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Abstract

®

CrossMark

In this paper, we show that tightly focused femtosecond laser irradiation is effective in improving
nanojoining of an oxide nanowire (NW) (TiO,) to a metal electrode (Pt), and how this process
can be used to modify contact states. Enhanced chemical bondings are created due to localized
plasmonically enhanced optical absorption at the Pt/TiO, interface as confirmed by finite
element simulations of the localized field distribution during irradiation. Nano Auger electron
spectroscopy shows that the resulting heterojunction is depleted in oxygen, suggesting that a
TiO,_, layer is formed between the Pt electrode and the TiO, NW. The presence of this redox
layer at the metal/oxide interface plays an important role in decreasing the Schottky barrier
height and in facilitating chemical bonding. After laser irradiation at the cathode for 10s at a
fluence of 5.02 mJ cm ™2, the Pt/TiO, NW /Pt structure displays different electrical properties
under forward and reverse bias voltage, respectively. The creation of this asymmetric electrical
characteristic shows the way in which modification of the electronic interface by laser
engineering can replace the electroforming process in resistive switching devices and how it can

be used to control contact states in a metal/oxide interface.
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1. Introduction

Research on functional nanodevices based on nanomaterials
involves many areas of physical and chemical science [1-4].
The possibility of unique structures combined with the
excellent performance of nanowire (NW)-based materials
have attracted much interest because device development is
driven by the continuous demand for miniaturization, low
power consumption, low cost and high reliability [5-7]. An
additional advantage is that semiconductor NWs with tailored
chemical composition and electronic properties [8, 9] can be
assembled into functional electronic, chemical and photonic
devices, such as single NW field-effect transistors [10], water-
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splitting system [11], nanoscale LEDs [12] and plasmon-
enhanced lasers [13]. Since TiO, is a representative metal-
oxide-semiconductor with a wide band gap [14] and a high
recombination rate for photoinduced electrons and holes
[15, 16], it has been widely used as a component in the
fabrication of functional devices. The properties of TiO, are
dependent on microstructure and crystallographic phase,
which can be controlled by structural modification to enhance
device performance [17].

The nature of the contact at the interface between metal
and semiconductor can determine the overall performance of
functional devices based on these materials. For example, to
obtain a fast-response ultraviolet detector incorporating a p—n

© 2017 IOP Publishing Ltd  Printed in the UK
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junction, an Ohmic contact, transformed from a Schottky
contact, between metal electrode and a semiconductor NW
has been fabricated to enhance the current response [18].
Because of the functional demands of nanoscale devices, the
challenges involved in changing the contact at an interface
contact mostly relate to obtaining a reliable, localized and
cost-effective process. Ohmic contacts can be achieved by
direct deposition of Pt followed by welding the metal to the
semiconductor using a focused ion beam. However, this
method is costly [19]. Other techniques, such as chemical
processing and photolithography, are not compatible with a
simple accurate deposition process [20, 21]. An alternative is
provided by engineering with femtosecond (fs) laser irradia-
tion as this combines the controlled input of localized energy,
ultrashort pulse width, extremely high peak intensity and
operation in air [22]. In addition, focusing the fs laser beam
introduces strong absorption in highly localized regions, and
contributes to the trapping of plasmons at the metal-semi-
conductor interface [23]. Both processes open up new fabri-
cation technologies in the fabrication of nanodevices.

In this paper we report a new method, based on nanoscale
fs laser processing, for modifying contact states at the
Pt/TiO, NW interface. Simulations show that strong
enhancement of the dynamic electric field occurs at the
metal /oxide interface under fs laser irradiation which results
in the formation of heterojunctions. The relative concentra-
tions of surface oxygen in and around the fs laser-induced
region have been measured, and indicate that a redox layer is
formed at the junction. The electrical response and the
mechanism of this laser-induced effect and its possible
applications in the engineering of new devices are also
discussed.

