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ABSTRACT: The electrical properties of a single facet of an individual ZnO microwire were investigated. Electrode patterns with a
Hall bar structure were deposited on the surface of the top facet of the ZnO microwire. Using a suspended and cross-linked
poly(methyl methacrylate) ribbon structure, it was possible to define the electrical connections only at the top surface, while
avoiding those on the other five sides of the ZnO microwire. Current−voltage characteristics were examined, and Hall measurements
were conducted with various magnetic fields. Through our device structure, the electrical properties could be directly probed at
specific points on the ZnO surface in a reliable manner. The estimated electrical characteristics demonstrate that the carrier
concentration and mobility of the ZnO surface varied along the axial direction of the wire. These results indicate that the charge
carrier concentration on the surface of the micro-/nanowire can be sensitively changed according to the synthesis environment. In
addition, it is worth noting that the nanoscale local Hall probes, fabricated by our technique, could probe the very slight variation of
carrier concentration, which is difficult to detect by a standard transport measurement along the wire.

KEYWORDS: ZnO microwire, PMMA cross-link, Hall measurement, carrier density, nanoscale local Hall probes,
single-facet electrode structure

1. INTRODUCTION

Zinc oxide (ZnO) with the crystal structure as shown in Figure
1a is one of the most widely studied semiconducting materials
owing to its unique physical and chemical properties. Through
coupling of its electrical, mechanical, and optical properties,
ZnO exhibits multifunctional material and device character-
istics.1 ZnO nano-/microwire-based optoelectronic or electro-
mechanical systems have gained special attention from
scientists because of their superior device performance.2,3 For
example, light emission and lasing emission in the UV region
with high directionality and high efficiency could be achieved
from vertically aligned ZnO nanowire-based optoelectronic
devices.4−9 Piezoelectricity is another important property of
the ZnO crystal structure. Efficient piezoelectric power
generation has been reported for ZnO nano-/microwire-
based electromechanical systems.10−12 Although mature
scientific knowledge has been attained during the past couple

of decades, various emerging properties of ZnO nano-/
microwire-based devices are being discovered via coupling of
the electrical, mechanical, and optical degrees of freedom.
From the aforementioned developments in the ZnO

research field, practical applications of ZnO-based nano-/
microstructures, beyond scientific discovery, are being
suggested and attempted. For this purpose, a consistent
material property and reliable device performance are required
as a first step. Several approaches have been reported for
producing semiconductor nano-/microwire structures, includ-
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ing chemical vapor deposition (CVD), molecular beam epitaxy
(MBE), and sol−gel processes.13−15 Of these methods, CVD
and MBE are used to produce high-quality materials by
maintaining the temperature, pressure, and flow rate of
elements during growth processes. Nevertheless, it remains
difficult to prepare a material with a perfectly uniform size and
consistent material performance from each nano-/microwire.
Our previous report found that the composition of semi-
conducting nanowires might vary along the axial direction,
even though the nanowire growth parameters were constantly
controlled during MBE growth.16 In this case, the electrical
properties of the nanowire might also differ according to the
local position of the nanowire. Therefore, it is important to
directly investigate the electrical properties of nano-/micro-
wires at specified positions by defining electrode structures on
the desired spatial area.
In this study, we investigated the electrical properties of a

single facet of an individual ZnO microwire structure. Hall bar-
type electrodes were electrically connected only between the
bottom circuit and top facet of the ZnO microwire, while
suspended electron-beam-resist ribbon structures were fab-
ricated to passivate the other areas. The carrier density and
mobility at the local area along the axial direction of the ZnO
microwire were estimated by measuring the current−voltage
(I−V) and Hall characteristics under various magnetic fields.

The geometry of the electrodes defined by our technique made
it possible to reveal that the doping concentration could be
sensitively changed during synthesis of the ZnO microwire.

