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ABSTRACT: Recently, there has been a growing interest in the controlled alignment and robust bonding process of nanowires
(NWs) on nanoelectronic devices. In this paper, we developed an innovative process for the fabrication of NW-based devices by
room-temperature and low-pressure compressive transfer printing of NWs, in which NWs could be simultaneously aligned and
bonded onto the metal electrodes. In this process, chemically synthesized NWs were ﬁrst transferred and aligned on an
intermediate substrate by contact printing and then ﬁnally printed onto a target substrate with mechanically soft Au electrodes,
which enables the embedding of aligned NWs under low-pressure (5 bar) and room-temperature condition. The resulting
contact between NW and Au electrodes exhibits Schottky behavior and high mechanical bonding strength (>567 MPa). The
electrical characteristics could be converted from Schottky to Ohmic contact through thermal annealing treatment at 250 °C for
5 min due to Cr diﬀusion and direct Cr-ZnO contact formation. The applications of the fabricated devices as ultraviolet (UV)
and gas sensors were successfully demonstrated. Furthermore, NW-based electronic devices were fabricated on a ﬂexible
substrate by using this process and showed mechanical and electrical robustness under mechanical bending conditions.

■

focused ion beam (FIB) induced deposition,17 selective
electrodeposition,18,25 photolithography,19,23 soldering,20,22
and hot-pressing21 have been developed to achieve mechanically and electrically robust contacts between NWs and metal
electrodes. However, these bonding processes occurring after
NW alignment steps cause fabrication complexity, low
manufacturing throughput, and increased manufacturing and
material costs. Also, previously developed bonding processes
have several drawbacks as follows: The FIB deposition method
has a low throughput due to serial Pt deposition process and
requires high manufacturing cost because of expensive
equipment. Selective electrodeposition methods cannot be
applied to many semiconductor materials (ex. ZnO NWs) that
react with the chemical solutions used for the electrodeposition
process. Also, this method cannot be applied to the metal

INTRODUCTION
Recently, there have been very active studies on the fabrication
of nanowire (NW)-based devices by integrating chemically
synthesized NWs1−5 in device platforms for their applications
such as light-emitting diodes,6 sensors,7−10 transistors,11,12 labon-a-chip devices,13 and power generation devices.14,15 Various
approaches such as dielectrophoresis,16−21 magnetophoresis,22
nanomanipulation,23 and contact printing24 for the alignment
of NWs onto device platforms with prepatterned metal
electrodes have been developed. Although NWs could be
aligned onto the metal electrodes by those methods, only weak
bonding is formed between the NWs and the metal electrodes
based on the van der Waals force. This weak bonding can cause
unstable electrical characteristics of devices and mechanical
failure by thermally or mechanically driven stresses. The
mechanical instability of weak NW−electrode bonding is even
more critical for ﬂexible electronic devices, in which various
mechanical deformation modes (bending, twisting, and
stretching) are exerted. Therefore, various approaches such as
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Figure 1. Process ﬂow of room-temperature compressive transfer printing: (a) NWs on donor substrate that is attached to a metal weight; (b)
transfer of the NWs from a donor substrate to an intermediate substrate by contact printing; NWs were pressed by a metal weight and moved with a
constant velocity; (c) NWs aligned along the sliding direction after the ﬁrst transfer step; (d−e) transfer of NWs from an intermediate substrate to a
target substrate with metal electrodes; (f) completion of the NW-based device fabrication; insets (i) and (ii) are the SEM images of NWs before and
after the ﬁrst transfer step and (iii) is the SEM image of a NW-based device after the second transfer step.

