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Abstract

GaAs nanowires with built-in p—n junctions possess unique properties, making them suitable

as basic components in a range of device applications, such as solar cells and photodetectors.
Establishing reliable nanoscale electrical contacts on individual nanowires is crucial for charac-
terizing and optimizing nanowire-device performances, but it is challenging due to the nanoscale
material dimensions. Here, we show the optimization of electrical contacts on individual GaAs
nanowires with built-in radial p—i—n junctions using site-specific nanoscale ion beam milling.

We quantitatively studied the effect of ion beam treatment on the contact structure and proper-
ties using electrical characterization, theoretical modeling and transmission electron microscopy
measurements. The electrical current rectifying effect at the electrode/nanowire contacts is dimin-
ished by the ion beam treatment, as evidenced by both dark and illuminated current—voltage (I-V)
characteristics of the individual nanowires. The optimized nanoscale contacts allow the study of
the intrinsic photovoltaic performance of the individual GaAs nanowires. Different from the con-
ventional method of reducing rectifying contact by increasing semiconductor doping at the con-
tacts, the contact improvement by ion beam processing is found to be mainly due to a decrease (up
to 3 orders of magnitude) in the shunt resistance at the electrode/nanowire Schottky barrier. The
combined electrical and structural measurements suggest that the shunt resistance change could
be attributed to the modification of the microscopic structure at the contacts: the native oxide on
the surface of the nanowires was removed by the ion milling; ion implantation creates a defect-rich
surface layer on the nanowires at the contacts. The observations in this study provide new insights
into the effect of ion beam processing on nanoscale electrical contacts and may contribute to the
fabrication of reliable electrical contacts on not only nanoscale p—n junctions but also semicon-
ducting nanostructures and devices in general.

1. Introduction

Semiconductor nanowires possess unique properties that are suitable for applications in a range of elec-
tronic and optoelectronic devices. In particular, I[II-V compound nanowires such as GaAs and InP, are
well suited for photovoltaic and photodetection/emission devices due to their direct band gaps within
the solar spectrum and high charge mobilities [1-4]. The vertical geometry of the nanowires enhances
the absorption/emission of photons due to the waveguiding effect [5, 6]. The nanowire geometry also
offers other advantages compared to thin film geometries, such as the growth of defect-free lattice mis-
matched heterostructures [7] and reduced material consumption due to efficient light trapping [8, 9].
Thus, III-V nanowires with built-in p—n junctions have shown promising photovoltaic performance
and attracted significant research interest for applications in next-generation solar cells with high effi-
ciency and low cost [2, 3, 10, 11]. One particularly promising geometry of the built-in junction is a
radial p—i—n junction, where usually the p-doped core in the nanowires is directly grown on and thus

© 2026 The Author(s). Published by IOP Publishing Ltd
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electrically connected to a p-doped Si substrate, while the n-doped shell needs to be connected to elec-
trical circuits via externally fabricated contacts [12—15]. The radial p—i-n junction provides an important
advantage that the light-generated charge carriers are always near the junctions, enabling efficient charge
separation and transportation.

The characterization of the performance of as-grown single p—i—n nanowires is of particular impor-
tance for the understanding and optimization of nanowire array-based devices [16, 17]. Though chal-
lenging, the study of the electrical and optoelectronic performance of individual nanowires with radial
p—i—n junctions has previously been realized by both lithography techniques [5] and in situ electron
microscopy (EM) methods [18, 19]. However, one significant challenge for realizing single-nanowire
studies is the establishment of reliable local electrical contacts on the individual as-grown nanowires.

In particular, the radial p—n junction geometry of the nanowires poses technical difficulty in fabricat-
ing high-quality contacts on the p- and n- layers, due to the nanoscale dimensions of the layers and the
close vicinity of the contacts to the p—n junction.

Previously, reliable and high-quality electrical contacts have been successfully fabricated on assem-
blies of III-V nanowires with built-in p—n junctions on their as-grown substrates, using lithography
procedures [3, 20]. Such contacts enabled the characterization and realization of III-V nanowire devices
with record-high photovoltaic energy conversion efficiencies. Later on, it has also been demonstrated
that it is possible to apply the standard lithography procedures to establish reliable electrical contacts on
individual III-V p—i—n nanowires on growth substrates [5]. However, in this process, nanowires from
a large area in the vicinity of the contacted nanowire on the growth substrates need to be removed
or damaged, to avoid contacting multiple nanowires simultaneously [5]. Thus, the standard lithogra-
phy and annealing procedures are not suited to fabricate electrical contacts on individual nanowires on
their growth substrates, while avoiding destructing the as-grown nanowire assembly. In contrast, in situ
nanoprobing EM is a highly versatile technique, since nanowires on the growth substrates can be char-
acterized by contacting the nanowires individually using a movable metallic nanoprobe [18]. In this
way, the electrical and photovoltaic properties of individual nanowires in nanowire assemblies on as-
grown substrates can be selectively characterized, without affecting other nanowires in the assemblies.
Single-nanowire measurements can be performed in sequence on multiple nanowires in the same assem-
bly using the setup. Such measurements are valuable for assessing nanowire performance at the single-
nanowire level, providing critical information about material quality, light-matter interaction, charge
generation and separation at the nanometer scale. The information is of importance for the further
development of semiconducting devices comprised of nanomaterials for solar energy harvesting and pho-
todetection, as well as for establishing other important devices utilizing single nanomaterials. However,
for measurements on single nanowires using a nanoprobing setup, the contact is usually made directly
between the metal nanoprobe and the semiconductor nanowire. Though this procedure does not require
the sophisticated lithography process or high temperature annealing [21, 22], the resulting contacts are
often non-ideal, with high resistances and strong rectifying effects. Non-Ohmic and rectifying contacts
have detrimental effects on the semiconductor device performance. For example, rectifying contacts sig-
nificantly reduce photocurrent and strongly affect the illuminated I-V characteristics of solar cells and
photodetectors [23]. Furthermore, non-linear contacts could hinder accurate characterization of the
device’s electrical properties.

