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Semiconductor nanowires have emerged as an important enabling technology and are today used in
many advanced device architectures, with an impact both for what concerns fundamental science and in
view of future applications. One of the key challenges in the development of nanowire-based devices is the
fabrication of reliable nanoscale contacts. Recent developments in the creation of metal-semiconductor
junctions by thermal annealing of metallic electrodes offer promising perspectives. Here, we analyze the
optoelectronic properties of nano-Schottky barriers obtained thanks to the controlled formation of metallic
AuGa regions in GaAs nanowire. The junctions display a rectifying behavior and their transport
characteristics are analyzed to extract the average ideality factor and barrier height in the current
architecture. The presence, location, and properties of the Schottky junctions are cross-correlated with
spatially resolved photocurrent measurements. Broadband light emission is reported in the reverse
breakdown regime; this observation, combined with the absence of electroluminescence at forward bias, is
consistent with the device unipolar nature.
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I. INTRODUCTION

Self-assembled nanowire (NW) synthesis represents today
a mature and promising approach to the fabrication of
advanced nanodevices [1,2] with a potential impact on
electronics [3–9], photonics [10–14], and spintronics
[15–18] applications. These perspectives stem from the
flexibility of this growth technique, that allows the fabrica-
tion of advanced bottom-up nanostructures in many copies
and without the need of advanced lithography. Thanks to
their limited radial dimensions, NWs can accommodate a
much larger-than-usual lattice mismatch without the nucle-
ation of dislocations, since strain can be relaxed very
effectively in the radial direction [19–21]. This allows the
achievement of a wide range of single-crystal heterostruc-
tures [22–25] as well as the integration of mismatched III-V
materials on the more standard Si-based technology [26,27].
A further promising development direction has emerged

in recent years following the demonstration of NWs
combining metallic and semiconductor regions. Such a
possibility has been first highlighted in the seminal work by
Wu et al. [28], who demonstrated that full portions of a
Si NW can be converted into crystalline SiNi by a suitable
thermal annealing of Ni contacts. More recently, this
technique was further refined [29–31] and exploited to
implement a variety of novel NW-based circuit elements

such as reconfigurable logic gates [31], ultrashort-channel
field-effect transistors [30,32], and more [33]. Recently,
the range of semiconductor materials displaying similar
phenomenology was extended [34]. In particular, some of
us have demonstrated the formation of sharp axial metal-
semiconductor junctions starting from III-V NWs [35].
In GaAs NWs, metallic Au-rich regions can be in fact
induced deep inside the crystal by rapid thermal annealing
of a suitable Au-based electrode multilayer.
The development of this class of ex situ solid-state

reactions offers a way to tailor the transport in individual
nanostructures and to create nanometer-scale electrical
contacts [28–35]. Among the advantages of this approach
are the following. (i) Since junctions are obtained by
thermal migration of metallic species, no surface-oxide
issues are expected to impact the electrical behavior of the
semiconductor-metal interface. (ii) Contacts with cross-
section dimensions of a few nanometers can be easily
obtained without the need of advanced lithography and
without stray capacitive effects due to large-scale electro-
des, with a potential benefit for high-speed applications
[13]. (iii) The junction position along the NW can be
controlled by tuning the thermal annealing protocol, again
leading to a nanometer-scale control without the need of
advanced lithography [30,32]. The structural and electrical
properties of this class of nanojunctions are still under
active investigation. Transmission electron microscopy
studies indicate, in the more extensively explored case*s.roddaro@sns.it
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of SiNi, that various metallic alloys with different stoichi-
ometries can be formed depending on the fabrication
protocol, and that a good degree of crystallinity can be
achieved at the junction [36,37]. From the charge-transport
point of view, in the case of SiNi, junctions often display a
Schottky-like behavior and have been exploited to build a
variety of device architectures [29–31]. Regarding III-V
semiconductors in general, and GaAs NWs in particular,
traditional nanoscale junctions are so far typically obtained
using an epitaxy of radial [38] and axial [39] p-n junctions
or the AuIn nanoparticle seeding the growth [40,41].
Thermally induced metal-semiconductor junctions were
in fact only recently demonstrated [35]. In this context,
III-V semiconductors are particularly promising in view of
the advanced NW heterostructures that can be implemented
with these material systems [13,15–17,22] and thanks to
the large mobility and optically active gaps that can be
obtained in III-V semiconductors.
In this paper, we investigate the fundamental optoelec-