microelectronic devices. Therefore, thermal degradation of the
device can easily occur and the device cannot be used for high
temperature or high power applications. In order to resolve
these problems, we developed a new room-temperature
compressive transfer printing process by using Au electrodes
instead of In-based alloy electrodes. Au is a good candidate
material for metal electrodes because of its stable electrical
property and resistance to oxidation in ambient conditions as
well as in high temperature conditions. Also, Au has superior
ductility and malleability (elongation: 68−73%), which allows
the submergence of NWs into Au electrodes by a compression
process at room-temperature and low-pressure conditions.
There have been processes for low-temperature solid-state
welding called “cold-welding”. This process has been typically
used for metal-to-metal bonding with high normal or frictional
loads in clean environment and surface conditions.28 Recently,
cold welding technologies for nanomaterials have been also
developed. Lu et al.29 demonstrated high-speed bonding
between metal nanowires at room-temperature and lowpressure conditions. However, this study has mainly focused
on the bonding phenomena between two metal nanowires in
transmission electron microscopy (TEM) without further study
at the device level. Another method of low-temperature
internanowire bonding is the plasmonic welding developed
by Garnett et al.30 In this work, local plasmonic excitation at
nanometer-scale gaps between silver nanowires enabled strong
bonding between nanowires without any heating or pressure
requirements. However, this method is limited only to
specialized metallic nanowires such as Ag that can create
strong plasmonic resonance. Our work can be distinguished
from the above-mentioned cold-welding technologies since our
method is for bonding between one-dimensional nanomaterials
and metal electrodes, and it can be applicable to an almost
unlimited range of one-dimensional nanomaterials and metal
electrodes.

electrodes with small gaps because metal is also deposited onto
the sidewalls as well as onto the top surface of metal electrodes.
In other words, small electrode gaps can be easily closed during
the electrodeposition process. In the case of the photolithography method, NWs can be contaminated or damaged
during the spin coating, development, or baking processes of
photoresist. Also, aligned NWs can be destroyed or detached
from the substrate during the lift-oﬀ process. The soldering
method is limited to only specialized nanomaterials such as Sn
or In−Sn-based alloy NWs for melting or softening the solder
materials at low temperatures. Last, the hot-pressing method
requires high-pressure and -temperature conditions (e.g., 96 bar
and 180 °C).21 Also, the device fabricated by the hot-pressing
method has high speciﬁc contact resistance (e.g., 1.1 × 10−1
Ω·cm2).21
In order to resolve these problems, the thermo-compressive
transfer printing method using indium (In)-based alloys (i.e.,
Au−In, Cu−In alloys) with low melting temperatures was
recently developed by the authors.26 This method could
simultaneously achieve both the alignment and the robust
bonding of NWs onto metal electrodes by using a two-step
transfer printing technique with low pressure (5 bar) and
temperature (100 °C) requirements. However, In-based alloy
metal electrodes have certain limitations as follows: First, In can
be easily diﬀused into Au or Cu at temperatures above 156 °C
(melting point of In), which results in various intermetallic
compounds (AuxIny/CuxIny). The intermetallic compounds can
degrade the electrical properties of the devices by increasing the
sheet resistance of metal electrodes and also by increasing the
contact resistance due to high surface roughness of the metal
electrodes.27 In the case of Au−In alloy and Cu−In alloy
electrodes, the average surface roughness was measured as 25
and 41 nm, respectively.26 Another critical problem of In-based
alloy electrodes is low melting temperatures as compared to
common metal electrode materials (Au, Al, etc.) for the
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Figure 2. Microscopic analysis and electrical measurement of ZnO NW-based device fabricated by a compressive transfer printing at 5 bar and 23
°C: (a) SEM image of ZnO NWs embedded into Au electrodes and (b) TEM image and (c) EDS analysis of cross section of contact region between
ZnO NW and Au electrode; (d) current−voltage (I−V) curve of the ZnO NW device.
Preparation of NWs and Substrates. We used Sn-doped ZnO
NWs grown on a Si(100) donor substrate in random directions. The
details of the synthesis method are described in our previous paper.26
As shown in the scanning electron microscopy (SEM) images (insets
(i) and (ii) of Figure 1), we indicated that ZnO NWs randomly grown
on the donor substrate were transferred and aligned on the
intermediate substrate with high density (60−80 NWs/10 × 10 μm2
area) and long lengths (10−20 μm). As for the target substrate, a Si
substrate with a 300-nm-thick thermally oxidized SiO2 layer was used.
The source and drain electrodes composed of 10-nm-thick Cr and
200-nm-thick Au layers were fabricated by photolithography, electron
beam evaporation, and lift-oﬀ process.
Characterization. Field-emission scanning electron microscopy
(FE-SEM, Sirion) and Cs-corrected scanning transmission electron
microscopy (Cs-corrected STEM, JEM-ARM200F) and energydispersive spectrometry (EDS, JEM-ARM200F) were used for analysis
of the contact region between metal electrodes and NWs. A lateral
force microscope (LFM, Park Systems XE-100) and semiconductor
analyzer (Keithley 4200-SCS) were used for the measurement of
bonding strength and electrical characteristics, respectively.
UV and Gas Sensing Experiment. For the UV sensitivity
measurement, a UV lamp with a light intensity of 0.45 mW/cm2 and a
peak wavelength of λ = 365 nm was used in an ambient air, roomtemperature condition. The change of current by the UV illumination
was measured using a semiconductor analyzer (HP4155A, HewlettPackard) at a constant DC bias of 0.5 V. The gas sensitivity was
measured by using a digital source meter (Keithley 2000) in the tube
furnace by varying the H2 concentrations (500−5000 ppm) with a
constant ﬂow rate of 600 sccm and at a temperature of 350 °C.
Mechanical Bending Test. The fatigue test was carried out by
bending the device from ρ = ∞ (ﬂat) to ρ = 10 mm constantly by
102−103 cycles using a single-axis linear motorized stage.