In situ ion milling and Joule heating have been attempted in our previous work for optimizing the
nanoscale contact on GaAs nanowires with built-in radial p—i—n junctions using an in situ nanoprob-
ing setup [18, 19]. Both techniques have been shown to be capable of improving the contacts between a
metal probe and the GaAs nanowires, though Joule heating is more difficult to control. The p—n junc-
tion could be modified by excessive electrical current used for Joule heating. In contrast, site-specific ion
milling treatment of individual nanowires prior to contact metal deposition can be used to reproducibly
minimize the rectifying effect at the contacts and even establish nanoscale Ohmic contacts [24-27].
Though effective, the impact of ion milling treatment on the nanowire structure and the mechanism
of contact optimization are still not fully understood.

In this work, we demonstrate a technique involving ion beam treatment using a focused ion beam
(FIB) to improve the electrical contacts on individual GaAs nanowires with built-in radial p—i-n junc-
tions on a growth substrate. Using an in-house developed in situ EM nanoprobing setup, we studied and
compared the electrical and photovoltaic properties of individual nanowires contacted either as-grown
or after FIB milling. Detailed microstructures of the nanowires with and without ion milling at the con-
tact interface were studied by transmission electron microscopy (TEM). Based on the experimental mea-
surements and theoretical modeling, mechanisms of contact optimization via ion beam treatment are
discussed.
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2. Experimental

2.1. Nanowire growth

The GaAs nanowires were fabricated through self-catalyzed molecular beam epitaxy [5]. The nanowires
were grown epitaxially on a p-doped (111) Si substrate with native oxide. The substrate was heated to
630 °C and a flux of Ga and Asy was added into the chamber. The p-doping of the core was achieved
by introducing a flux of Be during the axial growth of the nanowires. The intrinsic and n-doped shell
of the nanowires were grown radially at 430 °C. The n-doping was achieved by introducing a flux of Si
during the radial growth.

2.2. FIB instrumentation

A FEI Versa3D FIB—scanning electron microscope (FIB-SEM) was used for in situ ion beam process-
ing for contact optimization on individual GaAs p—i-n nanowires, depositing contact metal on the
nanowires, and manipulating and transferring individual nanowires. Detailed parameters used for con-
tact optimization by ion beam treatment are presented in the results section. Moreover, in situ electrical
and photovoltaic property measurements on individual nanowires were also carried out in the FIB-SEM
using a custom-made nanoprobing setup. In addition, the FIB-SEM was used for cross-sectional TEM
sample preparation of the contacts on the nanowires as well.

2.3. Scanning tunneling microscope—SEM (STM-SEM) nanoprobing setup for electrical and
photovoltaic measurements

Electrical and photovoltaic measurements on individual GaAs p—i—n nanowires were enabled by a
custom-made STM-SEM nanoprobing setup [18, 19]. A piezo-controlled STM probe made of Au was
used to approach single nanowires to contact the n-doped shell of the nanowires. The p-doped core of
the nanowires is directly connected to the p-Si substrate during nanowire growth. An electric circuit
containing the nanowire p—i—n junction was formed by connecting the nanoprobe and the Si substrate
to sense and source terminals of a Keithley 2450 SourceMeter, respectively. A light emission diode was
also integrated in the STM-SEM setup, allowing the illumination of the nanowires with white light for
photovoltaic measurements of individual nanowires.

2.4. TEM instrumentation

Selected area electron diffraction, bright field (BF) and dark field (DF) TEM imaging were performed in
a FEI Tecnai T20 equipped with a LaBg electron source and operated at 200 kV. Scanning transmission
electron microscopy—energy dispersive x-ray spectroscopy (STEM-EDS) measurements were performed
in a JEOL monochromated ARM200F TEM with an electron beam energy of 200 kV. The microscope

is equipped with a Schottky field emission gun, a double-Wien monochromator, a probe Cs aberration
corrector, an image Cs aberration corrector, a double silicon drift detector for EDS, and a Gatan image
filter Continuum.