tronic properties of GaAs-metal nanojunctions obtained by
thermal annealing. Transport spectroscopy and photocon-
ductivity (PC) microscopy are performed on devices that
allow—thanks to the parallel fabrication of standard Ohmic
contacts to the GaAs NW body—studying the optoelec-
tronic properties of individual axial metal-GaAs hetero-
junctions. Studied devices display a marked rectifying
behavior, which is due to the formation of a Schottky
barrier between the pristine GaAs NW body and the newly
formed Au-rich regions. Experimental results indicate an
ideality factor η ¼ 2.3–3.3 and the presence of a Schottky
barrier with an estimated height of about 500 meV. The
unipolar nature of the device is consistent with the absence
of light emission in normal forward bias. Differently, a
pointlike broadband emission [42–44] is observed in the
reverse breakdown regime, with an emission spot consis-
tent with the position of the junction.

II. EXPERIMENT AND DISCUSSION

The architecture of the NW Schottky diodes is visible in
Fig. 1 and is based on the creation, by thermal annealing, of
an axial metal-semiconductor heterointerface inside the
nanostructure. GaAs NWs are grown by means of catalyst-
free molecular beam epitaxy (MBE), at a beam pressure
ratio As=Ga equal to 5 [45]. A GaTe source is used to
achieve a strong n-type doping. NWs had an average
diameter of 100 nm, a length up to 6 μm, and a nominal
doping level of the GaAs NWs is estimated to 8.5 ×
1019 cm−3 from field-effect measurements [46,47]. As-
grown NWs are dispersed by sonication in isopropyl
alcohol and deposited by drop casting on prepatterned
chips made of heavily p-doped Si(100) substrates covered
with 300 nm of SiO2, which could also act as a back gate.
The contacts on top of each NW are defined by e-beam
lithography and metal evaporation. As depicted in the
sketch of Fig. 1(a), the devices included three contacts

on each GaAs NW, obtained with a two-step fabrication
procedure. In a first lithographic step the device anode
(A) is defined. The contact region is first cleaned in an
oxygen plasma and chemically passivated for 1 min in a
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FIG. 1. Device architecture. (a) Sketch of the device structure.
The n-type GaAs nanowire is deposited on a Si=SiO2 substrate
acting as a back gate, and contacted by two different multilayer
electrodes: PdGeAu for the cathode (K) and NiGeAu for the
anode (A), diode bias configuration. Upon thermal annealing, a
Au-rich region is formed inside the nanowire, with a Schottky
interface with the pristine GaAs. (b) Scanning electron micro-
graph of one of the Schottky diodes. The Au-rich region is visible
as a brighter region of the nanowire and the interface with the
pristine GaAs marked by the red dashed line. (c) The device
displays a strong rectification as a function of the voltage between
A and K, VAK . Inset: current-voltage characteristics of pristine
GaAs, measured between two K Ohmic contacts (left, FET bias
configuration); evolution of current as a function of the back-gate
voltage VBG at bias 0.3 V (right).
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HCl∶H2O (1∶4) solution. Immediately after, a Nið4 nmÞ=
Geð40 nmÞ=Auð20 nmÞ=Nið15 nmÞ=Auð40 nmÞ multilayer
is deposited by e-beam evaporation (cyan in Fig. 1). After
lift-off, rapid thermal annealing in a N2 environment for
3 min at 360 °C led to the formation of a Au-rich region
with no visible change in NW morphology [35]. The exact
nature and stoichiometry of this alloy is still under inves-
tigation, but available energy-dispersive x-ray spectroscopy
data [35] indicate a clear predominance of Au and Ga.
In the rest of the paper, we will thus refer to this NW
portion as the “AuGa region.” After the first contacting
procedure, the sample is again processed for the fabrication
of two Ohmic contacts on the cathode (K) side using a
Pdð50 nmÞ=Geð150 nmÞ=Auð60 nmÞ multilayer (yellow
in Fig. 1) recipe reported in the literature [48]. In this
case, the contact electrodes are annealed again in a N2

