are 0.2 ns for
the short lifetime and 1.3 ns for the long lifetime. Discrepancies
between the lifetimes measured in diﬀerent regions of the
nanowire array are due to the inhomogeneous crystal quality
and passivation, as has been seen in single nanowire TRPL
measurements.9 In passivated, highly doped nanowires, both
the photoluminescence intensity and lifetime signiﬁcantly
decrease due to the increase of impurity scattering, resulting
in average time constants of 0.1 and 0.9 ns for the short and
long lifetimes, respectively. This data set indicates that, for the
doped, passivated nanowires, the minority carrier lifetime is not
limited by surface recombination, since the doped nanowire
exhibits a shorter PL lifetime than the undoped nanowire.
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