2. RESULTS AND DISCUSSION

Well-crystallized ZnO microwires were synthesized by the
CVD method, as shown in Figure 1b. The crystal structure and
material characterization of the ZnO microwire were studied in
our previous report.17 A suspended and cross-linked poly-
(methyl methacrylate) (PMMA) ribbon structure was created
to make the electrical connections between the bottom
substrate and the top facet of the ZnO microwire. Figure 1
shows schematics of the fabrication procedure of the electrodes
for Hall measurements on the ZnO microwire. Spin-coated
PMMA was prepared from the original substrate and
transferred to a ZnO microwire (Figure 1c). An air gap
between the transferred PMMA and ZnO microwire appeared
after the transfer process, as shown in Figure 1d, owing to the
height differences. Then, an excessive dose of the electron
beam was irradiated to establish the cross-linked and
suspended PMMA ribbon, bridging the bottom substrate and
the top of the ZnO microwire (Figure 1e). The detailed
fabrication conditions and procedures for fabricating the
PMMA bridges are described in our previous report.10 Another
piece of PMMA film was transferred onto the ZnO and cross-

Figure 1. Image of ZnO microwires and schematics of the device fabrication process. (a) Schematic of the ZnO crystal structure. (b) SEM image of
ZnO microwires grown on the Si (001) substrate. (c) A PMMA film was transferred onto the ZnO microwire. (d) Transferred PMMA covered the
ZnO with an air gap at the side of the ZnO microwire. (e) Cross-linked PMMA structures were defined by excessive electron beam exposure. (f)
The second PMMA film was transferred on the ZnO microwire with a suspended PMMA ribbon structure. (g) Nanoscale electrode patterns were
defined by the electron beam lithography process. (h) The fabrication of the device structure was completed after metal deposition, followed by a
liftoff process.
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linked PMMA bridge (Figure 1f), and the electrode pattern
was defined with a normal dose of electron beam irradiation
(Figure 1g). Fabrication of the electrodes for Hall measure-
ment was completed after the metal deposition and liftoff
processes (Figure 1h).
Figure 2 displays scanning electron microscopy (SEM)

images of the device structure for analysis of the Hall effect on
the top surface of a ZnO microwire. Ten electrodes were
placed on top of the ZnO microwire. The electrodes were
integrated with ZnO from the bottom circuit to the top facet of
the ZnO microwire via cross-linked PMMA structures (Figure
2b). The tilted SEM image in Figure 2c clearly shows that the
cross-linked PMMA stably bridges the bottom substrate and
the top of the ZnO microwire, with a height difference of
approximately 3.5 μm. The cross-linked PMMA was also used
as a passivation layer so the metal electrodes could only probe
the top facet of the ZnO microwire surfaces.
The electrical transport properties of the fabricated ZnO

microwire devices were measured. Figure 3a,b shows optical
microscopy (OM) images of a ZnO microwire device,
providing an overview of the device connected to the outer
electrical circuit and an enlarged image of the top facet of the
ZnO microwire, respectively. It was noticed that the ZnO
microwire is slightly tapered from source to drain electrodes,
which corresponds from the top to the bottom of the
microwire in the growth condition. The cross-sectional area
decreased by about 0.09 μm2 per 1 μm along the longitudinal
direction, which could be estimated from the SEM image, as
shown in Figure S1 in the Supporting Information. Figure 3c
presents a schematic of the electrode geometry and measure-
ment configuration for investigating the transport properties.
The electrical transport properties were measured using a

Keithley semiconductor characterization system (SCS4200)
with a vacuum probe station. Figure 4a,b displays the
measurement results of the length-dependent resistances in
the axial direction (Rxx) on the top facet of the ZnO microwire.
The resistance Rxx1 (Rxx2) values were estimated from the 2-
probe I−V characteristics (Figure S2) between the drain
(source) and upper (lower) part of the side electrodes, as
shown in Figure 3c.
Figure 4a,b shows plots of the resistances, Rxx1 and Rxx2,

versus the distances between the drain and upper-side

electrodes, and source and lower-side electrodes, respectively.
The resistance values were found to increase linearly as the
channel length increased. Contact resistance values of 11.17
and 6.52 kΩ were estimated using the transfer length method
from Figure 4a,b, respectively. Meanwhile, Figure 4c displays
the resistance values measured from the four pairs of side
electrodes facing each other. The 2-probe resistance values
were determined to be in the range 3.80−4.85 kΩ, indicating
that the contact resistances on the side electrodes are relatively
less than those on the source/drain electrode. It is considered
that the differences in the contact resistances for drain (source)
and upper (lower) electrodes are caused by the geometry of
the electrode structures. An unexpected poor contact interface