environment for 30 sec at 290 °C. No further surface
passivation is performed on the NWs at the end of the
fabrication. A representative final device is visible in
the scanning electron microscope image of Fig. 1(b). In
the picture, the formation of a AuGa phase can be recognized
as a contrast step along the GaAs NW [35] and the interface
between the GaAs pristine region and the newAuGa phase is
marked by a red dashed line. As demonstrated in the
following, the resulting device is an axial nanoscale
Schottky diode with a rectifying junction located at the
boundary between the AuGa region and the pristine
GaAs NW.
The nature of the two different kinds of contacts is first of

all tested by transport measurements at room temperature.
I-V curves of a representative device are shown in Fig. 1(c).
Each device is equipped with two distinct PdGeAu electro-
des to implement a standard NW field-effect transistor
(FET) and check the effective formation of proper Ohmic
contacts to the NW. The linear behavior of the I-V
characteristics measured in the FET configuration (see left
inset) confirms that this is indeed the case. We tested
devices with random orientation of the NW tip with respect
to the contact scheme and for all of them the PdGeAu
contacts are found to be Ohmic. The gate response of the
FET is visible in the right inset. The dependence of the
current as a function of VBG confirms the NW has a n-type
behavior as expected for our Te-doped GaAs NWs. The
variation of the current in the channel is 3.7% over a range
of �30 V, consistently with a high doping level in the
wires. No multiple A contacts are included in the current
device architecture since the AuGa region of the NW is
known to have a metallic behavior with a low-resistance
contact with the NiGeAu metallizations. Two-wire mea-
surements indeed typically yield a resistance of the order of
100 Ω and no field effect [35]. Further four-wire measure-
ments indicate a conductivity for the AuGa region of the
order of 10% of one of gold. The junction between the
metallic AuGa region and the pristine GaAs is generally
expected to give rise to a Schottky contact. Considering the

GaAs affinity χGaAs ¼ 4.07 eV and the work functions
ϕAu ¼ 5.1–5.47 eV and χGa ¼ 4.32 eV, a barrier ϕB ≳
0.25 eV can be expected—at first approximation—based
on the Schottky-Mott rule [49]. In a real system, interface
states are expected to further impact band alignment and in
GaAs they are typically expected to pin the chemical
potential close to the middle of the band gap. The I-V
characteristics of the diode are visible in the main panel of
Fig. 1(c). Given the high conductivity of the AuGa region,
the nonlinear characteristics between contacts A and K can
be safely attributed to the axial metal-semiconductor
junction embedded in the NW. The diode threshold is
typically observed at V th ≈ 0.5 V and beyond this point the
device resistance quickly saturates to a linear regime with a
slope of tens of kilo-ohms (≈18 kΩ in the case reported in
Fig. 1) because of the intrinsic resistance of the pristine
GaAs NW. Ten different diode devices are investigated, all
displaying completely similar transport signatures to the
ones reported in the paper, except for one diode having an
almost symmetric nonlinear I-V curves, likely due to
unideal PdGeAu contacts. Photoconductivity mapping is
performed on three devices.
A more detailed transport analysis is reported in Fig. 2,

where the ideality factors η and barrier heights ϕB are
analyzed using a phenomenological model based on the
Richardson equation for thermoionic emission above the
barrier [49], with the inclusion of a series resistor RS

