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We report on photocurrent and photoconductance processes in a freely suspended p-doped single
GaAs nanowire. The nanowires are grown by molecular beam epitaxy, and they are electrically
contacted by a focused ion beam deposition technique. The observed photocurrent is generated at
the Schottky contacts between the nanowire and metal source-drain electrodes, while the observed
photoconductance signal can be explained by a photogating effect induced by optically generated
charge carriers located at the surface of the nanowire. Both optoelectronic effects are sensitive to the
polarization of the exciting laser field, enabling polarization dependent photodetectors. © 2009
American Institute of Physics. �DOI: 10.1063/1.3193540�

Semiconductor nanowires have attracted considerable at-
tention for the past few years because of their compelling
electronic, mechanical, and optical properties.1–10 A very
suitable and versatile technique for nanowire growth is the
direct synthesis on a substrate.11–14 The fabrication of III-V
semiconductor nanowire based devices by such a bottom-up
approach ensures the rational use of materials, as the nano-
wires can be obtained in principle on any substrate. Here, we
report on the optoelectronic properties of photodetectors
based on single p-doped GaAs nanowires grown by molecu-
lar beam epitaxy �MBE� with the so-called vapor-liquid-solid
method using Ga droplets as self-catalysts.15–17 The nano-
wires are electrically contacted by metal electrodes using a
focused ion beam �FIB� deposition technique.18,19 We experi-
mentally identify two dominating optoelectronic processes in
the metal-GaAs nanowire-metal photodetectors. On the one
hand, there is a photocurrent generated at the Schottky con-
tacts between the GaAs nanowires and the metal source-
drain electrodes, as recently shown for CdS nanowires.8 On
the other hand, we observe a photoconductance effect, when
illuminating the GaAs nanowire far away from the contacts.
We interpret the photoconductance effect to arise from band
bending effects caused by surface states on the nanowire
surface. In particular, optically generated excess electrons are
trapped at the surface, where they act as a negative gating
voltage on the p-doped nanowires �photogating effect�. At
the same time, the optically excited free excess holes raise
the Fermi energy of the hole gas within the nanowires
�photodoping effect�. Both effects can raise the conductance
of the semiconductor circuits.20,21 We demonstrate that both
photocurrent and photoconductance effects are sensitive to
the orientation of linear polarized light. The photoconduc-
tance �-current� varies by �35% ��15%� for the photon
polarization being parallel or perpendicular to the direction
of the GaAs nanowires. Hereby, the metal-GaAs nanowire-
metal circuits act as polarization-sensitive photodetectors,2

which can be integrated into electronic circuits by the FIB-
deposition technique in a very versatile way.

Starting point are GaAs nanowires, which are grown by
MBE on a SiO2 covered �111�-oriented GaAs substrate as
presented previously �growth rate of �0.25 Å /s, As4 partial
pressure of �2�10−6 mbar, growth temperature of
�630 °C, and 7 rpm rotation�.17 The nanowires with �110�-
facets have a length �diameter� of �10 �m ��140 nm�, and
they are doped type p with a carrier concentration of
�1018 cm−3 by adding a silicon flux during the growth.17

The scanning electron micrograph �SEM� image in Fig. 1�a�
shows the photodetector circuit with such a p-type GaAs
nanowire bridging two gold pads acting as “source” and
“drain” electrodes. The pads are first evaporated on top of a
SiO2 chip utilizing a shadow mask, and they act as source-
drain electrodes for the nanowire. The SiO2 substrate in be-
tween the pads is milled away to a depth of a few hundred
nanometers by the help of a FIB microscope.18 Following the
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FIG. 1. �Color online� �a� SEM image of esa freely suspended p-doped
GaAs nanowire bridging two gold electrodes �sample A�. �b� I-V character-
istics of sample A without laser excitation. �c� Photocurrent contour plot of
�Iphoton� as a function of the spatial coordinates of sample A �Tbath�296 K,
Ilaser�60 W /cm2, fchop=1028 Hz, �=780 nm, and VSD=+1 V�. �d� Iphoton

as function of VSD for positions I and II of sample A �Tbath�296 K, Ilaser

�30 W /cm2, fchop=930 Hz, and �=730 nm�.
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technique described in Ref. 19, the particular nanowire is
positioned at the shown location by using mechanical ma-
nipulators within the FIB recipient. The nanowire is attached
to the source-drain electrodes by a FIB induced deposition of
carbon utilizing phenanthren �C14H10� as a precursor gas �tri-
angles in Fig. 1�a��. The circuit in Fig. 1�a� features three
positions: I, II, and III. At positions I and III, Schottky con-
tacts between the nanowire and the gold electrodes can be
assumed. At position III, however, the nanowire is covered
by an opaque carbon layer with a thickness of �350 nm. At
position II, the nanowire is freely suspended. Hereby, the
circuit allows locally addressing the optoelectronic processes
in the middle of the nanowires �position II� independently
from the ones occurring at the metal-semiconductor contact
�position I�.