Figure 2. Scanning electron microscopy (SEM) images of the ZnO microwire device. (a) False color SEM image of the device. Electrodes (yellow)
were developed on the top facet of the ZnO microwire (green) through suspended and cross-linked PMMA (dark purple). SEM images showing
(b) the device with a microscale outer circuit and (c) a tilted view of the device.

Figure 3. (a) Optical microscopy (OM) image of a ZnO microwire
device with the configuration of circuit connections. (b) OM image
focused on the top of the ZnO microwire. (c) Schematic of the
electrode configuration on the top facet of the ZnO microwire, with
scales.
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created during the metal deposition process could significantly
affect source and drain electrodes more than the side ones.
Nevertheless, the contact resistance presented in this paper

was found to be over 100 times smaller than that previously
reported on a ZnO microwire device fabricated using the same
method10 with cross-linked PMMA bridge structures. We have
improved our device fabrication technique by using the dry
transfer method to deposit the ZnO wire on the substrate and
oxygen plasma treatment just before metal evaporation. Owing
to the solid and dependable electrical contact between the
electrodes and the ZnO microwire, the Hall effect could be
investigated at a specific region on the ZnO surface in a reliable
manner, as described in the next section.
Figure 4d,e shows the measurement results of the output

voltage plotted against the distance from the drain electrode to
each upper-side (lower-side) electrode at various temperatures
in the range 160−300 K. The current bias of 20 μA was
applied between the source and drain electrodes to obtain the
output voltages. The slopes of the measurement points at a
given temperature, as displayed in Figure 4d,e, can be
estimated from the resistances at each segment of the ZnO
microwire. All of the distance-dependent output voltages
exhibit linear curves with no significant slope changes at each
segment. Thus, the resistivity values at each area do not exhibit
noticeable differences along the axis of the ZnO microwire.
Figure 4f presents the temperature dependence of the
resistivity values estimated from the slopes in Figure 4d,e.
Typical semiconducting behavior is apparent, as expected from
ZnO. The resistivity values obtained through the upper- and
lower-side electrodes are almost the same, particularly in the
high-temperature region. Because the contact resistance value
at the upper electrodes is higher than that at the lower
electrodes, as shown in Figure 4a,b, the energy barrier
differences related to the contact resistance are considered to
cause the slight differences in the resistivity values in the low-
temperature region.

The Hall effect on the top facet of the ZnO microwire was
measured using a physical property measurement system
(Quantum Design PPMS) by reducing the temperature from
300 to 160 K and sweeping the magnetic field up to ±9 T. A
constant electric current of 20 μA was applied along the top
facet of the ZnO microwire through the source and drain
electrodes. The Hall voltage values were measured from the
four side electrode pairs, while magnetic field sweeping was
performed (0 T → 9 T → −9 T → 0 T) via 0.1 T steps in the
direction perpendicular to the top facet of the ZnO microwire.
The measured Hall voltages linearly increased as the magnetic
field increased.
Figure 5a shows the results of the Hall resistances measured