VAK ¼ VJ þ RSIAK; ð1Þ

IAK ¼ I0½eqVJ=ηkBT − 1�; ð2Þ

I0 ¼ Σ ×
4πqm�k2B

h3
T2e−qϕB=kBT: ð3Þ
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FIG. 2. Nanodiode characteristics. (a) Semilog plot of one of
the diode’s current-voltage characteristics. A fit using a ther-
moionic emission model yields a value for the barrier height ϕB,
the ideality factor η, and the series resistance RS. (b) Summary
plot of the ideality factors η and barrier height ϕB obtained for the
analyzed devices. The arrow indicates the fit parameters obtained
from data in panel (a).
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In Eqs. (1)–(3) VJ indicates the voltage drop over the
junction, Σ is the NW cross-section area,m� is the effective
mass of GaAs, while q, kB, and h are the electron charge,
the Boltzmann constant, and the Planck constant, respec-
tively. As visible in Fig. 2(a), the model provides a good fit
of the forward bias portion of the I-V curve, but it fails to
reproduce the negative branch because of a sizable non-
linear resistive leak at the junction. This effect is likely due
to tunneling and/or surface effects which are not taken into
account by our phenomenological model. A further dis-
cussion about these effects and about the impact of therm-
ionic field emission is reported in the Supplemental Material
[47]. In Fig. 2(b), the results from the analyzed devices are
reported: estimated η and ϕB values fall in the 2.3–3.3 and
0.2–0.35 eV range, respectively, with errors on ϕB mostly
due to the uncertainty in the determination of Σ (estimated
from scanning electron microscope imaging of the devices).
We note the reported η values are larger than those expected
for an ideal planar Schottky junction (η ¼ 1), but this is not
surprising in the case of nanoscale junctions. Large η values
(up to the order of 10) have been typically reported for
nanoscale Schottky contacts [50] due to tunneling [49],
barrier lowering effects [51], and to the likely

inhomogeneous band profile along the radius of the nano-
devices caused by Fermi pinning at the surface [47,52]. The
unipolar nature of the devices is also consistent with the
absence of radiative recombination in the forward bias
regime. This implies either that transport in the device does
not involve minority carriers or that nonradiative recombi-
nation is strongly dominant. This is, however, not expected
for GaAs and broadband radiation is indeed obtained in the
strong reverse bias regime [47], in agreement with the
literature [42].
In order to further clarify the origin of the rectifying

behavior, PC maps are measured at room temperature on
selected devices. In the semiconductor, a strong current
response is in fact expected from regions characterized by a
strong electric field, which promotes the separation of
photogenerated electron-hole pairs [53]. Maps are taken
by mounting the device on a piezoelectric stage and by
scanning the sample under a focused laser beam (488 nm,
1 mW, spot size≈0.5 μm, 63× objective with NA 0.75). The
diode current is measured at one of the two PdGeAu
electrodes, while applying a VAK bias to the NiGeAu
electrode [see inset to Fig. 3(a)]. The effect of the laser
excitation is visible in Fig. 3(a), where we report a sequence
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GaAs-AuGa interface, for selected values of the diode bias VAK . The measurement scheme is sketched in the inset. Maps are obtained by
scanning the device position under a 488-nm laser with a power of 1 mW and a spot size of 0.5 μm. The behavior of the photocurrent
confirms the presence of a Schottky barrier at the junction at x ¼ 0. Profiles are obtained as cross sections of the two-dimensional current
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of IAK current profiles as a function of the position x of
the laser along the NW axial direction, where x ¼ 0
corresponds to the Schottky junction position. The profiles
are obtained from the two-dimensional PC maps visible in
Figs. 3(b)–3(f), which are measured at selected values of
VAK and are plotted in terms of the excess current ΔIAK
induced by the laser. Excess current is here defined with
respect to the VAK-induced current measured when the laser
is positioned far from the NW. In the panels, semitransparent
yellow (cyan) overlays indicate the position of the PdGeAu
(NiGeAu) electrodes and the red dashed lines indicate the
position of the Schottky interface, as calibrated by compar-
ing the laser position in the optical images acquired at the
beginning and at the end of the measurement of the
PC maps.
Measurements at VAK ¼ 0 V indicate the presence of a

large electric field pointing in the K → A direction, inducing
a negative photocurrent output at the K contact (IAK < 0).
The position of the negative current peak is consistent with
the presence of a depletion region in the semiconductor NW
at the interfacial region between the AuGa phase and the
pristine GaAs NW and confirms the presence of a Schottky
barrier between a metal and an n-type semiconductor [54].
The dimension of the depletion region is expected to be very
small for the current highly doped GaAs NWs and thus
cannot be evaluated from the PC maps because of their
limited spatial resolution (the laser spot size is estimated to
be 500 nm in the current setup).
An interesting evolution is observed when VAK is