2. Experimental section

TiO, NWs were synthesized using a method developed in a
previous study [24]. 60 ml NaOH alkaline solution (10 M) in
a 125 ml Teflon-lined stainless steel autoclave (Parr Instru-
ments) was used to dissolve 2 g of P25 AeroxideTM (Evonik
Industries AG) as TiO, source. The solution was then kept in
a furnace for the growth of Na,Ti;O05 at 190 °C for 72 h. After
cooling the reactor, the suspended NWs were transferred into
100 ml conical tubes and centrifuged five times using Milli-
pore water. Subsequently, the NWs were transferred into
0.1M HCI solution for an ion exchange process where
H,Ti;0; solution was obtained. After filtration, H,Ti;0; was
dried in a furnace at 80 °C for 8 h. Finally, the products were
annealed at 900 °C for 2 h.

Pt/Ti electrodes incorporating a 2 um finger spacing
were fabricated by optical lithography and lift-off process on
oxidized Si substrate (300 nm SiO,). The thicknesses of Pt
(up) and Ti (bottom, as a connection between Pt and SiO,)
layers are 200 nm and 5 nm respectively. Figure 1 shows the
process of assembling the bridged Pt/TiO, NW /Pt structure
by depositing the NW on the electrodes. Firstly, the TiO, NW
powder was dispersed and diluted in a high-purity acetone
solution. The solution was then drop-cast on a chip with Pt

Figure 1. Schematic diagrams showing the assembly process of
bridged Pt/TiO, NW /Pt structures. (a) Deposition, (b) drying, (c)
laser irradiation and (d) under electrical test. The inset in (b) shows
an SEM image of the structure as assembled. The scale bar is 1 yum.
The inset in (c) shows the detail of the irradiation process.

electrodes which had been previously rinsed with high purity
acetone and deionized water, and dried in air. Fs laser pulses
(800 nm wavelength and 1 kHz frequency), generated from a
Ti: sapphire laser system with 50 fs pulse duration, were used
for localized irradiation. An objective lens with numerical
aperture =0.5 and long working distance (5 mm) focused the
laser beam at normal incidence to a nanoscale spot over-
lapping a small portion of the NW at the junction, as shown in
the inset in figure 1(c), while a mechanical shutter was used to
control the laser irradiation time (number of pulses). The
fluence at the sample surface was controlled by reflective
neutral density filters and by beam defocusing. Electrical
properties were measured under the condition of grounding
the electrode on the irradiated side.

The morphology and phase identification of TiO, NWs
were examined by scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and x-ray diffrac-
tion (XRD). The elemental composition in nanoscale struc-
tures were analyzed by nano Auger electron spectroscopy
(nano-AES, PHI 700). Electrical characteristics in the voltage
sweeping mode at room temperature were measured using a
precision source and measuring unit (Agilent B2911A).
Commercial software, COMSOL Multiphysics 5.2a with a RF
module, was used to simulate the electric field distribution
around the Pt/TiO, NW /Pt structure in air under polarized
Gaussian beam excitation at a wavelength of 800 nm.

3. Results and discussion

Figure 2(a) shows an SEM image of TiO, NWs placed on a Si
substrate. The diameters of these NWs range from 100-200 nm
and their lengths range from 1-8 ym. XRD patterns of TiO,
NWs indicating the pure rutile phase are shown in figure 2(b).
TEM images in figures 2(c) and (d) show the single crystal
structure of the NW. The rutile phase is known to occur as a
stable high temperature and pressure phase [25]. In addition,
metal atoms usually have poor wettability on the surface of an
oxide [26]. These characteristics illustrate the effect of laser
modification in these experiments.