for each pair of side electrodes at various temperatures. It is
apparent that the resistances, which were measured from all
pairs, increased exponentially with decreasing temperature.
This transport behavior in the temperature range 160−300 K
is considered to be governed by thermionic emission.18 Figure
5b shows the corresponding carrier concentrations estimated
from the measured Hall resistance values.18,19 The charge
carrier concentration on the surface of our ZnO microwire
varied from 1 × 1013 to 7 × 1013 cm−2 as the temperature
increased from 160 to 300 K. The carrier concentrations
determined in our work are of a similar order of magnitude to
those reported in previous studies using different methods,
such as measuring the transconductance of ZnO nanowire-
based field-effect transistors (FETs)20 and scanning probe
microscopy measurements with ZnO film structures.21 Figure
5c displays the Hall mobility values estimated from the Hall
resistances in Figure 5a and the axial-direction resistivity values
in Figure 4f at various temperatures.
The insets in Figure 5a−c show the Hall resistance, carrier

concentration, and Hall mobility values at room temperature
according to the distance of the side electrode pairs from the
drain electrode, respectively. Interestingly, the Hall resistance
and Hall mobility values increase as the distance between the
side electrode pairs and drain electrodes, which is indicated in

Figure 4. Length-dependent resistances (Rxx1 and Rxx2) of the ZnO microwire measured between (a) drain and upper-side electrodes, and (b)
source and lower-side electrodes. (RSD indicates the resistance measured between the source and drain electrodes.) (c) Resistance values (Ryy)
measured between the pairs of side electrodes in the vertical direction. Measurement results of output voltage from the drain electrode to (d)
upper- and (e) lower-side electrodes, plotted with respect to the distance between each side and drain electrode. (f) Temperature dependence of
resistivity estimated from the slopes in parts d and e.
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Figure 3c, increases. Accordingly, the corresponding carrier
concentration decreases as the distance from the drain to the
side electrodes increases. We think that the difference of carrier
concentration along the axis of the ZnO microwire was
attributed to a variation of synthesis atmosphere during
microwire production. While the ZnO microwire is vertically
grown, the oxygen flow rate could be slightly different along
the height of the chamber so that the oxygen vacancy at the
surface of ZnO might vary from the bottom to the top of
microwire. This influence also appears in the SEM and OM
images, presented in Figures 2 and 3, respectively, showing that
the overall thickness along the ZnO microwire slightly tapers
from the source to the drain electrode (i.e., from the position
of electrode pair 4 to pair 1 indicated in Figure 3c). Through
microscopic observation after the synthesis of our ZnO
microwire,17 it was found that tapering occurred from the
top to the bottom of the wire. Based on the results mentioned

above, it can be considered that the carrier density is higher at
the bottom position of the microwire and then decreases as the
wire grows. As discussed in the previous section, no noticeable
resistivity differences were observed at each segment of the
side electrodes without application of a magnetic field. Because
the length and cross-sectional area are included when the
resistance is measured, these geometrical parameters might
make it difficult to differentiate the resistivity, especially with a
small variation, and, consequently, smear the position depend-
ence of the intrinsic electrical resistivity information. However,
the Hall measurement enables us to obtain the carrier
concentration without being affected by the dimensionality
factors of the materials. This is considered to be the reason
why the variation in carrier density was observed via Hall
measurement but not from the resistivity measurement.
Moreover, energy-dispersive X-ray spectroscopy (EDS) along
with a ZnO microwire axis also showed that the oxygen ratio in
the microwire surface increases as the measurement point
moves from the thin to thick position of the wire (see Figure
S2 in the Supporting Information). This result implies that the
oxygen vacancy can cause charge carrier density variation on
the surface of the ZnO microwire, which is consistent with our
Hall measurement results.
Using our unique device structure comprising a cross-linked