In this paper, we have demonstrated that NWs can be
embedded onto Au electrodes by a simple compressive transfer
printing process at room-temperature and low-pressure
conditions. We have veriﬁed that the NW-based electronic
devices fabricated by room-temperature compressive transfer
printing have a robust mechanical bonding strength with a
Schottky contact behavior. We have also observed that the
electrical characteristics can be converted from Schottky to
Ohmic contact by an appropriate thermal annealing process in
ambient environment.

■

EXPERIMENTAL SECTION

Room-Temperature Compressive Transfer Printing Process.
The procedure for room-temperature compressive transfer printing is
illustrated in Figure 1. The process is based on a two-step transfer
technique. In the ﬁrst transfer step as shown in Figure 1a−c, NWs
randomly grown on a donor substrate (Si substrate) were transferred
onto an intermediate substrate (Si/SiO2 substrate) by the contact
printing method24 where normal pressure and shear forces were
applied to the intermediate substrate to form an array of NWs in one
direction. The donor substrate was attached to a metal weight and
then was ﬂipped over to make contact with NWs and the intermediate
substrate as shown in Figure 1a,b. A normal pressure of 30 mbar was
applied to the donor substrate by the metal weight. Afterward, the
donor substrate was pushed with a constant velocity (15 mm/min) in
one direction. In the second transfer step, a slice of intermediate
substrate was pressed on a target substrate with metal electrodes at
room temperature (i.e., 23 °C) and a pressure of 5 bar for 5 min (see
Figure 1d,e). After detaching the intermediate substrate, the
fabrication of NW device was completed as shown in Figure 1f.
Furthermore, if the conversion from a Schottky to Ohmic contact was
needed, the annealing process of the device was conducted for 5 min
at 250 °C. To be speciﬁc, the temperature was linearly increased from
23 to 250 °C for 30 min and then maintained at 250 °C for 5 min (see
Figure S1 in the Supporting Information for detailed temperature
proﬁle during the annealing process).

■

RESULTS AND DISCUSSION
Figure 2 shows the SEM image of ZnO NWs that were
transferred from the intermediate substrate and successfully
17853
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Figure 3. Comparison of mechanical bonding strength by LFM test: ZnO NW bonded on Au metal electrodes by (a) compressive transfer printing
and (b) contact printing: (i) before and (ii) after applying a lateral force to the ZnO NWs in the pointed direction; (iii) line proﬁle along the top
surface of the Au electrode; (iv) plot of force versus displacement in the LFM measurement.