After depositing TiO, NWs on the chip containing Pt
electrodes, Pt/TiO, NW/Pt structures are ready for proces-
sing with fs laser irradiation. Near-field effects are induced at
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Figure 2. (a) SEM image of as synthesized TiO, nanowires. (b) XRD spectrum of TiO, after calcination at 900 °C for 2 h. (¢) and (d) TEM

images of a TiO, nanowire.

the Pt/TiO, NW interface under irradiation, resulting in an
enhancement in the field intensity and plasmon-enhanced
optical absorption [27]. The electric field distribution in the
Pt/TiO, NW interface has been simulated (in air) under two
different laser polarizations (figures 3(a) and (b)). The spot
size of laser beam is 500 nm, while the diameter of TiO, NW
is 200 nm. When the polarization direction is parallel to the
long axis of the NW, the field enhancement at the metal/
oxide interface is clearly visible and is much stronger than
that at the oxide/air interface. When the polarization direction
is perpendicular to the NW, excitation is seen at both the
metal/oxide interface and in part of the oxide/air interface.
The electrical field around the NW is notably enhanced near
the irradiated region for both polarizations. These results
indicate that localized regions in NWs and electrodes can be
selectively irradiated by a focused fs laser beam. The simu-
lation shows that the field intensity is also weakly enhanced at
the metal/oxide interface on the opposite electrode. This
effect can be reduced by controlling the fluence in the fs
laser beam.

Figures 3(c)—(e) show SEM images of the Pt/TiO, NW
structure after fs laser irradiation at different fluences (5.02,
21.7 and 772 mJ cm 2, respectively). Significant ablation and
damage to the structure after irradiation at high fluence is
shown by the arrow in figure 3(e). However, bonding between
the Pt electrode and the TiO, NW is apparent after irradiation
at low fluence. At intermediate fluence, an enhancement in the

optical plasmonic effect at the heterojunction yields damage
along the top surface of the TiO, NW (figure 3(d)).

To investigate the chemical effects in these materials
after localized fs laser irradiation, surface elemental compo-
sition (at a depth of <10nm) around the bond has been
analyzed using nano-AES. Two sweep modes were used to
get the Auger electron energy spectra. A series of Auger
spectra were measured at three different points with an elec-
tron beam energy of 10keV (figures 4(a) and (b)). Using the
O 575 £+ 5eV peak and corresponding sensitivity factors, it
can be seen that the oxygen content at location 2 is higher
than that at location 1. This implies that the bond at the
Pt/TiO, NW interface has lower oxygen content than that of
the original NW. Although some organic residue occurs when
depositing NWs on the chips (see the C peak in the Auger
spectra in figure 4(b)), the oxygen content in the location of
the bond (Point 1) is higher than that on the Pt electrode
(Point 3). Similar results are also obtained along a linear track
(figure 4(d)). Prior to fs laser irradiation, an O peak is
observed at the center corresponding to the position of the
TiO, NW in the SEM image (figure 4(c)), while a weak single
O peak is shown at the laser-irradiated location.

These results reveal that new compositions, characterized
by low oxygen content, are generated between the Pt elec-
trode and the TiO, NW after fs laser irradiation. It is expected
that a thin Magnéli layer (oxygen deficient TiO,_,) is formed
between the Pt electrode and the TiO, NW by redox reactions
during high intensity excitation [28]. This layer, containing a
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Figure 3. Simulation of the electric field distribution around the Pt/TiO, NW interface during irradiation with different polarization of the
Gaussian beam: (a) polarization in the x direction and (b) polarization in the y direction. Insets show the electric field distributions in the xy
plane in both cases. SEM images of the Pt/TiO, NW interface after localized fs laser irradiation at fluences of (c) 5.02, (d) 21.7 and (e)

772 mJ cm ™ 2. Trradiation time: 10 s.

high defect concentration, acts as a connecting bridge
between the two components and plays a key role in the
modification of the metal /oxide interface. The barrier height
of the interface greatly depends on the defect distribution in
the TiO, NW near the heterojunction [29]. In the experiment,
there are few defects inside the TiO, NW (see figure 2(d)).
Good crystallinity is helpful to keep intrinsic properties of
TiO, semiconductor. Besides, considering the work function
of Pt and TiO,, a Schottky barrier appears at the Pt/TiO, NW
junction when depositing the NW on the electrodes due to the
weak Van der Waals interaction (figure 4(e)) [30]. Surface
plasmons, excited by fs laser irradiation, facilitate bonding
between the Pt electrode and the TiO, NW, resulting in the
formation of new compositions characterized by high defect
concentration. Such defects will consist of oxygen vacancies
and/or Ti interstitials [28]. Previous studies suggest that these
laser-induced defects can reduce the barrier height of the
Schottky heterojunction (figure 4(f)), and sometimes even
facilitate transformation into an Ohmic contact [31].

