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ABSTRACT
Selective engineering of the interface between nanoscale components and the electrical properties of heterojunctions is key to the development
of next-generation nanoscale circuit elements. In this paper, we show how laser processing of a metal-P type semiconductor nanoscale
heterojunction between Ag and CuO nanowires can be used to control the nature of the electrical contact by reducing the Schottky barrier at
the Ag–CuO interface to Ohmic contact. Elimination of the Schottky barriers occurs in response to lattice matching of Ag(111)∥CuO(111)
planes at the interface induced by controlled irradiation with femtosecond (fs) laser pulses. An interdiffusion region with a mixed Ag/CuO
composition is also present over a localized area of the interface between the Ag and CuO nanowires after fs laser processing, but both Ag and
CuO nanowires remain crystalline away from the heterojunction. In addition, the Ag nanowire becomes totally embedded in the larger CuO
nanowire after irradiation. Fabricated nanowire devices from Ag–CuO nanowire heterojunctions transition from a double-Schottky contact
configuration prior to laser processing to a rectifying behavior as irradiation time increases. This study illustrates that fs laser processing can be
highly effective in the engineering of electrical performance in metal–semiconductor nanoscale heterojunction devices.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0004272

I. INTRODUCTION
The metal–semiconductor interface is fundamental in semiconductor physics and has been widely studied since the original development of semiconductor devices over 100 years ago. Moreover,
next-generation electronic devices based on nanoscale materials
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incorporated in one-dimensional semiconductor structures are now
attracting much attention as replacements for existing compositions
involving Si-technology. However, the high surface-to-volume ratio
inherent in nanomaterials implies that the operating characteristics
of these devices are strongly dependent on the nature of interfaces
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between the nanomaterial and electrodes as well as with other
nanoscale materials in the device. This invariably leads to the variations in device performance, even for those with the same metal–
semiconductor combination,1–6 limiting the future development and
application of nanoscale electronic devices. These limitations are also
commonly encountered in the development of electronic devices
based on 2D materials where standardizing the contact/interface
between semiconductor building blocks and electrodes/other components is fundamental to obtaining reproducible performance.7–11
New technologies for the in situ engineering of nanoscale interfaces
to achieve optimized performance are then a high priority.
One method, involving plasmonic engineering by laser
irradiation, has recently shown great potential.12–15 Irradiation with
ultrafast laser pulses has been widely used for the joining of metallic nanomaterials such as Ag, Cu, and Au nanorods or nanowires
for the production of transparent electrodes and conductive
heaters, as well as other devices.16–18 Some advantages associated
with the use of plasmonic effects during laser irradiation of these
metallic nanomaterials include high spatial resolution, high energy
efficiency, and increased scalability for mass production.19,20
However, a detailed evaluation of the use of the plasmonic effect in
tailored engineering of the metal–semiconductor nanoscale
interface is still limited. Optimization of the properties of the
metal–semiconductor interface is fundamental to the reliable operation of most functional devices including the transistor, memory
circuits, and other more complex circuits as the performance of
nanoscale devices relies to a large extent on the control over interfacial structures and the type and distribution of interfacial states in
metal–semiconductor structures. Laser induced plasmonic effects
offer the advantage of intense highly localized energy input at
the metal–semiconductor interface without attendant heating of
the surrounding nanomaterials. Selective plasmonic heating in
functional units can produce nano-scale structural changes in
individual interfacial layers enabling nano-engineering of electrical
characteristics and performance.
In this paper, we report a study of the evolution of the structure
and composition of an Ag–CuO nanowire heterojunction under low
fluence femtosecond (fs) laser irradiation, and the role of this irradiation plays in determining the electrical performance of the resulting
metal-P type semiconductor nanoscale heterojunction. In a surprising result, we find that the Ag nanowire becomes embedded in the
CuO nanowire in response to plasmonic heating induced by fs laser
irradiation. Characterization of this structure using high-resolution
transmission electron microscopy (HRTEM) reveals an interdiffusion region, which maintains individual crystalline microstructures at the Ag–CuO hetero-interface. Due to this inter-diffusion
region, a transition from the original double-Schottky behavior for
the fabricated Ag–CuO nanowire device to a single Schottky barrier
