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ABSTRACT: The material properties of semiconductor
nanowires are greatly affected by electrical, optical, and
chemical processes occurring at their surfaces because of the
very large surface-to-volume ratio. Precise control over doping
as well as the surface charge properties has been demonstrated
in thin films and nanowires for fundamental physics and
application-oriented research. However, surface doping behav-
ior is expected to differ markedly from bulk doping in
conventional semiconductor materials. Here, we show that
placing gold nanoparticles, in controlled manner, on the
surface of an insulating vanadium dioxide nanowire introduces
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local charge carriers in the nanowire, and one could, in principle, completely and continuously alter the material properties of the
nanowire and obtain any intermediate level of conductivity. The current in the nanowire increased by nearly 3 times when gold
nanoparticles of 10" cm™ order of density were controllably placed on the nanowire surface. A strong quadratic space-charge
limited (SCL) transport behavior was also observed from the conductance curve suggesting the formation of two-dimensional
(2D) electron-gas-like confined layer in the nanowire with adsorbed Au NPs. In addition to stimulating scientific interest, such
unusual surface doping phenomena may lead to new applications of vanadium dioxide-based electronic, optical, and chemical

sensing nanodevices.
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1. INTRODUCTION

Vanadium dioxide (VO,) has attracted much attention as a
strongly correlated electron material exhibiting a metal—
insulator transition (MIT),"~* which depends upon electrical,
optical, or thermal perturbations, giving rise to wide potential
applications.”™” The applications of VO,-based materials can be
furthered by the integration of metallic, magnetic, or
biomaterial nanoparticles (NPs),* ' which improve the
functionality of the material by altering its properties. Besides
giving chemical functionality to the hybrid system which can
have sensing applications, NPs can also modulate the electrical
conductivity of the nanowire (NW) depending upon the
chemical potential difference between the NP and NW.
However, the deposition of NPs on NWs is routinely done
by chemical or thermal/e-beam deposition methods, where the
control of NP density is the critical issue and hard to achieve.
The controlled deposition of NPs would not only lead to
desired conductivity but can also have wide application to other
areas including biomedical, photonic sensing where the
properties are dependent upon the NP density. However,
until recently, it has been difficult to accurately pack a sufficient
number of metal NPs onto a nanowire (NW) surface.
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In this work, we demonstrate a new method that enables the
assembly of Au NPs on VO, NWs using an alternating current
(ac) dielectrophoresis (DEP) process.''~'* The DEP param-
eters were controlled to assemble a different number of Au NPs
on the VO, NW. We investigated and optimized key
experimental parameters to control the conductance of the
VO, NWs via the DEP process. We also simulated the DEP
process and found that the simulation results supported
experimental observations.

2. EXPERIMENTAL SECTION

VO, Nanowire Growth and Device Fabrication. Single-crystal
VO, nanowires (NWs) with axial growth direction preferentially
oriented along [100] were grown by physical vapor deposition at
atmospheric pressure without the use of any catalyst. Initially, 0.1 g of
fine mesh VO, (99.9%, Aldrich) powder was placed at the center of a
10 cm long quartz boat, and a precleaned SiO,/Si substrate was
located approximately 5 mm from the VO, powder. The quartz boat
was then placed at the center of a quartz tube furnace, and high-purity
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Figure 1. (a) Raman spectra and (b) X-ray diffraction (XRD) patterns of as-grown VO, NW on a SiO,/Si substrate.

b

Figure 2. SEM and TEM images of a VO, NW and a chip. (a) SEM image of a VO, NW grown on a SiO,/Si substrate. Inset shows rectangular cross
section of the VO, NW morphology. (b) TEM image of a VO, NW. Inset shows nanobeam diffraction pattern. (c) High-resolution TEM image of a
VO, NW tip. (d) Full image of a chip showing 20 parallel electrodes with individual contact pads. (e) Magnified view of seven electrodes on the 150
um long VO, NW. (f) Magnified view showing the VO, NW with a mean width of 220 nm between two electrodes with a gap of 4 ym.