3. Results

3.1. Effects of site-specific ion beam contact processing on electrical and photovoltaic properties of
individual GaAs nanowires with radial p—i—n junctions

3.1.1. In situ fabrication and electrical characterization of contacts on individual as-grown GaAs p—i—n
nanowires

Each nanowire was doped to form a core—shell p—i—n junction, with a p-doped (Be) core, an n-doped
(Si) shell and a thin intrinsic layer in between. The diameter of the core is approximately 100-120 nm
and the thicknesses of the intrinsic and n-doped layers are approximately 15 nm and 60-80 nm, respec-
tively. To make electrical contact to individual as-grown nanowires on a Si substrate, we used a piezo-
controlled nanoprobe setup inside a FIB—SEM [18]. The p-doped nanowire core was connected directly
to the p-doped Si substrate. An STM Au probe was used to contact the n-doped nanowire shell. The
Au nanoprobe was first brought into contact with the nanowire (figure 1(a)). At this stage, the elec-
trical contact is highly resistive and rectifying. Moreover, the contact is unreliable since any mechani-
cal instability will affect the interface between the nanowire and the probe. Electron beam induced Pt-
deposition (EBID-Pt) in the FIB-SEM was used to attach the nanowire to the Au probe (figure 1(a)). In
the EBID-Pt process, a Pt-containing gaseous organic precursor was decomposed by an electron beam
(beam energy ~ 5 kV, beam current ~ 4 nA) at room temperature in the high vacuum chamber of

the FIB-SEM, leading to the local deposition of Pt (together with amorphous carbon) in the area on

3
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Figure 1. Establishing nanoscale electrical contacts to single GaAs nanowires with built-in p—i—n junctions on p-Si substrate in
an in situ nanoprobing setup using a FIB-SEM. (a) Schematic illustration of the process for making electrical contacts to a single
as-grown nanowire on the growth substrate (as-grown contact). Initially, the Au probe is brought into mechanical contact of the
nanowire tip by piezo-controlled movement. Thereafter, electron beam induced deposition (EBID) of Pt is used to stabilize the
probe-nanowire contact and increases the contact area. (b) Schematic illustration of the process for making improved electrical
contact using ion milling. The probe is brought into mechanical contact with the nanowire from underneath, with respect to
the electron beam source. Thereafter, the ion beam is scanned over the nanowire area where the Au probe and the nanowire are
overlapping. Finally, EBID-Pt is used to make contact between the FIB-exposed area of the nanowire and the Au probe. (c) SEM
image of a gold probe contacted to a single GaAs nanowire through the procedure depicted in (b). The inset shows a schematic of
the p—i—n junction in the nanowire. Each nanowire contains a radial p—i—n junction, which enables the nanowires to be used as
solar cells by separating and collecting electron—hole pairs generated by incident light.

the nanowire surface that was scanned by the electron beam. The decomposition process occurs mostly
via low energy electron impact from secondary electrons and inelastically backscattered electrons gen-
erated from the nanowire surface. The EBID-Pt was chosen as the contact metal due to two main rea-
sons. First, the electron beam-induced decomposition process is a relatively low energy process and does
not affect the nanowire structure through effects such as implantation. Second, Pt is chemically stable,
and the deposition process occurs at room temperature, preventing solid-state reaction between Pt and
the nanowire. The interfacial structure between the EBID-Pt and the nanowires is presented in detail in
section 3.3. The Pt-deposition also ensures that the contact is mechanically stable, allowing reliable and
reproducible electrical measurements. Effectively, the electrical behavior of the nanoscale electrical con-
tact on the nanowire is determined by the EBID-Pt/nanowire contact since the area of the nanowire/Au
probe interface is much smaller. The contacts made in this way (as-grown contacts) still tend to be non-
Ohmic and highly resistive. To further optimize the electrical contact, we adopted a procedure based on
nanoscale FIB-milling (figure 1(b)). In this procedure, the first step is again to bring the Au STM probe
into contact with the nanowire. This is followed by local FIB-milling of the top surface of the nanowire
in the area where the probe and the nanowire overlap. A Ga™ ion beam with a beam energy of 2 kV
and a beam current of 27 pA was used, and the tip of the nanowire was exposed to the ion beam for
10-20 s. The parameters for the FIB-milling were chosen to minimize potential beam damage to the
p—i—n junction. Then, EBID-Pt was deposited at the ion milled surface region of the nanowire. As a
result, the Au probe and the FIB-exposed tip of the nanowire were welded together by EBID-Pt. An
example of a single GaAs nanowire contacted in this way is shown in the SEM image in figure 1(c). The
contact area can be estimated by the extension of Pt-deposition along the nanowire (typically 1-3 pym)
times the circumference of the nanowire, because the Pt-deposition generally covers the back side of
the nanowire as well. To make sure that no other nanowires were contacted, the probe was moved side-
ways back and forth during live SEM imaging, to confirm that only the FIB-milled nanowire followed
the motion of the probe.
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Figure 2. (a) Dark and illuminated -V characteristics of a nanowire contacted as-grown. There is a clear S-shape around the
zero-bias point in the illuminated I-V curve, showing a rectifying electrical contact behavior. (b) Dark and illuminated I-V
characteristics of a nanowire with FIB-processed contact. The illuminated I-V curve has no S-shape.