bonded onto the Au electrodes. We prepared two devices to
compare their bonding strengths. The ﬁrst device was
fabricated by the room-temperature compressive transfer
printing and another was fabricated by a conventional contact
printing process.24 For the second device, ZnO NWs were
aligned on Au electrodes with a small normal pressure of 30
mbar while the substrate with ZnO NWs was moved with a
constant velocity of 15 mm/min in one direction for 30 s.
When a lateral force was applied to a ZnO NW on the target
substrate as presented in Figure 3a-i,b-i, diﬀerent failure
phenomena occurred. In the case of the ZnO NW embedded
into Au electrodes by the room-temperature compressive
transfer printing, a fracture of the ZnO NW happened by a
lateral force of 9 μN along the edges of Au electrodes as shown
in Figure 3a-ii,iv. However, in the case of the ZnO NW
positioned on the top surface of Au metal electrodes by contact
printing, a detachment of the ZnO NW from Au electrode
happened by a lateral force of 0.1 μN as shown in Figure 3bii,iv.
We calculated the bonding strengths between the ZnO NW
and Au electrodes by using a numerical calculation based on
ANSYS 12.0 Workbench and experimental results of the LFM
test. Figure S3 shows the results of numerical simulation for the
ZnO NW device fabricated by the room-temperature
compressive transfer printing with a lateral force applied. The
maximum local shear stress generated at the NW−Au electrode
interface was 567 MPa, the maximum local stress on the ZnO
NW was 2.96 GPa, and the maximum plastic strain of Au
electrodes at the contact region was 0.0011 when a lateral force
of 9 μN (i.e., the force applied to the NW at the point of NW
fracture in the LFM test) was applied to the center of NW. This
calculation shows that mechanical bonding strength of the
NW−Au electrode interface exceeds 567 MPa, which can be
attributed to the embedding of NW into Au electrodes as
shown in Figure 3a-iii. The mechanical embedding of NWs into
the surrounding metal electrode provides a physical constraint
to the displacement of NWs by external forces as well as the
reinforcement of the bonding force between the NWs and
electrode. For the conventional contact printing process, the
maximum local shear stress at the metal electrode−NW

embedded into Au electrodes by the compression transfer
printing process at 23 °C and 5 bar for 5 min. TEM-EDS
mapping images in Figure 2b,c reveal that a ZnO NW was
successfully embedded and contacted with Au electrodes
without forming any observable voids. We have also found
that the ZnO NW−Au electrode interface exhibited a Schottky
contact property from the electrical measurement as shown in
Figure 2d. In order to form a Schottky contact between an ntype semiconductor and metal electrodes, the work function of
metal electrodes should be higher than the electron aﬃnity of
the semiconductor. Here, the contact of ZnO NW and Au
electrodes formed a Schottky contact because the work
function of Au is higher (5.1−5.47 eV) than the electron
aﬃnity of ZnO NW (4.2−4.35 eV).27
In order to analyze the submergence phenomenon of NWs
into Au electrodes during the room-temperature compressive
transfer printing, we conducted a numerical analysis using
ANSYS 12.0 Workbench. The von Mises yield criterion was
adopted and Au was assumed to have perfectly elastic−plastic
behavior based on a bilinear isotropic-hardening model to
accommodate for the large deformation.31 The degrees of
freedom for the bottom and side surfaces of Si/SiO2 substrate
were constrained. A vertical displacement of 100 nm was
applied at upper surface of a ZnO NW in order to simulate its
submergence onto the surface of Au electrodes. The results of
numerical simulation are shown in Figure S2b−d. When the
ZnO NW was embedded into the Au electrodes by 100 nm, a
maximum stress of 4.24 GPa and an average stress of 1.14 GPa
were developed on the region of contact between the NW and
Au electrodes. These values exceed the yield strength of Au
(400 MPa), resulting in a permanent deformation of contact
regions on the Au electrodes. Therefore, the submergence of
the ZnO NW into the Au electrodes is attributed to the plastic
deformation of Au electrodes by the stress above the yield
strength. Figure S2d shows that the maximum plastic strain of
Au electrodes was 2.79 at the contact region of the ZnO NW
and Au electrodes.
We performed an LFM test32 in order to analyze the
mechanical bonding strength between ZnO NWs and Au
electrodes by applying a lateral force to a single ZnO NW
17854
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Figure 4. Eﬀect of thermal annealing treatment: (a) electrical characteristics and (b) EDS line scan of cross section of metal electrodes showing that
the diﬀusion of Cr within Au layer occurred by annealing at 250 °C for 5 min.