He carrier gas (99.999%) was injected through the furnace at 300
sccm. The furnace temperature was increased to approximately 700
°C, and the sample growth was allowed to proceed for 2 h. After the
growth, the samples were allowed to cool down to room temperature
in flowing He before removing the substrate covered with NWs from
the furnace. From X-ray diffraction and Raman measurements in
Figure 1, we confirmed that the nanowires were single crystalline
monoclinic VO,. Raman peaks at 197, 227, 264, 311, 342, 396, 443,
and 614 cm™ are the indication of the monoclinic phase whereas the
peak at 524 cm! is from the background SiO,/Si substrate. XRD
reflection at (011) and (022) indicates preferential growth directions
and corresponds to a monoclinic lattice while the peak at 33.2° is from
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the SiO,/Si substrate. The nanowire width and height, measured at the
nanowire—SiO, interface for a representative number of nanowires,
was determined by scanning electron microscopy (SEM) as 100—400
(+10) nm and 50—200 (+S) nm, respectively. The lengths of most of
the nanowires were in the range 20—150 pm.

For device fabrication, the grown VO, NWs were detached from the
SiO, substrate and dispersed onto another substrate 300 nm in
thickness consisting of SiO, and p-type Si. The Au electrodes used in
this work were fabricated using standard optical lithography. After
developing the pattern, a metal-stack deposition, consisting of Ti/Au
(10/200 nm), was carried out in high vacuum e-beam deposition
system, which is followed by lift-off in acetone. Finally, thermal
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Figure 3. Schematic view of the experimental setup used for the (a) ac DEP, (b and c) the electric potential and field profiles around a VO, NW, and
the Au NPs assembled on the surface of the VO, NW. (d) SEM images of a sample with patterned electrodes and a VO, NW. DEP was carried out
(e—g) for 30 s at a fixed frequency of 1 MHz by applying voltages of 1, 2, and 2.5 V; (g—i) at a fixed frequency of 1 MHz by applying a peak-to-peak
voltage of 2.5 V for 30, 10, and 60 s; (i—k) by applying a fixed applied peak-to-peak voltage of 2.5 V for 60 s at frequencies of 1 MHz, 150 kHz, and

500 kHz.

annealing at 200 °C for 1 min was done to ensure good Ohmic
contacts between the metal and VO, NW. The separation between the
Au electrodes was 4 pm, and a single chip contained 20 such
electrodes.

VO, Nanowire Characterization and Measurement Details.
Field-emission scanning electron microscopy (SEM) was used to
image the VO, nanowires after the growth, when patterned on chip
and finally when DEP-processed with Au NPs. The high-resolution
transmission electron microscopy (TEM) images were collected using
a Cs-corrected JEM-2100 operated at 200 kV. Besides the SEM
images, energy-dispersive X-ray spectroscopy was also used to confirm
the exclusive composition of the VO, NW decorated only with Au
NPs. Tektronix AFG3102 function generator and TDS3052C
oscilloscope were used for DEP process. The I—V characteristics
were measured using Lock-in Amplifier and Kethley dc voltage source

with Oxford system for low temperature measurement.

3. RESULTS AND DISCUSSION

Figure 2a—c shows the morphology and crystallinity
determined by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images. The atomic
image and patterns shown as distinct spots in Figure 1b clearly
indicate highly crystalline properties of the VO, nanowires.
Figure 2d—f shows the detailed images of the chip pattern used
in this study. Figure 3a shows a schematic of the experimental
setup used for the ac DEP assembly, consisting of a function
generator connected directly through the chip to the
oscilloscope. The DEP force generally depends strongly on
the distribution and frequency of the ac electric field. In the
presence of a nonuniform external electric field, spherical Au
NPs floating in deionized water become electrically polarized,
each with an induced electric dipole moment p."° The
inhomogeneous electric field forces the polarized Au NPs to
move in the direction of the higher electric field, in which the
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VO, NW is located and causes mutual attraction between the
VO, NW and Au NPs, giving rise to the assembly of the Au
NPs on the surface of the VO, NW.' Figure 3b,c shows
simulated spatial profiles of the electric potentlal V(x,y,2z) and
the corresponding electric field E near the VO, NW in our DEP
environment; these i images were obtained using the COMSOL
Multiphysics package.'® The simulation settings applied were as
follows. A pair of coplanar Au electrodes was separated by 4
pum. The electric potential was applied to the left-hand
electrode, and the right-hand electrode was grounded. The
relative permittivities of the deionized water, Au electrodes, 300
nm thick SiO, film, Si substrate, and 220 nm wide VO, NW
were set at 80, —1000, 3.9, 11.7, and 36, respectively. The solver
adopted automatic meshing of the device structure for accurate
results.