can be induced by fs laser irradiation. This suggests that fs laser irradiation is a useful new technology for nanoscale engineering of
metal–semiconductor interfaces for the optimization of the electrical
performance of nanoscale devices.
II. EXPERIMENTAL
CuO nanowires were obtained by heating a clean Cu foil at
500 °C for 4 h in air,21 while Ag nanowires were synthesized by
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standard chemical reduction methods.22 Both CuO and Ag nanowires were diluted in ethanol before device fabrication. The CuO
and Ag nanowires were then deposited on a silicon wafer using a
sequential drop-cast process. After drying in air, samples were irradiated with low fluence femtosecond (fs) laser pulses (35 fs pulse
duration, 1000 Hz frequency, 800 nm wavelength) for different
lengths of time. Figure 1 shows a schematic diagram of the laser
irradiation experimental setup. The diameter of the beam from the
fs laser was 30 mm. The laser beam was then focused on a 2 mm
diameter spot size using a convex lens with a 20 cm focal length.
Scanning electron microscopy (SEM) was used for characterization
of the Ag–CuO nanowire heterojunction, while a focused ion beam
(FIB, FEI Helios 660) system was utilized for the preparation of
cross-sectional lamellae for imaging with transmission electron
microscopy (TEM, JEOL2200FS). A focused ion beam system (FIB,
Zeiss NVision 40) was used to deposit W electrodes to connect the
Ag–CuO nanowire heterojunction for electrical characterization in
a two-terminal configuration using a Keithley 4200A semiconductor characterization system (SCS). The electric field distribution for
the Ag–CuO nanowire heterojunction under laser irradiation was
further simulated by the commercial finite element method (FEM)
software with an RF module (COMSOL Multiphysics, 5.3a).
III. RESULTS AND DISCUSSION
Figure 2 shows the SEM images of the Ag–CuO nanowire heterojunction after fs irradiation at the fluence of 10 mJ/cm2. Since
both the Ag and CuO nanowires were not selectively oriented
during deposition on the silicon wafer, while the laser beam is linearly polarized, the direction of the laser electric field is randomized
relative to any of the nanowire components. Previous studies have
shown that the direction of laser polarization greatly affects energy
deposition in a nanowire structure and has a significant effect on
the quality of joining. In particular, an earlier study of the joining
of Ag and TiO2 nanowires by fs laser irradiation demonstrates the
relevance of the angle between the long axis of the Ag nanowire
and the direction of laser polarization. It was found that the
enhancement in the plasmonic electric field in an Ag nanowire is
the largest when the direction of laser polarization is parallel to the
long axis of the Ag nanowire.23 This effect can be seen in SEM
images in the present study as Ag–CuO nanowire heterojunctions
are facilitated in structures with orientations such that the long axis
of the Ag nanowire is parallel to the laser polarization. Under these
conditions, the plasmonic heating efficiency is maximized, and fs
laser radiation is strongly coupled into the Ag nanowire via the
surface plasmon resonance. The Ag nanowires were found to separate into a linear array of co-joined/separated nanospheres when
irradiation occurred at a higher fluence.24 The 10 mJ/cm2 fluence
used in these experiments was chosen to reveal the evolution of
joining of Ag–CuO nanowire heterojunctions under a variety of
geometrical conditions and to relate subsequent electrical performance to irradiation times. As shown in Fig. 2(a), it is apparent
that the Ag nanowire is melted following irradiation with the junction structure embedded into the CuO nanowire, suggesting that
the Ag and CuO nanowires are locally fused at the junction. The
material in either of the nanowires does not show any structural
change outside the junction region. The entire Ag nanowire is
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FIG. 1. Schematic diagram for the fs
laser irradiation experiment setup.

embedded in the larger CuO nanowire in the region of the overlap
under short duration fs laser irradiation [Figs. 2(a) and 2(b)]. It
should be noted that the Ag nanowires are also joined under the
same irradiation conditions. An increase in the irradiation time
enhances the embedding effect but is also accompanied by breakage
of the Ag nanowire outside the region of the overlap [Fig. 2(c)].
Under these conditions, an Ag–CuO–Ag nanowire heterojunction
can also be formed as shown in the inset of Fig. 2(c). Additional
irradiation causes the Ag nanowire to melt into a series of small
nanospheres due to the Raleigh instability from localized

heating,25,26 eventually breaking the Ag–CuO nanowire heterojunction [Fig. 2(d)].
To study the joining mechanism of the Ag–CuO nanowire
heterojunction under fs laser irradiation, a heterojunction subjected
to laser irradiation for 20 s was cut using FIB along the direction of
the long axis of the CuO nanowire. The TEM lamella was prepared
by a FIB thinning process attached on a Mo based grid. Figure 3(a)
clearly shows that the Ag nanowire is almost totally embedded into
the CuO nanowire structure, in agreement with the SEM characterization results. Figure 3(b) shows the SEM images of the Ag–CuO