Figure 5. Application of room-temperature compressive transfer printing process to ZnO NW-based UV and gas sensors: (a) response of ZnO NW
device with a Schottky contact to UV light (λ = 365 nm) in ambient air, room-temperature condition with a DC bias of 0.5 V; (b) response of ZnO
NW device with Ohmic contact to various concentrations (in ppm) of H2 gas at 350 °C and 0.5 V bias.

interface was estimated to be only 21.9 MPa by numerical
analysis (see Figure S4). The maximum local stress along the
ZnO NW was 0.11 GPa, and no plastic strain of metal
electrodes occurred when a lateral force of 0.1 μN (i.e., force
applied to the NW at the failure point in the LFM test) was
applied to the center of the NW. The failure at the bonding
surface (Figure 3b-ii) was caused by a low bonding strength
(21.9 MPa) between the ZnO NW and Au electrode. From
these results, we can conclude that the room-temperature
compressive transfer printing provides a superior bonding
strength (>567 MPa) compared to the conventional contact
printing process (21.9 MPa). In other words, mechanically
robust bonding between the NWs and metal electrodes is
enabled by the room-temperature compressive transfer printing

process. Here, the mechanical embedding of NWs into the
surface of the metal electrode is believed to provide high
bonding strengths.
Figure 4 shows the eﬀect of thermal annealing treatment on
the device characteristics. The bonding of ZnO NWs and Au
electrodes formed a Schottky contact after the room-temperature compressive transfer printing process. This Schottky
contact behavior was not changed by annealing at 100 °C for 5
min or at 200 °C for 5 min. However, after annealing at 250 °C
for 5 min, the Schottky contact was transformed to an Ohmic
contact. In order to understand this change of contact
behaviors, the evolution of elemental distribution in the Au/
Cr electrode during thermal annealing was measured by an
EDS line scan on the cross section of the electrode as shown in
17855
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Figure 6. Mechanical bending test of ﬂexible ZnO NW-based devices fabricated by room-temperature compressive transfer printing: (a)
photography of ZnO NW-based devices on a polyimide substrate and SEM image of the ZnO NWs embedded in Au electrodes before and after 103
cycles of periodic bending between the curvature radii of ρ = ∞ and ρ = 10 mm. Change of (b) current−voltage characteristics and (c) responses to
UV light after 102 and 103 cycles of repeated bending.

illumination. The generated holes induce desorption of oxygen
at the Schottky barrier, which reduces the height of the
Schottky barrier.36 Therefore, the synergetic eﬀect of reduced
Schottky barrier height and increased free electron density by
UV illumination enables a signiﬁcant increase of electrical
current through the Schottky contact device. Gas sensing
performance of the ZnO NW device with an Ohmic contact is
shown in Figure 5b. This device presented the decrease of
electrical resistance by 13%, 18%, and 24% to 500, 2000, and
5000 ppm of H2 concentrations, respectively. The response and
recovery times were 11 and 9 s, respectively, for 500 ppm of H2
gas. The mechanism of H2 gas sensing can be explained as
follows. In ambient environment, oxygen molecules are
adsorbed on the surface of ZnO NW, and produce negatively
charged oxygen ions (O2−) by capturing electrons from the
ZnO NW. This results in the reduction of free electrons and
the generation of depletion region at the surface. When the
ZnO NW is exposed to H2 gas, the H2 molecules react with
oxygen ions on the surface of ZnO NW and produce H2O
molecules. As a result, oxygen ions are removed from the
surface of the ZnO NW and the electrons are released back to
the ZnO NW, resulting in the decrease of electrical resistance.37
From the results of both UV and gas sensing applications, we
believe that the devices fabricated by the room-temperature
compressive transfer printing of ZnO NWs onto Au electrodes
can be widely applicable to a variety of electronic devices.
Since the room-temperature compressive transfer printing
uses a low-temperature (23 °C) and low-pressure (5 bar)
condition, it can be applied for the fabrication of NW-based
devices on ﬂexible plastic substrates. ZnO NW devices on a