In Figure 3¢, a sliced view of the potential profile is shown in
the x—y plane in which the coplanar electrodes were located.
The arrows in Figure 3c denote the local electric field (E)
below and above the x—y plane around the device. The
simulation results demonstrated that a highly inhomogeneous
electric field was formed around the VO, NW between the
electrodes (unlike the uniform electric field between parallel
electrodes in conventional devices). The electric field was
stronger near the edges of a pair of charged electrodes and was
relatively reduced near the VO, NW placed between the
electrodes. The electric field further decreased in magnitude at
greater distances from the NW.

It is important to control the density of the Au NPs in order
to obtain a consistent and reliable Au NP assembly at the
surface of the VO, NW. This was done by varying three key
DEP parameters, i.e., the frequency f, amplitude of the applied
ac voltage V,,, and duration of DEP processing t. In our
experiments, we controlled the density of the Au NPs by
varying one parameter and keeping the other two fixed. For
each set of parameters, we counted the density of NPs
assembled on the VO, NW surface. Figure 3d—k shows the
SEM images of the Au NP assemblies of different densities on a
specific VO, NW from a single chip. Figure 3d shows the SEM
image of the Au electrodes used in this work, which were 10
um wide with a gap of 4 ym. Figure 3e—g shows the assemblies
obtained with three different V,,, values at a fixed frequency and
time of 1 MHz and 30 s, respectively. For larger values of V,,
the density of the Au NPs on the VO, NW also increased. The
SEM images after DEP at V,, = 1.0, 2.0, and 2.5 V showed Au
NP densities of 6.0 X 10°, 23 X 1010, and 2.9 X 10 cm™,
respectively. At V,, = 3 V, the VO, NW burned and
disappeared owing to Joule heating. The current suddenly
increased when the Au NPs fully covered the VO, NW. Figure
3g—i shows the wires obtained by carrying out DEP for t = 30,
10, and 60 s at f = 1 MHz and V,, = 2.5 V. Figure 3i—k shows
the frequency dependence of the Au NPs assembled at V,, =
2.5V; t=60s; and f = 1 MHz, 150 kHz, and 500 kHz. As the
frequency increased to up to 1 MHz, the assembly of the Au
NPs at the VO, NW surface increased steadily. However, if
DEP proceeded for longer time, it can result in drying of the
solution droplet which limits the nanoparticle attaching on the
nanowire, or for large droplets, it can also sometimes shunt the
nanowire, both of which are highly undesirable conditions.
Therefore, nanoparticle solution droplets and DEP time are
optimized so as to avoid these conditions in the experiment.

SEM images in Figure 3e—k and the energy-dispersive X-ray
spectrum (Figure 4) confirm the assembly of the Au NPs
assembled on the surface of a VO, NW. The attached Au NPs
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Figure 4. Energy-dispersive X-ray spectrum of Au NPs assembled on
the surface of a VO, NW showing peaks corresponding to Au and V.
Si and O peaks are attributed to the substrate (SiO,/Si).

were counted directly from Figure 3e—k. The NPs in direct
contact with the NW were considered, and the particles
aggregated onto the top of the contacted NPs were excluded.
Table 1 tabulates the density of the NPs, calculated by

Table 1. Number of Au NPs Trapped on the Surface of the
Undoped VO, NW at the Applied Frequency, Time, and
Peak-to-Peak Voltage Values in Figure 3e—k

no. of Au NPs trapped on
the VO, NW surface

density [em™] +

DEP conditions for each panel in Figure 2e—k count 10%

(e) 1 MHz, 305, 1V 40 6.0 x 10°
(f) 1 MHz, 305,2V 154 2.3 x 10%°
(g) 1 MHz, 305,25V 194 2.9 x 10"
(h) 1 MHz, 10's, 2.5 V 0 0

(i) 1 MHz, 605,25V 695 1.0 x 10"
(j) 150 kHz, 60 s, 2.5 V 140 2.1 X 10%°
(k) 500 kHz, 60 s, 2.5V 485 7.3 X 10'°

considering the rectangular cross section of the VO, NW with a
width of 210 nm and height of 105 nm, for different DEP
voltage values. However, with the 3D topology of the NW, this
method of counting from the 2D topography of NW is bound
to have some error margins. Therefore, the deposition
procedure has been carried out many times on several samples;
on the basis of the experimental data and with the counting-
method limitation, a variation of up to 10% has been observed
in the deposited density of NPs on the NW.