FIG. 2. Characterization of Ag–CuO nanowire heterojunction following fs laser irradiation for different times. The fluence was 10 mJ/cm2. The irradiation time duration was
(a) 10 s, (b) 20 s, (c) 30 s, and (d) 50 s. Double red arrows indicate the polarization direction for the laser irradiation experiment.
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FIG. 3. TEM characterization of the Ag–CuO nanowire heterojunction after fs laser irradiation. (a) TEM image of a cross section through the Ag–CuO nanowire heterojunction, (b) SEM image of the Ag–CuO nanowire heterojunction after fs laser irradiation for 20 s at a fluence of 10 mJ/cm2 showing the direction of the FIB cut (red arrow), (c)
magnified TEM image of the Ag–CuO nanowire heterojunction showing the presence of Ag clusters, and (d) TEM image showing the Ag protrusion into the CuO nanowire
in the region of the Ag–CuO nanowire heterojunction. (e) HRTEM imaging at the interface of the Ag–CuO nanowire heterojunction. (f )–(h) FFT of various selected regions
in (e) including (f ) the CuO nanowire region, (g) CuO and Ag inter-diffusion regions, and (h) the Ag nanowire region. All the scale bars are 10 1/nm for (f )–(h). (i) EDX
spectrum for copper, silver, and oxygen elemental distributions along Line 1 as indicated in (a). The dashed line indicates the boundary between CuO and Ag. ( j) EDX
spectrum for copper, silver, and oxygen elemental distributions along Line 2 as indicated in (a).

nanowire heterojunction for the FIB cutting process, and the red
arrow indicates the direction for the cutting process along the long
axis of the CuO nanowire. Furthermore, TEM imaging reveals a
few isolated clusters on the outside of the Ag nanowire [Fig. 3(c)].
This composition is confirmed as Ag by indexing the diffraction
pattern from the high-resolution TEM image. Furthermore, a part
of the Ag nanowire is also observed to protrude into the CuO
nanowire [Fig. 3(d)], indicating that the Ag–CuO interface
becomes unstable at some point in the fs laser irradiation process.
HRTEM imaging [Fig. 3(e)] shows a magnified view of the interface between Ag and CuO as well as the Ag protrusion. The protrusion is also indicative of the diffusion of Ag into the CuO region.
Furthermore, it is evident that CuO and Ag remain crystalline away
from the interface, suggesting that low fluence fs laser irradiation
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does not modify the overall composition or structure of the nanowires. At the interfacial region, the CuO is indexed as the (111)
plane with a plane spacing of 0.23 nm, which is almost identical to
the 0.24 nm spacing in the (111) plane of the Ag nanowire. This
coincidence ensures that lattice matching in the Ag–CuO nanowire
heterojunction naturally occurs at the Ag(111)∥CuO(111) interface.
Fast Fourier Transform (FFT) processing of the CuO, Ag protrusion, and Ag regions are given in Figs. 3(f )–3(h) and confirms that
the single crystalline structure of CuO and Ag in each nanowire
away from the heterojunction remains unchanged after laser irradiation. The diffraction pattern of Ag, as well as that of CuO, is seen
within the Ag protrusion, implying that Ag and CuO elements
inter-diffuse in the protrusion region while maintaining their own
microstructures. This is further evidenced by the scanning Energy
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Dispersive X-Ray (EDX) results along the two lines as indicated in
Fig. 3(a) under the Scanning Transmission Electron Microscopy
(STEM) mode. The results along Line 1 [Fig. 3(i)] suggest a diffusion profile for both copper, oxygen, and silver elements, indicating
an inter-diffusion region as seen in Fig. 3(e). The results along
Line 2 [Fig. 3( j)] were obtained at the top periphery region of the
Ag nanowire. We could see an almost invariable copper and
oxygen element distribution, suggesting that the Ag nanowire was
embedded into the CuO nanowire region. It should be noted that
as-synthesized Ag nanowires have a polyvinylpyrrolidone (PVP)22
protective coating to prevent agglomeration. However, this coating
is likely to be removed by ablation in the initial stages of laser irradiation, and no residual organic material is found on the Ag nanowire at the Ag–CuO nanowire interface after irradiation.
We further simulated the electric field distribution for the
Ag–CuO nanowire heterojunction when the laser irradiation polarization direction is along the long axis of the Ag nanowire, which
agrees with the experimental results. In the simulation, the diameters of the Ag and CuO nanowire are 50 nm and 150 nm, respectively, and each nanowire is 10 μm in length. As seen in Figs. 4(a)
and 4(b), the simulation demonstrates that strong enhancement in
the electric field occurred in the localized region at the Ag–CuO