To assess the quality of the electrical contacts we performed both dark and illuminated I-V
measurements of several nanowires contacted either as-grown or after FIB-milling at the tip of the
nanowires. Figure 2(a) shows the I-V characteristics of a representative nanowire that was contacted
as-grown, i.e. without FIB-milling. The dark I-V characteristics show a non-linear, almost symmetric
behavior within a low bias range (—1 V to 1 V). The relatively high current at reverse bias is most likely
due to a leakage path between the n-doped shell and the p-doped Si substrate at the nanowire base. In a
higher bias range (—4 V to 4 V), the [-V characteristics are rectifying, as expected from a p—n junction
(see also Supporting information (SI) figure S1). In the illuminated -V curve in figure 2(a), an anoma-
lous S-shape around the zero-bias point was observed. The distinctive S-shaped I-V characteristics are
attributed to a rectifying (Schottky) electrical contact connected in series to the p—n junction [23, 28],
see SI figure S2 for more information. At negative bias, the illuminated I-V curve is shifted downwards
with respect to the dark I-V curve due to the contribution of the photocurrent collected by the p—n
junction. However, the photocurrent starts to diminish rapidly around zero bias and finally disappears at
a relatively small positive bias (~180 mV). The S-shape in I-V characteristics results in a dramatic loss
in photovoltaic energy conversion efficiency and hinders a reliable assessment of the inherent nanowire
properties. The nanowire contacted as-grown has a short circuit current (Isc) of 73 pA, an open-circuit
voltage (Voc) of 174 mV and a fill factor (FF) of 0.23. Turning our attention to the I-V characteristics
of a nanowire with a FIB-milled contact (figure 2(b)), the situation is quite different. Here, the illumi-
nated I-V curve has no S-shape. Instead, it has almost the same shape as the dark I-V curve, indicating
a non-rectifying contact. The Isc, Voc and FF for the FIB-milled nanowire are 80 pA, 226 mV and 0.44,
respectively. As a result, the maximum output power is a factor 2.7 higher than for the nanowire con-
tacted as-grown. In total, photovoltaic measurements were performed on 6 nanowires with as-grown
contacts and 3 nanowires with FIB-milled contacts. Generally, the nanowires contacted by the FIB-
milling procedure did not have S-shape I-V characteristics under illumination, resulting in higher FFs
compared to the nanowires contacted as-grown (table 1 and figure S4). Furthermore, I-V measurements
without illumination were performed on 12 nanowires with as-grown contacts and 5 nanowires with
FIB-milled contacts. There was a clear trend that the FIB-milled nanowires had higher forward dark cur-
rents and lower ideality factors than the as-grown nanowires (table 2 and SI S3), indicating improved
contacts.

3.1.2. Theoretical modeling of charge transport through the contacts and the nanowires

To better understand the effect of FIB-milling on the electrical behavior of the contacts, we used a the-
oretical model to simulate the charge transport through the contacts and the nanowires. In this model,
the p—i—n junction within the nanowires and the Schottky junction at the contacts are represented by
two diodes connected in series ‘head-to-head, see figure 3(a). An insulating barrier is included in the
modeling of the Schottky diode to represent a native oxide layer on the nanowire surface, which has
been commonly observed on GaAs [29] and is described in section 3.3. A current generator in paral-
lel to the p—n diode represents the photocurrent generated during light illumination. A shunt resistance
is added in parallel to each diode, representing a leakage current path through the barriers. Lastly, the
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Table 1. Photovoltaic parameters, including short circuit
current (Isc), open circuit voltage (Voc), and fill factor (FF),
extracted from the I-V characteristics (figure S4) of

6 nanowires with as-grown contacts and 3 nanowires with
FIB-milled contacts.

Isc (pA) Voc (mV) FF
As-grown 43 173 0.23
As-grown 54 168 0.24
As-grown 86 272 0.22
As-grown 12 162 0.22
As-grown 76 228 0.23
As-grown 73 174 0.23
FIB-milled 80 226 0.44
FIB-milled 80 146 0.30
FIB-milled 53 86 0.28

Table 2. Ideality factors extracted from the dark I-V characteristics of 12 nanowires with as-grown contacts and 5 nanowires with
FIB-milled contacts. The corresponding I-V curves are presented in figure S3.