We present optoelectronic measurements of two inde-
pendent samples A and B, which are typical for the measured
p-doped nanowires. The samples are mounted in a vacuum
chamber at a pressure of about 10−5 mbar. Figure 1�b� de-
picts the typical I-V characteristics of the devices. Since the
I-V-characteristics are nonlinear and symmetric with respect
to the bias voltage, we infer that FIB-fabricated samples act
as metal-semiconductor-metal devices with equivalent
Schottky barriers at each end of the nanowires.22 The pos-
sible morphology of the Schottky contacts with the addi-
tional carbon deposits close by will be discussed elsewhere.
Most importantly, the reported optoelectronic findings only
rely on the presence of back-to-back Schottky barriers with a
p-doped GaAs nanowire in between. Optical excitation oc-
curs by focusing the light of a mode-locked titanium:sap-
phire laser with a repetition rate of 76 MHz through the
objective of a microscope onto the nanowire circuits. The
laser can be tuned in the energy range of 1.24 eV�Ephoton
�1.77 eV. With a spot diameter of �2 �m the light inten-
sity Ilaser is of the order of 100 W /cm2 for all Ephoton. Gen-
erally, we chop the laser at a frequency fchop. For the opto-
electronic measurements discussed below, the resulting
current Iphoton= Ion��photon , fchop�− Ioff��photon , fchop� across the
sample with the laser being “on” or “off,” respectively, is
amplified by a current-voltage converter and detected with a
lock-in amplifier utilizing the reference signal provided by
the chopper.21

We acquire photocurrent images of the nanowire circuits
by recording the change of Iphoton at a finite source-drain bias
VSD, when the laser spot is laterally scanned across the
samples.20 Then, Iphoton= Iphoton�x ,y� is plotted using a linear
false color scale as a function of the coordinates x and y. For
all VSD, we observe a dominating contribution of �Iphoton� at
position I compared to �Iphoton� at position II of sample A
�Fig. 1�c��. We also detect Iphoton as a function of VSD at
positions I and II �Fig. 1�d��. At position I, we observe a
finite photocurrent I0 at VSD=0 V and a finite photovoltage
V0 at Iphoton=0 A. Hereby, we confirm recent reports that a
Schottky contact between a semiconductor nanowire and a
metal pad can give rise to both a photocurrent and a
photovoltage.8 In this process, the electron-hole pairs, which
are locally created by photoexcitation in the p-doped GaAs
nanowires, are separated due to the local built-in electric
field at the Schottky contacts, and a maximum �minimum�
photocurrent signal can be detected when the illuminated
Schottky contact is reverse-biased �forward-biased�. We note
that at position I, Iphoton saturates at a source-drain voltage of

�Vsat��0.5 V, and that both Vsat and Iphoton�Vsat� depend on
the laser intensity, as expected for a photocurrent process
�data not shown�.23 At position II, however, we observe only
a negligible photocurrent and photovoltage signal at zero VSD
�Fig. 1�d��. Here, we find that Iphoton linearly depends on VSD
of up to �1.5 V �data not shown�. We interpret the observa-
tions at position II such that the optoelectronic response of
the nanowire far away from the Schottky contacts is domi-
nated by a photoconductance process, which will be dis-
cussed in the following.