Figure 4b. In contrast to the as-bonded electrode and those
annealed at 100 and 200 °C, we could ﬁnd that Cr exist on the
upper surface of the Au electrode after annealing at 250 °C for
5 min. Huang et al. reported that Cr can be diﬀused to the Au
layer at 250 °C for 5 min in Cr/Au bilayer.33 It is believed that
the Cr beneath the Au layer diﬀused across the Au layer and
approached the upper surface of Au layer.
The eﬀect of Cr diﬀusion on the electrical characteristics of
the ZnO NW device can be explained as follows. After
annealing at 250 °C, Cr is diﬀused to the top surface of Au layer
and forms a direct contact with a ZnO NW as shown in Figure
S5. Then, Cr is changed to CrxOy34 by taking oxygen from the
ZnO NW. Thus, the oxygen deﬁciency in ZnO NW is
increased, boosting up the free electron density. As a result, the
resistivity of the ZnO NW is decreased and the Schottky barrier
between the ZnO NW and the metal electrodes becomes
reduced. The reduced barrier enhances the electron tunneling
between the ZnO NW and the metal electrodes. As a
consequence, the Schottky contact is transformed to an
Ohmic contact at the interface between ZnO NW and Au
electrode.
The application of ZnO NW devices as UV and gas sensors
was demonstrated as shown in Figure 5. As for the UV sensing
results, the device with a Schottky contact showed an average
on/oﬀ current ratio of 12 and time constant of 50 s by UV
illumination as shown in Figure 5a. The mechanism of
photodetection is known as the change of the resistivity of
ZnO NW due to generated free electrons when the ZnO NW is
exposed to the UV light.35 Also, the electrons and holes are
quickly generated at the Schottky contact interface by UV
17856
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ﬂexible polyimide substrate were fabricated by room-temperature compressive transfer printing at 23 °C and 5 bar as shown
in Figure 6a. In order to test the mechanical ﬂexibility and
robustness of the devices, bending tests were carried out. The
SEM images in Figure 6a shows that cracks or fractures were
not formed near the bonding region of ZnO NW and Au
electrodes even after 103 cycles of bending. The current−
voltage characteristics and response to UV illumination were
measured after 103 cycles of bending, and no signiﬁcant
degradation caused by the damage or breakage of NW−
electrode bonding could be observed. The ﬂexible device
exhibited excellent mechanical robustness and durability, which
can be attributed to the mechanically strong bonding by
embedding the ZnO NW into metal electrodes via the roomtemperature compressive transfer printing method. We can
conclude that the room-temperature compressive transfer
printing allows a facile fabrication of mechanically robust
nanoelectronic devices on ﬂexible substrates.
In the present work, we have demonstrated the roomtemperature compressive transfer printing technology on a
single device with one pair of electrodes. However, this
technology can be potentially applicable to a large-scale
substrate with multiple devices. In the ﬁrst transfer step
(from the donor substrate to the intermediate substrate), the
NWs can be aligned in parallel and transferred with a uniform
density. Also, the number and location of NWs can be
accurately controlled by using selective transfer on predeﬁned
regions (e.g., photoresist trenches deﬁned by photolithography)
during the ﬁrst transfer process. Then, in the second transfer
step (from the intermediate substrate to the target substrate),
NWs with uniform density at well-deﬁned locations on the
intermediate substrate can be transferred and bonded onto the
substrate with multiple devices. In this step, conventional
optical methods can be used for the alignment between NWs
and devices on a large area substrate. Since uniform pressure
can be applied by air-pressurized rubber chamber throughout
the entire substrate, high yield of NW transfer and bonding can
be achieved.
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