Ideality factor (n)

As-grown 12.4 14.7 6.0 10.5 12.2 8.7 10.2 13.2 10.5 12.5 10.6 10.1
FIB-milled 6.9 3.7 5.8 4.3 4.9

Table 3. Parameter values for [-V characteristics simulations. Rgy,; and Rgj,,
are shunt resistances at the p—i—n junction and contact, respectively. Rs is the
series resistance. Iy, is the photogenerated current and Is is the diode
saturation current of the p—i—n junction. ¢ is the barrier height of the
Schottky barrier at the contact. ( is the difference between the Fermi energy
and the bottom of the conduction band at the Schottky junction. Ny is the
doping concentration of the semiconductor. \ is the barrier height (in eV) of
the insulating native oxide layer and § is its thickness (in A). n; and n, are the
diode ideality factors for the p—i—n junction and the Schottky junction,
respectively. S is the contact area.

As-grown FIB-milled Ohmic

Rsh1 12 G2 12 G2 12GQ
Rgna 100 G2 80 MQ2 —
Rs 2.0 MQ 1.0 MQ 1.0 MQ
Is 10 pA 7.0 pA 7.0 pA
Ipn 100 pA 80 pA 80 pA
0y 0.34 eV 0.42 eV —

¢ 0.02 eV 0.02 eV —

5 35A 154 —
Ny 5.7-102% m~3 6-102 m—3 —
m 3.5 3.5 3.5
1 1 1 —_—
A 0.1eV 0.1eV —

S 3.10712 m? 310712 m? —

undepleted part of the nanowire is represented by a series resistance. More details about the theoreti-

cal model are provided in SI S4. The simulated -V characteristics of a nanowire with Ohmic contact
are obtained by excluding the Schottky diode and the associated shunt resistance from the circuit. The
model was used to fit the experimental illuminated I-V characteristics of nanowires with contacts fabri-
cated on as-grown nanowires or after FIB-milling (figures 3(b) and (c)). Table 3 shows the values of the
different parameters used for the simulated I-V curves in figure 3. The contact area, S, and the thickness
of the insulating layer, 6, are estimated from SEM and TEM images. The rest of the parameter values
have been chosen to fit the experimental data.

The I-V curve of the nanowire with FIB-treated contact is very similar to the Ohmic I-V curve at
low biases (figure 3(b)), but they are significantly different at high bias (figure 3(c)). According to the
modeling, there are two main differences between the as-grown and the FIB-milled contacts. First, Ry,
(the shunt resistance at the contact) decreases by approximately 3 orders of magnitude due to the FIB-
milling. Such a low value of Ry, is the main reason that the FIB-milled contact shows close to Ohmic
behavior at low biases, and the diminishment of the S-shape. Second, the width of the insulating barrier

6
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Figure 3. (a) Equivalent electrical circuit for the nanowire—contact system. (b) and (c) Modeled and experimental I-V character-
istics for the as-grown and ion milled contacts at low and high bias ranges, respectively.

at the contact is reduced by the FIB-milling. This is the main reason for the increased current at high
bias in the FIB-milled nanowire compared to the as-grown one.

3.2. Effects of ion beam processing on electrical contacts and charge transport through the n-doped shell
In order to study the electrical behavior of the contacts without the influence of the p—i-n junction,
measurements were also performed on nanowires contacted only through the n-doped shell. Vertical
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Figure 4. Dark I-V characteristics of the n-doped shell of horizontal nanowires contacted both as-grown and FIB-milled. Each
column represents results from one nanowire. (a)—(c) Low bias regime I-V characteristics from the —200 to 200 mV range,

showing the differences in Ry, between the two contact types. (d)—(f) High bias regime I~V characteristics with TFE fits. (g)—(i)
I-V characteristics on a log-log scale with straight lines corresponding to I ~ V and I ~ V2.

|| —TFE-it

GaAs nanowires with p—i—n junctions on growth substrates were mechanically broken at the base by
scratching the growth substrate with a scalpel. Subsequently, individual nanowires lying horizontally
on the growth substrate were picked up by an OmniProbe (Oxford Instruments) micromanipulator

in the FIB-SEM and transferred to a separate Si substrate with a 400 nm thick SiO, surface layer and
pre-patterned Au electrodes, see figure S5. After that, two contacts were made on the n-doped shell of
the nanowire and connected to the Au electrodes by EBID-Pt, forming as-grown contacts. Two FIB-
processed contacts were formed on the same nanowire by first irradiating two sub-micrometer scale
areas on the nanowire between the as-grown contacts with a focused Ga™ ion beam in the FIB-SEM.
The parameters for ion beam irradiation are the same as those shown in section 3.1 (acceleration volt-
age 2 kV, beam current 27 pA, milling time 10-20 s, see figure S5). After ion beam irradiation, con-
tacts were made on the milled areas of the nanowire and connected to the Au electrodes by EBID-Pt.
Electrical characterization of both the as-grown and the FIB-processed contacts on the same nanowire
was carried out. In total, 3 nanowires were characterized in the way described above, and the results
are shown in figure 4. Fach column in figure 4 shows results from one nanowire. In the first row
(figures 4(a)—(c)), I-V characteristics of as-grown contacts and FIB-milled contacts in the low bias range
are shown. The FIB-milled contacts have shunt resistances (Ry,) that are 1-3 orders of magnitude lower
than the as-grown contacts, extracted from the linear I-V regime from —200 to 200 mV. The second
row (figures 4(d)—(f)) shows I-V characteristics in a higher bias range. The thermionic field emission
(TFE) model (see SI S4) was used to fit the positive side of the I-V curves and extract three parame-
ters: doping concentration (Ng4), nanowire resistance (R,y) and effective Schottky barrier height (¢ p).
The FIB-milled contacts have a ¢ that is 0.02-0.09 eV lower than the as-grown contacts. Furthermore,