The current—voltage (I—V) curves in Figure Sab show
symmetric nonlinear semiconducting behavior even at a bare
undoped VO, NW. The electrical current at Au NP density of
1.0 X 10" cm™ was about 80 nA at 2 V, which is about a 20-
time increase when compared with that of the bare VO, NW.
The increase in current could be attributed to the enhanced
number of carriers in the VO, NW due to the attached Au NPs.
It may be noted that the conductivity modulation is observed in
VO, NWs well below the MIT temperature (68 °C) as the
carrier density in NW in metallic state reaches 10* cm™ from
10 cm™ in the insulating state; at such high carrier
concentration, the modulation from Au NPs is ineffective and
can be ruled out. However, this Au NP deposition can influence

dx.doi.org/10.1021/am504229n | ACS Appl. Mater. Interfaces 2014, 6, 14812—14818



ACS Applied Materials & Interfaces

Research Article

a
100
50 |
<
£
- 0
c
o Density of attached
5 Au NPs (cm'z)
o
-50 —0
—6.0x10°
—29x10"
—1.0x10"
-100 L L
-2 -1 0 1 2

Voltage (V)

20
10 |
<
£
- 0
c
g Density of attached
3 Au NPs (cm?)
10 - —0
——6.0x10°
——29x10"°
——1.0x10"
_20 1 1 1 1 1 1 1 1

5 4 3 2 1 0 1 2 3 4 5
Voltage (V)

Figure 5. Transport properties of the VO, NW—Au NP assembly at various Au NP densities. I-V characteristics of the VO, NW for four different

Au NP densities at (a) 300 K and (b) 150 K.

the MIT temperature as per Mott’s transition criteria which
depend upon the critical strength of electron-density-depend-
ent screening of carriers. This effect of Au NPs on MIT point in
NWs is out-of-scope in the present work and would be studied
separately. The conductance variation with NP density at both
300 and 150 K is plotted in Figure 6. It can be seen from the
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Figure 6. Conductance variation with NPs density at 300 and 150 K
plotted in red and blue square symbols, respectively.

figure that the conductance variations are much more
pronounced at 300 K than at 150 K. This may be due to the
decrease in the concentration of thermally activated carriers in
NW which can give rise to the localization of the carriers
around NPs and may also result in hopping conduction at 150
K. However, the effect of NPs on conductance modulation of
NW can still be seen clearly which indicates that the carrier-
doping from NPs to NW is not affected by the temperature
variation as the drop in the pristine NW current is followed by
the other NP deposited NWs at 150 K.

The surface doping effect of the Au NP can be visualized
through Figure 7, which shows the schematic overview of the
Au NPs—VO, NW assembly and its energy band alignment
before and after contact. Figure 7a,b shows a schematic view of
charge transfer occurring during the assembly of the VO, NW
and Au NPs and illuminates the space charge distribution at the
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NP—NW interface. The attached Au NPs, acting as a dopant
material, provide mobile carriers to the VO, NW. Figure 7c—e,
which illustrates the energy band alignments before and after
contact between the Au NP and the VO, NW, have been
obtained by employing a model of metal—semiconductor
junctions. In this model, the metal exhibits the lower work
function.'” Figure 7c—e shows the alignments of the individual
energy bands of the VO, NW and Au NP before and after
contact.

In this study, we used Au NPs that were 20 nm in diameter.
These NPs were not small enough to reveal quantized energy
levels of the carriers at room temperature. Therefore, they are
not subject to the quantum confinement effect, which is
expected to divulge even at room temperature in Au NPs of
diameters smaller than $ nm.'® The energy gap between the
conduction and valence bands of VO, is ~0.5 eV, and the work
function, which is the difference between the vacuum level and
the Fermi level of the material, is ~5.15 eV. The typical bulk
work function of Au is ~4.83 eV. After contact, the Fermi levels
of the VO, NW and the Au NP were aligned by transfer of
electrons from the metal NPs to the insulator NW (Figure 7e).
At the junction of the Au NPs and the VO, NW, the Au NP
and VO, NW sides are positively and negatively charged,
respectively. Because Au is a noble metal with a high free carrier
concentration (~10** cm™), a negligible depletion region
appears on Au, whereas surface accumulation of electrons on
the VO, NW side results in the formation of 2D surface
channel.