PMMA bridge, electrical contacts could be created with only
one facet of the microwire such that the electrical properties
could be directly probed at a specific area on the surface of the
ZnO microwire. In particular, variation in the carrier
concentration at different positions on the ZnO microwire
surface could be accurately investigated from the Hall
measurements through the four pairs of side electrodes.
Several studies have determined the charge carrier concen-
tration of ZnO micro-/nanostructures by realizing FET
devices.22−24 In those previous works, the carrier concen-
trations were estimated by obtaining the subthreshold swing
values from transfer curve measurements of FETs. In this case,
only the average carrier concentration distributed along the
FET channel is known. Furthermore, it is not easy to
determine the gate capacitance value, which is a crucial
parameter for obtaining carrier concentration through the
transfer characteristics of an FET. Thus, it is generally
considered that the estimation of the carrier concentration
from FET characteristics is relatively less accurate than that
obtained from direct Hall measurements. Meanwhile, an
advantage of the device presented herein is that the carrier
concentration can be determined at a specific point on the
ZnO surface in a direct and reliable manner.
From the experimental results of our devices, it was found

that changes in the carrier concentration, particularly on the
surface of the microwire, were sensitive to the position of the
wire. Huh et al.16 reported a similar phenomenon, demonstrat-
ing a self-induced compositional variation at the top and root
of a GaAsSb nanowire. In their case, the synthesis parameters
of the nanowire growth were also maintained constant using an
MBE method, which is generally known to control the
parameters in a highly consistent manner. Moreover, our
previous work implied that the synthesis environments at the
bottom and top positions of the micro-/nanowire might not be
perfectly consistent, although the parameters of CVD were
kept constant while growing the ZnO microwires. As a result,
the carrier concentration can vary at different wire positions.

Figure 5. (a) Hall resistances measured from each pair of side
electrodes at various temperatures. (b) Corresponding charge carrier
concentrations estimated from Hall resistance values. (c) Hall
mobilities estimated from Hall resistance and resistivity values at
various temperatures. Insets in panels a−c show the Hall resistance,
carrier concentration, and Hall mobility values, repectively, at room
temperature according to the distance of the side electrode pairs from
the drain electrode, as indicated in Figure 3c.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.2c00179
ACS Appl. Electron. Mater. 2022, 4, 2346−2352

2350

https://pubs.acs.org/doi/suppl/10.1021/acsaelm.2c00179/suppl_file/el2c00179_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.2c00179/suppl_file/el2c00179_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00179?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00179?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00179?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00179?fig=fig5&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.2c00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3. CONCLUSIONS

In this study, electrical transport measurements were
performed on a single facet of an individual ZnO microwire.
A cross-linked PMMA ribbon structure functioned as a bridge
between the substrate and the ZnO microwire such that an
electrical connection between the bottom circuit and top facet
of the microwire could be defined. By overlapping the
electrode patterns on the suspended PMMA bridge structures
through careful electron beam alignment, only the top facet of
the ZnO microwire was in contact with the electrodes, while
the other parts were passivated. Two source/drain electrodes
and four pairs of side electrodes were fabricated on the top
surface of the ZnO microwire, which was approximately 3.5
μm above the bottom substrate.
The I−V measurements with various electrode pairs

demonstrated that stable electrical contacts formed on the
ZnO surface with contact resistance values of less than 11.2
kΩ. These values are sufficiently low for investigating the Hall
properties on the surface of the ZnO microwire. Hence, the
Hall effect was investigated at various temperatures, and the
results were used to estimate the charge carrier concentration
and mobility values. The carrier concentration values on the
ZnO surface gradually decreased from the bottom to the top
position of the microwire. This indicates that the carrier
concentration, particularly on the surface of the micro-/
nanowire, was sensitive to the synthesis environment, even
though the growth parameters were controlled. Our unique
device fabrication method can be applied to define nanoscale
electrical probes on microscale structures in a stable and
reliable manner.

4. EXPERIMENTAL SECTION
Device Fabrication. ZnO microwires were synthesized via CVD

on a Si (001) substrate. A ZnO and graphite powder mixture (ZnO:C
= 1:1) was used as the initial material for ZnO microwire production.
The synthesis parameters, i.e., growth temperature and gas flow rate,
were precisely controlled during the CVD process. From the X-ray
diffraction and photoluminescence spectra, it was found that the
synthesized microwires were well-crystallized with few defects. Details
of the microwire production procedure and material characterization
are described in our previous report.17 The thicknesses of the
synthesized ZnO microwires were approximately 3 ± 0.5 μm.
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