R, is generally lower for the FIB-milled contacts, which could be explained by the fact that the distance
between the FIB-milled contacts is always smaller than that between the as-grown contacts. According to
the TFE-fitting, the doping concentrations of both the as-grown contacts and the FIB-milled contacts are
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Figure 5. (a) TEM BF micrograph of a cross-section of a nanowire contacted as-grown. (b) High-resolution TEM micrograph
of the area marked by the red square in (b). The crystalline GaAs and the Pt nanoparticles are separated by an amorphous
layer which is around 4 nm thick. (c) TEM BF micrograph of a cross-section of a FIB-milled nanowire. (d) High-resolution
TEM image of the area marked by the red square in (c). The EBID Pt is in direct contact with the area that was affected by the
FIB-milling.

rather similar, around 1-4 x 107 cm™>. The TFE analysis is valid if the current is limited by the con-
tacts. However, it is possible that the current is space-charge limited rather than limited by the contacts
because of the small dimensions of the nanowires. Space-charge limited current (SCLC) results in I-V
characteristics with I ~ V2 and has been observed in semiconducting nanowires [30, 31]. To examine
such a relationship in the GaAs nanowires, the -V characteristics of the three nanowires are plotted on
a log-log scale (figures 4(g)—(i)). The FIB-milled nanowires show quadratic I-V characteristics for an
extended bias range, indicating SCLC. In this scenario, the doping concentration needs to be extracted as
N; =€V, /qR* with V. being the crossover voltage where the current goes from Ohmic behavior (I ~ V)
to SCLC behavior [30]. R is the nanowire radius and ¢ and g is the permittivity of the semiconductor
and the elementary charge, respectively. According to this analysis, the doping concentrations at the FIB-
milled contacts are around 4-8 x 10'® cm—3. In contrast, for the as-grown contacts, the I-V charac-
teristics do not have a clear quadratic dependency. The current is therefore limited by the contacts, and
the TFE model should give the most accurate estimation of the doping concentration, which is about
1-3 x 107 ecm™3.

3.3. Microstructure characterization of the contacts

To understand the underlying reason for the difference in electrical behavior between the two different
types of contacts, we studied the microscopic structure of the two types of contacts using TEM. TEM BF
images of the cross-section of a nanowire that was contacted as-grown are shown in figures 5(a) and (b).
The nanowire cross section has a regular hexagonal shape. There is a 4-5 nm thick surface layer cover-
ing all the 6 facets of the nanowire (figure 5(b)). This surface layer is amorphous, as evidenced by the
random image contrast in the TEM BF images, as well as electron diffraction and DF images (see figure
S6). The interior of the GaAs nanowire has a single crystalline Zinc Blende structure. The EBID-Pt layer
is clearly separated by the amorphous surface layer from the crystalline GaAs nanowire structure at the
contact, indicating the absence of interdiffusion or intermixing between Pt and the nanowire structure
in the EBID process. Cross-sectional TEM images of a contact fabricated after ion beam treatment are
shown in figures 5(c) and (d). The FIB-milling modified the material structure on the nanowire surface.
In the ion milled area, the nanoscale amorphous surface layer was milled away. Moreover, the nanowire
surface structure was modified by the Ga™-ions, indicated by a darker contrast in the ion milled area

in the TEM BF image and the change in nanowire morphology (figure 5(d)). The nanowire area at
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Figure 6. Elemental analysis of the as-grown and FIB-milled contacts. (a) HAADF STEM micrograph and elemental EDS-maps
of as-grown (left column) and FIB-milled (right column) contacts. There is a strong oxygen signal at all facets of the as-grown
nanowire. In the FIB-milled nanowire, the oxygen signal is weaker at the upper-right facets, which have been exposed to the ion
beam. (b) Averaged EDS profile of the dashed rectangle in the left column in (a). Inside the nanowire the concentration of Ga
and As are similar. Towards the nanowire edge there is first a slight increase in As and a decrease in Ga concentration, followed
by a layer with only Ga and O. This is the native oxide layer covering the nanowire surface. The Pt is not directly in contact with
the GaAs. (c) Averaged EDS profile of the dashed rectangle in the right column in (a). The Ga and As concentrations are similar
inside the nanowire. However, approaching the edge of the nanowire the Ga concentration increases relative to the As.