ARTICLE

scitation.org/journal/jap

nanowire heterojunction. We can also see slight enhancement of an
electric field along the long axis of the Ag nanowire with a periodical distribution. This can lead to melting of Ag nanowires into
some sphere structures when the laser irradiation fluence is too
high or the irradiation time is too long, in agreement with the
experimental results in Fig. 2(d). Since the fs laser pulse width is
much shorter than the time for electron lattice thermal coupling
and thermal diffusion to the lattice, excited electrons do not transfer energy to the lattice during the fs laser pulse. Under these conditions, which are possible only with ultrashort pulse irradiation,
the input energy is initially localized in regions of high intensities
as indicated by FEM simulations. Lattice heating is, therefore, initially concentrated in the regions of high optical field intensity.
This results in strong spatially localized heating when the energy
stored in the electron gas is transferred to the lattice, facilitating
softening and melting of the lattice at these locations.24,27,28
Irradiation with fs laser pulses then permits selective heating of
sub-wavelength volumes of the nano-component unlike irradiation
with CW and long laser pulses that uniformly heat the entire
volume of the component. In addition, multi-photon excitation is
possible under excitation with high intensity fs laser radiation. We
propose that fs laser heating of the CuO nanowire in the present

FIG. 4. FEM simulation showing the normalized electric field intensity distribution (|E/E0|, where E0 is the incident field intensity) in and around a heterojunction between
crossed Ag and CuO nanowires. (a) 3D view and (b) the view from the yz plane. The double arrow in (a) indicates the direction of laser polarization. The figure in the
bottom right in (b) shows an expanded view at the junction. The dotted line in this figure shows the boundary between the CuO and Ag structures. (c)–(f ) stages in the formation of the Ag–CuO nanowire heterojunction under laser irradiation with increasing irradiation time (green arrow). The upper panels show a 3D view, while a schematic
representation of joining in which the Ag nanowire becomes embedded in the CuO nanowire is shown in the lower panels.
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FIG. 5. (a) Ag–CuO nanowire heterojunction device fabricated by FIB induced W deposition on each end of the nanowire bridging to adjacent electrodes. Electrical characterization of the Ag–CuO nanowire heterojunction before (b) and after fs laser irradiation for (c) 5 s, (d) 10 s, (e) 20 s, and (f ) 30 s at a fluence of 10 mJ/cm2. The inset of
the figure shows a schematic for the equivalent circuit under different stages of the fs laser irradiation.
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structures occurs in part via two-photon excitation of electrons
from the valence band to conduction band. This creates a high
density electron hole plasma that propagates toward the Ag–CuO
junction29,30 and selectively deposits energy at this location, resulting in softening of the CuO lattice, allowing the Ag nanowire to
become embedded into the CuO nanowire. Overall, under fs laser
irradiation, a combination of localized heating and melting of the
Ag nanowire, together with softening of the CuO nanowire in the
region of overlap, results in the observed bonding of the two nanowires and the formation of a junction localized at the interface
between the two components. This process occurs without the
generation of significant thermal heating in either nanowire outside
the Ag–CuO interface.
Based on the above discussion, a schematic diagram of the
joining evolution process for the Ag–CuO nanowire heterojunction
under fs laser irradiation is shown in Figs. 4(c)–4(f ). In the initial
stage, the van Der Walls bonds exist for the Ag and CuO nanowire
upon contact [Fig. 4(c)]. Fs laser irradiation leads to localized plasmonic electric field intensity at the Ag–CuO nanowire interface,
generating heat, which can promote the fuse of Ag and CuO nanowires [Fig. 4(d)]. Some of the Ag atoms begin to diffuse into the
CuO nanowire at this stage. With longer laser irradiation time, the
continuous Ag atom diffusion makes the Ag nanowire be partly
embedded into the CuO nanowire. Furthermore, more Ag atoms
will be fused and joined at the junction. Eventually, a high energy
input due to extended laser irradiation causes the Ag nanowire to
be broken down into Ag nanospheres, breaking down the Ag–CuO
nanowire heterojunction.
Tungsten (W) electrodes formed using FIB were used for fabrication of an Ag–CuO nanowire heterojunction device [Fig. 5(a)].
Figure 5(b) shows the I–V characteristic of this junction prior to
laser irradiation. It can be seen that the as-fabricated W–CuO