From the above discussion, we conjecture that a thin electron
accumulation layer is formed in the VO, NW by surface carrier
injection through the Au NPs attached by DEP,"> and carrier
conduction occurs through the effectively “two-dimensional”
(2D) surface channel around the insulating core of the NW
(see Figure 7b). The Ohmic contribution to the surface current
density in a weakly biased channel of length L (=4 ym) is given
by Jo = eun,pV/L, where ¢, p, and n,p denote the elementary
charge, effective charge carrier mobility, and 2D carrier density,
respectively. The nonlinear symmetric characteristic, as shown
in Figure Sab, is a signature of space-charge limited (SCL)
current,"”** where the SCL current density in a highly biased
thin layer is written as®® Jso; = (2e06.4/7)(V?/L?), where &,
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Figure 7. Assembly of Au NPs on a VO, NW and energy band alignment before and after contact between the Au NP and VO, NW. (a) Schematic
view of charge transfer during the assembly of Au NPs on VO, NW. Before attachment, the Au NP and VO, NW are not charged. After attachment,
the Au NP is positively charged, and the VO, NW is negatively charged; hence, the undoped VO, NW becomes conducting. (b) Schematic cross
section of VO, NW with adsorbed Au NPs. A shell of negatively charged conducting region surrounds the insulating core region of the VO, NW.
The area of the NW contributing to charge conduction is smaller than the physical area. (c and d) Band edges of the VO, NW and Au NP before
contact. (e) Band alignment at the heterointerface of the VO, NW and Au (in equilibrium). The Fermi level is pinned at the defect states of VO,.
The amount of downward band edge bending at the contact is given by the difference of the work functions of the NP and the NW.
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Figure 8. Plots of I/V (current/voltage) as a function of voltage (a) at 300 K for the result shown in Figure Sa. (b) Magnification of the I/V versus V
behavior in the low-voltage region at 300 K. Each broken line serves as a guide to the eye for the y-intercept and slope for a particular density of DEP

attached Au NPs.

and ¢, are the electric permittivity of vacuum and the relative
permittivity of the NW, respectively.

In Figure 8a, I/V is displayed as a function of V for the results
obtained at T = 300 K, shown in Figure Sa. The y-intercept,
illustrated in Figure 8b, and slope of the I/V versus V plot
designate the Ohmic and SCL contributions, respectively. In
addition to the linear Ohmic contribution, we observe a strong
quadratic SCL transport behavior in our VO, NWs consisting
of DEP adsorbed Au NPs on the surface. We understand that
the strong SCL behavior in our VO, NW is a direct
consequence of the poor electrostatic screening of the injected
carriers in the high aspect ratio (~2.5 X 1072) VO, NWs. The
cross over voltage (V) from the Ohmic region at low bias to
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the SCL regime at high bias regions allows us to write n,p as
o = (2&0€,7e)(V/L). For the cases shown in Figure Sa, the
values of V_ are 1.47, 3.8, 0.4, and 0.2 V, respectively, at 300 K.

The corresponding effective surface carrier densities for the
VO, NWs were found to be n, ~ 6.3 X 10'°/cm? to 1.2 X 102
/em?® at 300 K. The charge carrier mobility could also be
estimated from the I-V curve by applying the relationship ¢
= (n/2€4¢,)(JL*)/(V*)). Our results obtained at room
temperature yield pgc; values in the range ~5.6—37.6 cm?/(V
s), at the cross over voltages. The values were an order of
magnitude larger than that shown by typical semiconducting
VO, and were of the same order of magnitude as that shown
by the mobility of metallic VO,. In obtaining these numerical

dx.doi.org/10.1021/am504229n | ACS Appl. Mater. Interfaces 2014, 6, 14812—14818
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values, we used €, = 36 and the fact that the DEP attached Au
NPs were located on the top and two side faces of the VO, NW
with width of 210 nm and thickness of 105 nm (see Figure 2b).
Our observation indicated that the DEP processed Au NP—
VO, NW assembly possessed superior electrical properties at
room temperature.

4. CONCLUSION

In conclusion, we have demonstrated the assembly of Au NPs
on a VO, NW using ac DEP. The Au NP density on the surface
of the VO, NW could be accurately controlled by varying three
parameters, i.e., f, Vipr and t, of the DEP process. The VO, NW
with trapped Au NPs exhibited stable transport behavior that is
typical of doped semiconductor material because the Au NPs
provided negative charge carriers to the undoped insulating
VO, NW. This intelligent hybrid system might have
tremendous potential for realizing various smart nanoscale
field-effect transistors, optoelectronic switches, and miniatur-
ized biochemical and gas sensors for myriad applications.
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