increased up to and beyond the diode conduction threshold.
The most prominent experimental feature observed in the PC
maps is the quenching of the Schottky photocurrent peak.
This is again consistent with our device model and indicates
that the in-built electric field at the junction is reduced and
even reversed at VAK ≈ 0.4–0.5 V, in agreement with the
diode I-V characteristics. Below the threshold bias the
Schottky junction is by far the most resistive portion of
the device. We can thus roughly relate the 400–500-meV
range to the height of the Schottky barrier in this device. This
further suggests ΦB parameters extracted from the I-Vs
using the Richardson model are underestimated. An addi-
tional relevant effect is the emergence of a positive PC peak
at the location of the K (PdGeAu) contact. Its presence and
behavior as a function of VAK can be explained in terms of a
residual barrierlike behavior of the Ohmic contacts, which
can be modeled by a diode DK shunted by the contact
resistance RK (see schematics in Fig. 4). This is not in
contrast with the previous assumption of an Ohmic behavior
of the K contact, which is, in any case, much more
conductive than the rest of the diode. As long as VAK ≲
V th the diode DJ is poorly conductive and much more
resistive than the NW (RNW) and than theK contact, which is
expected to have a residual Schottky barrier (diodeDK) and
a low tunnel-shunt resistance (RK). In this configuration we
expect that photocurrent generated at the diode DJ will

almost completely reach the outer circuit and lead to an
excess currentΔIAK ≈ −IJðγÞ. Differently, any photocurrent
IKðγÞ generated at the K contact will be mostly shunted by
RK and will not impact the measured IAK. The situation
further evolves for large values of VAK: the diode DJ
becomes more and more conductive and a share of IKðγÞ
can thus reach the outer measurement circuit and lead to a
positive photocurrent peak.
Additional effects are observed as a function of the VAK

bias. In particular, an unexpected positive PC response
emerges when the laser is positioned on top of the AuGa
phase and the diode is forward biased beyond the threshold.
The origin of this effect is still unclear, but it is most
probably not related to a mechanism of field-induced
separation of photogenerated electron-hole pairs. The
AuGa region is in fact strongly conductive [35] and no
significant voltage drop nor electric field is expected in this
region of the device. A speculative explanation can be
laser-induced heating and a consequent increased device
conductivity. This hypothesis requires a sizable larger laser
absorption of the AuGa region of the NW, which might be
possible as a consequence of plasmon resonances in this
strongly conductive part of the nanostructure. At present,
this interesting possibility remains speculative and goes
beyond the scope of the present article. Its precise verifi-
cation will require additional modeling and an investigation
of the PC response as a function of the excitation energy.

III. CONCLUSIONS

In conclusion, we have demonstrated that thermal
annealing can be used to fabricate nanoscale Schottky
diodes embedded in GaAs NWs. The junction area

IAK

VAK

GaAs-AuGaK contact

DJ
DK

RK RNW

IK (γ)
IJ (γ)

current
preamplifier

FIG. 4. Photoconductivity model. The device electrical re-
sponse to photoexcitation can be explained by taking into account
the bias-dependent resistance of the Schottky junction. At VAK ≲
V th the response is fully dominated by the charge separation of
photoexcited pairs at the GaAs-AuGa junction, leading to an
expected ΔIAK ≈ −IJðγÞ and to the strong negative photocurrent
peak visible in Fig. 3. In this regime similar effects at the residual
barrier at the K contact are strongly suppressed because of the
small shunt resistance RK , shorting the photocurrent inside the
device, compared with the poor conductivity of DJ . Differently,
for large VAK the Schottky barrier becomes more conductive and
a significant share of the photocurrent IKðγÞ generated at the K
contact can reach the outer portion of the circuit and have an
impact on the measured excess current ΔIAK .
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≈6000–7000 nm2 implies a very small junction capaci-
tance of a few aF and a potential impact on high-speed
applications. Bias spectroscopy and a phenomenological
thermoionic emission model leads to an estimated ideality
factor in the range of η ¼ 2.3–3.3 and a barrier of
ϕB ¼ 0.2–0.35 eV. Nevertheless, the highly doped NWs
used for the current devices are found to lead to sizable
tunnel and/or surface leaks which are visible in the reverse
breakdown regime. The interpretation of the full current
diode in terms of thermoionic emission is thus likely to lead
to an underestimate of the barrier height ϕB. The diode
behavior is further investigated by PC mapping, the
presence of a Schottky barrier is revealed at the GaAs-
AuGa interface, and PC as a function of the bias high-
lighted a reversal of the electric field sign at
VAK ¼ 0.4–0.5 V. The unipolar nature of the device is
consistent with the absence of light emission in the forward
bias regime, and with its presence in the reverse breakdown
regime.
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