NW–Ag–W device exhibits an I–V response typical of a
double-Schottky barrier. This can be associated with the presence
of Schottky barriers at the W/CuO and Ag/CuO interfaces arising
from the difference in the work function on each side of the interface. The PVP protection layer on the Ag nanowire surface might
also present as a barrier for electron transport from the Ag electrode to the CuO nanowire. After laser irradiation for 5 s, there is
little change in the reverse current compared to that of the unirradiated device. However, after irradiation, the forward current develops a quasi-linear response consistent with a reduction in the
Schottky barrier at the Ag/CuO interface [Fig. 5(c)]. This decrease
could arise as Ag atoms are introduced into the CuO structure in
response to fs laser irradiation, as Ag doping will lower the
bandgap energy in CuO. A theoretical calculation via density functional theory indicates that increasing the Ag dopant concentration
to 3.125% lowers the bandgap energy in CuO from 1.99 eV to
1.152 eV.31 The diffusion of Ag atoms in CuO will also lead to an
increase in the probability of inter-band electronic excitation,
which will promote electron transfer from the Ag nanowire to the
CuO nanowire, effectively lowering the Schottky barrier at the
Ag/CuO nanowire interface. As the fs laser irradiation time increases
to 10 s, the device is converted into a rectifier and the forward
current dramatically increases [Fig. 5(d)]. This is consistent with a
reduction of the Schottky barrier and the creation of an Ohmic
contact. As additional Ag atoms diffuse into the bulk of the CuO
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nanowire with further fs laser irradiation, an interdiffusion layer
appears as shown in the HRTEM image in Fig. 3(e). This produces a
highly doped CuO layer at the Ag–CuO nanowire interface. A heterojunction is formed when the depletion layer at the Ag/CuO interface is sufficiently narrow, assisting direct carrier tunneling at the
interface32 and forming an ohmic contact.33 To characterize this
behavior, we have used a conventional piecewise linear model to
analyze the forward current behavior in our devices. This model
shows that the turn-on voltage decreases from ∼2.5 V to ∼0.3 V as
the fs laser irradiation time increases from 10 s to 30 s. The resistance, R, obtained from the slope of the line segment tangent to
the diode curve, is ∼2.7 × 107, ∼1.2 × 105, and ∼1.0 × 103 Ω in
Figs. 5(d)–5(f), respectively. The large reduction in the effective
resistance of the diode with increasing laser irradiation time likely
arises as Ag atoms diffuse into the CuO nanowire and act as a
dopant, increasing the conductivity in the Ag/CuO nanowire interface. The current spikes observed when V exceeds the threshold
voltage in heavily irradiated devices [Figs. 5(e) and 5(f)] can be associated with the migration of Ag toward the Ag/CuO interface
induced by the high electric field. An increase in the laser irradiation
time to 40 s leads to mechanical instability and dissolution of the
heterojunction as the Ag nanowire breaks into a series of nanospheres. A similar response was found in all samples.

IV. CONCLUSIONS
We show that the interface and electrical characteristics of an
Ag–CuO nanowire heterojunction can be readily engineered by
processing with fs laser radiation. Exposure to a short period of low
fluence fs laser pulses results in a structure in which the Ag nanowire remains intact but becomes embedded into the CuO nanowire.
This effect occurs as a combination of plasmonic heating in the Ag
nanowire and excitonic heating in the CuO nanowire induces
surface melting in the Ag nanowire and softening of the CuO
nanowire. Meanwhile, the Ag/CuO interface reconstructs to yield
lattice matching based on Ag (111)||CuO(111), while both the Ag
and CuO nanowires retain their single crystalline structures away
from the interfacial region. Devices fabricated as a W–CuO–Ag–W
heterojunction undergo a transition from double-Schottky contact
behavior to a typical rectifying behavior after fs laser processing.
Furthermore, the interdiffusion of atoms at the Ag/CuO interface
promotes charge transfer between the metal and semiconductor,
which reduces the resistance of this heterojunction, further increasing the forward current for the rectifying behavior. Overexposure
to laser radiation produces damage in the Ag nanowire, which
results in breakage and dissolution into Ag nanoparticles, breaking
down the Ag–CuO nanowire heterojunction. This study demonstrates that fs laser processing can be used for precise engineering
of a nanoscale interface and tailoring of the electrical performance
of a nanoscale device incorporating this junction.
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