the contact with the darker contrast has amorphous structure, as evidenced by TEM DF imaging (see
figure S6). The crystal structure of the interior of the nanowire is still intact. By comparing the FIB-
milled nanowire cross section with a regular hexagon, we estimate that only the outermost 10-30 nm

of the nanowire is milled away or affected by the ion beam. From a nanowire geometry point of view,
the p—i-n junction at the contact is still present after FIB-milling, since the n-doped layer is 60—80 nm
thick. Electrical measurements (e.g. I-V characteristics shown in section 3.1) also show that the p—i-n
junction at the ion-milled region is not short-circuited, as evidenced by the rectifying behavior and siz-
able photocurrent in the I-V measurements. This is in contrast to the expected linear -V characteristics
and a diminished photovoltaic effect of short-circuited p—i—n junctions. In addition, it is worth noting
that the ion beam treatment is site-specific and performed in a relatively small section (~ 1 ym long) of
a nanowire (~ 15-20 pm long). In the nanowire areas away from the tip region, the nanowire was not
exposed to the ion beam, and the p—i—n junction was not affected.

STEM-EDS was performed to further investigate the effect of the FIB-milling on the material struc-
ture and composition at the contacts. Cross-sectional STEM annular dark field (ADF) images and cor-
responding elemental maps of O, Ga, As, and Pt of the two contacts are shown in figure 6. Similar
as the TEM BF images, the STEM ADF images show that ion milling removed a thin layer of mate-
rial on the surface, including the amorphous surface layer (figure 6(a)). The morphology of two facets
on the nanowire surface is modified. In addition, there is a surface area with brighter image contrast
than the interior of the GaAs nanowires for the contact treated by ion milling. The contrast variation
at the contact indicates that the ion milling process modified material composition on the nanowire
surface. STEM-EDS elemental maps of the nanowire contact without ion milling clearly shows that the
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amorphous surface layer observed in TEM and STEM imaging consists of predominantly Ga and O (the
left column of figure 6(a)). This surface layer is therefore the native oxide layer, which is continuous and
covers the outer surface of the nanowire, separating the GaAs nanowire and the EBID-Pt. The intactness
of the native oxide layer of the nanowire at the contact confirms that there is no obvious intermixing

or interdiffusion between Pt and nanowire structure caused by the EBID-Pt process. At the FIB-treated
contact, the change in nanowire morphology is evident in the Ga and As elemental maps. Moreover, the
O signal is diminished in the surface area where the ion beam milled the nanowire (the right column of
figure 6(a)).

The EDS composition profiles in figures 6(b) and (c) provide detailed information about the elemen-
tal composition across the nanowire-Pt interface for the as-grown (figure 6(b)) and FIB-milled contacts
(figure 6(c)). In the interior of the nanowires, away from the contacts, there is roughly the same amount
of Ga and As. At the contact interfaces, the elemental composition of the as-grown and FIB-milled con-
tacts differ significantly. In the as-grown contact, there is a peak in As concentration and a dip in Ga
concentration close to the nanowire surface. This is likely due to an outward migration of Ga atoms
when the insulating native oxide was formed. The surface native oxide layer consists of around 70 at %
O and 30 at % Ga, and almost no As. In the FIB-milled nanowire, the O signal at the contact is largely
diminished, decreasing to about 20 at %. The Ga concentration gradually increases towards the outer
surface of the nanowire in the ion milled area. Such an increase in Ga concentration is attributed to
Ga™-ion implantation during ion beam treatment. At the contact interface, the nanowire consists mostly
of Ga. In addition, there is a slight increase in Pt EDS signal at the contact interface, within a layer with
a thickness of ~5 nm. This change in Pt signal is likely due to an increase in surface roughness of the
nanowire (evident in TEM and STEM images) caused by ion milling before EBID of Pt, as implantation
and interdiffusion are not expected in the EBID-Pt process. The modification of the material structure at
the nanowire contacts provides important insights into the mechanism of the observed contact optimiza-
tion by site-specific ion milling treatment at the nanometer scale.

4. Discussion

The direct correlation between the quantitative electrical characterization and structural measurements
provides unique insights into the material mechanism of contact improvement by site-specific FIB treat-
ment. The TEM analysis shows that there is no obvious interfacial intermixing or interdiffusion between
the EBID-Pt and the nanowires (including the native oxide). This is consistent with the fact that EBID-
Pt is a deposition process induced by low energy electrons at room temperature. Though the quality
(such as resistivity and work function) of the EBID-Pt could be modified by the experimental conditions
used for deposition and affect the contact characteristics, the same electron beam and deposition param-
eters were used for the EBID-Pt in this study. As a result, the quality of the EBID-Pt is not expected to
vary between samples in the experiments. The changes in contact characteristics are thus believed to
mainly originate from the modifications of the nanowire structure at the contact area induced by ion
beam processing. The removal of the native oxide layer on the nanowire narrows the potential barrier
at the metal-semiconductor junction, increasing the tunneling probability of charge carriers through