Figure 2�a� depicts �Iphoton� of sample B as a function of
Ephoton for a laser excitation at positions I and II, which are
equally defined as in Fig. 1�a�. The dashed line in Fig. 2�a�
indicates the band gap energy of EGaAs	1.42 eV of GaAs at
room temperature.24 The noise level in the setup without la-
ser excitation is below �2 pA. Since we detect a finite
�Iphoton� for Ephoton�EGaAs for all positions on the nanowires,
we conclude that there are parts of the nanowires, where an
electric field gives rise to a Franz–Keldysh effect of the ab-
sorption energy25–27 and, alternatively, where surface states
are optically excited. In the case of the Franz–Keldysh effect,
we assume that the electric field can be attributed to the
Fermi-level pinning of the oxidized �110�-facets of the
p-doped GaAs with respect to the electrostatic potential of
the holes in the center of the nanowires.28 We note that all
data of the samples are taken in the linear response regime
�Fig. 2�b��. In this regime, the expected field strength can be
estimated by the energy difference of �0.4–0.5� eV between
the surface states and the Fermi-level within the nanowires28

and the lateral depletion length of typically ldep

FIG. 2. �Color online� �a� �Iphoton� as a function of Ephoton for sample B for
positions I �circles� and II �squares� as defined in Fig. 1�a� �VSD=−1 V,
Tbath�296 K, Ilaser�100 W /cm2, and fchop=930 Hz�. �b� �Iphoton� as a
function of the exciting laser intensity for sample A for positions I �circles�
and II �squares� �VSD=−1 V, Tbath�296 K, fchop=930 Hz, and �
=780 nm�. �c� �Iphoton� as a function of the angle � between the linearly
polarized laser field and the orientation of the nanowire for sample A for
positions I �circles� and II �squares� �VSD=+0.5 V, Tbath�296 K, Ilaser

�60 W /cm2, fchop=930 Hz, and �=800 nm�. �d� �Iphoton� as a function of
fchop for sample A for positions I �circles� and II �squares� �VSD=−1 V,
Tbath�296 K, Ilaser�60 W /cm2, and �=780 nm�.
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�20–30 nm.29 The resulting field strength F
��0.4–0.5 eV� / �eldep��105 V /cm is sufficient to ionize
optically created excitons at the surface region of the
nanowires.27,30 Separated charge carriers can contribute two-
fold to the photoconductance of the nanowires. On the one
hand, the electrons can drift to the surface of the p-doped
nanowires, acting as a local negative gating voltage �photo-
gating effect or normal surface photovoltage�. Hereby, the
conductive part of the nanowire is widened. On the other
hand, the holes increase the hole density within the nano-
wires �photodoping effect�.31 Both effects can result in an
optically increased conductance of the nanowire circuits.20,21

In addition, we note that the optical excitation of surface
states for Ephoton�EGaAs can cause similar photogating and
photodoping effects since the effective band bending favors a
charge configuration with photon-generated electrons being
localized on the surface of the nanowires, while the holes
drift to the center of the nanowires.

The observed photoconductance and photocurrent sig-
nals depend on the polarization of the exciting laser field for
both positions I and II �as depicted for sample A in Fig. 2�c��.
The corresponding signals follow a cos �-like dependence,
where � is the angle between the wire and the light polar-
ization. This observation is in agreement with recent reports
that the nanowire geometry strongly affects the polarization
of emitted or absorbed photons.2 We observe that the polar-
ization ratio �= �Iphoton


 − Iphoton
� � / �Iphoton


 + Iphoton
� � of Iphoton with

parallel �Iphoton

 � and perpendicular �Iphoton

� � polarization ori-
entations is larger at position II ��35%� than close to the
Schottky contact of position I ��15%�. Hereby, the data in
Fig. 2�c� demonstrate that one can simply enhance � by the
described FIB-deposition technique since the technique al-
lows suppressing the optoelectronic response of the nano-
wires due to the Schottky contacts by covering the contacts
by an opaque carbon layer �position III in Figs. 1�a� and
1�b��.

In order to test the response time of the metal-nanowire-
metal photodetector, we measure Iphoton of the devices as a
function of fchop �Fig. 2�d��. For both positions I and II, we
do not detect any dependence of Iphoton on fchop for frequen-
cies between 0.1 and 6 kHz. This reveals that the effects
causing the photocurrent �position I� and the photoconduc-
tance �position II� occur on a time scale shorter than
��6 kHz�−1=167 �s.

In summary, we present spatially and spectrally resolved
optoelectronic measurements on freely suspended p-doped
GaAs nanowires. We interpret the results in terms of the
combination of a photogating and a photodoping effect, i.e.
the consequence of the spatial separation of holes and elec-
trons, in combination with a photocurrent effect, which is
generated at the Schottky barriers between the GaAs nano-
wires and the metal electrodes. We demonstrate that both
effects allow building a polarization dependent photodetector
with a response time faster than �200 �s.
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