In order to study the effects of fs laser irradiation on the
interface, I-V characteristics of the bridged structures have
been measured. Figures 5(a) and (b) show significant changes
in this characteristic curve at laser fluences of 5.02mJcm 2
and 772mJcm 2, respectively. In figure 5(a), the voltage
sweep goes from +25 to —25 V. In the absence of fs laser
irradiation, a self-rectifying characteristic is apparent. An

abrupt increase in conductance is observed when the voltage
ramps to —20 V. This is then the so-called ON-state-voltage
where the current response increases abruptly [32]. After fs
laser irradiation, the current response during the voltage
sweep is initially small (16 nA) at a bias voltage of 25 V. As
the voltage is reduced from 25V, the current response
increases gradually until the voltage reaches 20 V. This
increase occurs because ionic conduction in oxide materials is
a function of voltage dependent redox reactions and elim-
ination of the reaction products into the air [33, 34]. As the
voltage decreases below 20V, a linear characteristic is found
in the I-V curve until the voltage reaches 0 V. On application
of a reverse bias, the current increases abruptly at about
—12V, which is a response of Schottky contact. The differ-
ence of ON-state-voltage before and after laser irradiation
indicates the reduction of Schottky barrier [35]. Current
instabilities are found at reverse biases exceeding —14 V, due
to the Joule heating associated with the high current density
(>100 A cm ) in the NW.

The asymmetric current response with different bias
voltage seen after fs laser irradiation (figure 5(a)) indicates
that the applied bias voltage influences the barrier height. In
the present devices, the Pt/TiO, NW /Pt structure can be
considered as a pair of reverse biased Schottky diodes. When
a bias voltage is applied, one of the Schottky barriers (at the
cathode) is always under reverse bias, so that it dominates the
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Figure 4. Nano-AES analysis of Pt/TiO, NW interfaces. (a) and (c) are SEM images of a TiO, NW after laser irradiation at a fluence of
5.02mJ cm ™2 (b) and (d) are the corresponding nano-AES results with point and linear sweeping, respectively. Energy band diagrams
showing the relevant states: (e) before laser irradiation and (f) after laser irradiation.
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Figure 6. Current response of a single TiO, nanowire: (a) in the initial state and (b) after localized fs laser irradiation on the top electrode. The
voltage cycleis (@) 0OV — =25V — 20V — 0V and (b) 0V — —30V — 30V — 0 V. Upper insets show schematic diagrams of the
composition of bridged structures before and after localized fs laser irradiation.

overall impedance. If the heterojunction at the cathode is
modified by fs laser irradiation, the conductivity of the
bridged structure is greatly increased. This is reflected in the
appearance of a linear I~V characteristic.

Figure 5(b) shows the I-V characteristic under negative
bias of the bridged structure after processing at a laser fluence
of 772mJ cm 2. Before fs laser irradiation, the ON-state-
voltage is about —17 V. After fs laser irradiation, the ON-
state-voltage changes following different voltage cycles. The
irreducible characteristic of the electrical response indicates
that the heterojunction is unstable. As noted above, both the
TiO, NW and the Pt electrode are significantly ablated at high
laser fluence resulting in weak bonding between metal and
oxide. These low-strength bonds may cause the heterojunc-
tion to fail under voltage cycling. The conductivity of the
Pt/TiO, NW interface is then directly related to the
mechanical strength of the junction as reported else-
where [36].