the barrier. This leads to an overall higher current to pass through the contact. The distinctive S-shape
in illuminated I-V curves of the p—i—n nanowires arises due to the rectifying character of the contact,
which is a consequence of band-bending at the metal-semiconductor interface (see SI S2 and S4). It is
the introduction of new conducting channels through the barrier (a reduction in shunt resistance) that
is responsible for the diminishment of the S-shape, as shown by the modeling of the I-V characteris-
tics (figure 3). Such a mechanism of contact optimization is markedly different from the commonly
used method. Conventionally, the contact optimization is achieved by heavy doping of the semicon-
ductor surface or metal diffusion and alloying in the semiconductor at the contact [32], resulting in

a reduction in the Schottky barrier width/height [33]. Based on the electrical measurement on the n-
doped shell of the nanowires (figure 4), the doping concentration is actually reduced after FIB-milling,
which is in line with previous studies on ion milling effects [22, 34]. The contact-improvement is there-
fore not expected to be due to the change in doping concentration in the semiconductor. Instead, we
demonstrate that the reduction in shunt resistance through ion beam processing plays a dominant role
in realizing almost non-rectifying contacts on the GaAs nanowires. The TEM and STEM EDS data show
that the ion milling results in Ga-implantation and amorphization of the nanowire surface, which may
introduce electrically active defects at the interface between the Pt and the n-doped shell of the GaAs
nanowires [34]. These localized electronic states could be the physical origin of the drastic reduction

of the shunt resistance at the contact [35]. It is worth noting that the FIB-procedure we established, by
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carefully choosing ion beam energy, beam current as well as ion milling time and area, is site-specific, of
high (nanometer scale) resolution, and deterministic. This procedure was controlled to selectively modify
the n-doped shell at the contact region in the p—i—n nanowires, without short-circuiting the nanoscale
p—n junction close to the contact. The defects created in the n-doped shell could increase carrier recom-
bination, which may locally reduce electron mobility and negatively affect electron—hole pair separation.
However, such an effect is expected to be insignificant. It is because the area exposed to Ga™ ion beam
treatment was subsequently covered by EBID-Pt to form the electrical contact on the n-doped shell.

The EBID-Pt is not transparent to light, so the contribution of this area to electron-hole pair genera-
tion is negligible. Moreover, nanowire area treated by the Ga™ ion beam is a small section (~1 pum long)
of the nanowire (~15-20 um long). The contribution of this area to charge transportation is relatively
small. The negative impact of local defect generation by the ion beam is thus believed to be insignificant.
EBID-Pt was used as the contact metal on GaAs nanowires, but the protocol used in this study is likely
applicable to contacts formed between other metals and III-V nanowires since the contact improve-
ment mainly originates from structure modification of the semiconductor by ion beam processing. The
method and mechanism could also be applicable to nanostructures of other inorganic semiconductors,
such as group IV and II-VI semiconductors, as the removal of native oxide and generation of electri-
cally active defects in these materials could also be introduced by controlled ion beam processing [25,
36]. FIB-SEM with Ga™ ion source is a commonly available instrument in device fabrication and mate-
rial characterization labs. Thus, the ion beam processing method is an effective alternative for optimizing
electrical contacts on semiconducting nanostructures when the conventional lithography, chemical etch-
ing (SI S7) and high temperature annealing techniques are not applicable.

5. Conclusion

In summary, we have investigated a method for making reliable nanoscale electrical contacts on individ-
ual GaAs nanowires with built-in radial p—i—n junctions on growth substrates, using in situ and analyti-
cal EM. The method utilizes site-specific FIB-milling of the nanowire surface followed by metal deposi-
tion. Electrical and photovoltaic properties of individual nanowires were characterized using a nanoprob-
ing setup to reveal the effects of contact optimization by the ion beam processing method. TEM and
STEM-EDS were used to study the effects of ion beam treatment on the microscopic structure at the
nanoscale contact interfaces. The as-grown contacts show strong rectifying effect as being clearly man-
ifested by distinctive S-shape characteristics in white light illuminated I-V curves, which significantly
limit the photovoltaic performance of the nanowires. Ion beam treatment produces contacts with close
to Ohmic behavior at low bias, and overall, less resistive. By correlating electrical measurements, theo-
retical model fitting and TEM analysis, the contact improvement by ion beam processing is attributed to
two effects: the removal of the native oxide layer at the nanowire surface and the introduction of struc-
tural defects at the metal-semiconductor interface. The modification of surface structure of the semicon-
ductor nanowire at the contact interface possibly gives rise to the significant (~3 orders of magnitude)
reduction in shunt resistance at the contact. The shunt resistance reduction effectively diminishes the
rectifying effect at the metal/semiconductor contacts and allows the establishment of contacts with close
to Ohmic characteristics. The possible mechanism of contact optimization by ion beam processing found
in this study is markedly different from that of conventional approaches, where contact improvement

is caused by a reduction of the Schottky barrier height via heavy doping of the semiconductor at the
contact. The present study contributes to fabricating high quality nanoscale contacts on semiconducting
structures and devices.
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