Experimental data on the elemental composition, and its
relation to electrical properties in these devices, suggests that
understanding the resistive switching (RS) behavior of the
bridged structure will be useful in improving the functionality
of TiO, memristors. Figure 6(a) shows a typical I~V char-
acteristic for such a bridged structure in the initial state. This
curve exhibits the hysteresis loop commonly seen in RS
devices. The appearance of hysteresis is usually attributed to
the accelerated diffusion of oxygen vacancies in response to an
applied voltage and the accumulation of these vacancies at the
surface [37]. Hysteresis then represents a natural method of
storing information in a circuit. To enhance the performance of
RS devices, an oxygen-deficient TiO,_, layer is usually intro-
duced on the anode side of the metal/oxide interface by
deposition or by electroforming [31, 34]. The current study
shows that the same effect can be produced by fs laser irra-
diation over a localized area. Figure 6(b) shows the current
response (voltage cycle 0V — —30V — 30V — 0V) of
bridged structures after localized fs laser irradiation at the
anode with a fluence of 5.02 mJ cm ™. Laser irradiation is seen
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Figure 7. The current response of a single TiO, nanowire in a
Ti/TiO, NW /Pt structure. The voltage scan is 0 V — 30V and
0V — — 25 V. The inset shows a schematic diagram of the bridged
structure and the irradiated area.

to produce significant changes in the /-V response. A primary
effect is the absence of a hysteresis characteristic under nega-
tive bias, together with a larger high resistance/low resistance
ratio under forward bias. Although a hysteresis loop is only
observed for the positive voltage sweep, a small negative bias
is sufficient to switch the device back to the ‘OFF’ state [38].
The information storage capability of the device is then
enhanced by fs laser irradiation.

A symmetric current response can also be realized by
localized fs laser irradiation of an asymmetric bridged struc-
ture. Ti and Pt electrodes having the same gap (2 um) are
fabricated and an asymmetric Ti/TiO, NW/Pt structure is
created by depositing a TiO, NW on the chip (figure 7). A
thin Ti layer (15nm thickness) is deposited on top of a
185 nm of Pt layer. This Ti layer must be thin enough to avoid
reduction of the TiO, NW. Previous studies have demon-
strated that an Ohmic contact forms spontaneously when TiO,
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is deposited on a Ti electrode due to chemical reactions at the
interface [39]. Although organic residues may prevent the
formation of an ideal Ohmic contact in the present experi-
ment, the barrier height in the Ti/TiO, NW heterojunction is
much smaller than that in the Pt/TiO, NW heterojunction.
Figure 7 shows I-V curves for the new structure under dif-
ferent bias voltages. In all of these measurements, the Pt
electrode without the 15 nm Ti-layer is grounded. After fs
laser irradiation at the position of this electrode an enhance-
ment of the current from 0.04 to 1.62 nA occurs at forward
bias voltage of 30 V. A similar current response is found with
a reverse bias. These results confirm that the contact state of
the metal/oxide interface changes in response to spatially
localized fs laser processing. Laser engineering of contact
states in such compositions is then a promising technique for
the fabrication of nanoelectronic devices with a characteristic
of selective and precise controlling of local composition or
interfacial state of materials for different property requirement
in practical applications.

4. Conclusion

We have investigated the effect of fs laser-induced modifica-
tion at the Pt/TiO, NW interface in free-standing bridged
structures. Nanojoining of a Pt electrode and a TiO, NW can
be obtained under focused fs laser irradiation at a fluence of
5.02mJcm ™2 Numerical simulations suggest that strong
plasmonic-enhanced electric fields exist at the metal/oxide
interface and that these contribute to enhanced bonding. Nano-
AES scans indicate that a localized oxygen deficiency in the
TiO, NW, together with the formation of Magnéli phases, is
produced in the region of tightly focused fs laser irradiation. A
reduction in the Schottky barrier height and the direction of the
applied bias voltage directly influence the current response in
these bridged structures. This study shows that optical pro-
cessing with fs laser irradiation is effective in the generation of
asymmetric electrical properties and yields further insight into
how laser engineering of the contact state at the metal /oxide
interface can used to improve the properties of RS devices.
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