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Abstract
We investigated the effects of hydrogen plasma treatment on the electrical transport properties of
ZnO nanowire field effect transistors (FETs) with a back gate configuration. After hydrogen
plasma treatment of the FET devices, the effective carrier density and mobility of the nanowire
FETs increased with a threshold voltage shift toward a negative gate bias direction. This can be
attributed to the desorption of oxygen molecules adsorbed on the surface of the nanowire
channel, to passivation and to doping effects due to the incorporation of energetic hydrogen ions
generated in plasma.
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(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, ZnO nanostructures have attracted great
attention as one of the building blocks for nanoelectronics and
optoelectronics due to their unique properties such as piezo-
electricity, a wide direct band gap (∼3.37 eV) and large
exciton binding energy (60 meV) [1–5]. The well-developed
growth techniques of ZnO nanostructures, including the
chemical vapor deposition or hydrothermal method, have
allowed them to demonstrate their potential in photodetectors
[6], field-effect transistors (FETs) [7], logic circuits [8], solar
cells [9], nanogenerators [10] and other applications. Among
those applications, FETs, as fundamental elements in
nanoelectronic device applications, are particularly important.

In spite of recent great progress in synthesis methods and
device applications, controlling and modifying the optical and
electrical properties of ZnO nanowires still remain a challenge
for the realization of high-performance device applications
based on ZnO nanostructures because their properties

strongly depend on the size and shape effects of nanowires,
the surface structures or surface states and the adsorption/
desorption of oxygen or the water species [11–13]. To date,
much research effort has been made to improve the perfor-
mance of devices via surface fictionalization [14], doping
[15], irradiation-induced modification [16, 17], surface pas-
sivation [12, 13], annealing [18] and especially plasma
treatment [1–3, 5, 19]. Plasma treatment is one of the most
effective methods for the surface modification of ZnO mate-
rials in both types of thin films and nanowires [1–5, 20, 21].
Recently, hydrogen plasma treatment has been introduced to
tailor and improve the electrical and optical properties of ZnO
materials and their based device properties [1–5, 20, 21].
However, to our knowledge, there have not been any reports
on the influence of the hydrogen plasma treatment on the
electrical transport properties of FET devices based on ZnO
nanowires.

In this study, we report on the effects of hydrogen plasma
treatment on the electrical transport properties of ZnO nano-
wire FETs. After hydrogen plasma treatment, the effective
carrier density and mobility of ZnO nanowire FETs increased
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with a threshold voltage shift toward a negative gate bias
direction. This can be explained by the desorption of oxygen
molecules on the channel surface of the ZnO nanowire FETs,
by passivation and by doping effects due to the incorporation
of energetic hydrogen ions generated in plasma. Our study
may provide useful information for tailoring the electrical
characteristics of the devices based on semiconducting
nanomaterials for versatile applications.

2. Experimental details

ZnO nanowires were synthesized in the horizontal tube fur-
nace using a vapor transport method [7, 16]. Firstly, a c-plane
sapphire substrate with a 3 nm thick gold film as a catalyst
and a mixed source with a 1:1 weight ratio of commercial
ZnO powder (99.995%) and graphite powder (99%) were
placed on an alumina boat and positioned at the center of a
tube furnace at a temperature of 930 °C for 30 min under a
flow of Ar (50 sccm) and O2 (0.2 sccm). After finishing the
reaction, the ZnO nanowires were vertically and densely
ordered on the Au-coated sapphire substrate (figure 1(a)).
Note that as shown in figure 1(a), the Au catalysts were not
observed in all the as-grown ZnO nanowires used in this
study, suggesting that there is no possibility of Au con-
tamination. The morphological and structural characteriza-
tions were performed using field emission scanning electron

microscopy (FESEM) and transmission electron microscopy
(TEM). The chemical structure and composition of as-grown
ZnO nanowires were examined using x-ray photoelectron
spectroscopy (XPS). In order to investigate the influence of
hydrogen plasma treatment (referred to as H-plasma treat-
ment) of the electrical transport properties of ZnO nanowires,
we fabricated the FET devices with a back gate configuration.
The ZnO nanowires that were grown on the Au-coated sap-
phire substrate were transferred to a silicon wafer with
100 nm thick thermally grown silicon dioxide (SiO2) by
dropping and drying a liquid suspension of ZnO nanowires.
The nanowire suspension was made by sonicating the growth
substrate of ZnO nanowires in isopropyl alcohol for
approximately 60 s. The highly doped p-type silicon wafers
used in this study were used as a back gate electrode. For all
the fabricated ZnO nanowire FETs, metal electrodes con-
sisting of Ti (100 nm)/Au (100 nm) were deposited by an
electron beam evaporator and defined as source and drain
electrodes by photolithography and a lift-off process. The
distance between the source and drain electrodes was
approximately 3 μm (figures 2(a) and (b)). After that, we
systematically measured the electrical transport properties of
ZnO nanowire FETs before and after H-plasma treatment.
The H-plasma treatment was performed for 120 s under a flow
rate of hydrogen gas of 30 sccm and a pressure of 20 mTorr
using an inductively coupled plasma system with a power of
1000W. For the electrical measurements of the ZnO

Figure 1. (a) A SEM image of as-grown ZnO nanowires on a Au-coated sapphire substrate. (b) A high-resolution TEM image of an
individual ZnO nanowire and (c) its corresponding SAED pattern. XPS spectra of as-grown ZnO nanowires corresponding to (d) C 1s, (e) Zn
2p and (f) O 1s.
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nanowire FETs, ten devices were fabricated and character-
ized. The electrical properties of the nanowire FET devices
were characterized using a semiconductor characterization
system (Keithley 4200-SCS) at room temperature under
ambient air. It should be noted that aging effects were not
explored here, but future works would require a more detailed
investigation of aging effects on the device’s performances in
ambient air.

3. Results and discussion

Figure 1(a) shows a SEM image of vertically aligned ZnO
nanowires grown on the Au-coated sapphire substrate.
Figures 1(b) and (c) show a high-resolution TEM image of an
individual ZnO nanowire and its corresponding fast Fourier
transform (FFT) electron diffraction pattern, respectively,
indicating that the as-grown ZnO nanowires have a single
crystalline structure with a preferential growth direction of
[0001]. As shown in figures 1(d)–(f), the compositions of the
as-grown ZnO nanowires were analyzed by XPS spectra in
which the characteristic peaks at 1021 eV, 1044 eV and
530.1 eV correspond to the Zn 2p3/2, Zn 2p1/2 and O 1s,
respectively. Note that binding energy values were specified
with reference to the C 1s peak of carbon at 284.6 eV
(figure 1(d)). In figure 1(f), the deconvolution of the O 1s core
level XPS spectra for the as-grown ZnO nanowires shows the
presence of two different peaks at 530.1 and 531.9 eV. The
main peak at 530.0 eV can be attributed to the O 1s core level
in the ZnO; the second peak at 531.9 eV can be associated
with the presence of partially reduced ZnO (ZnOx) or Zn-OH
[22–24].

In order to investigate the hydrogen plasma effect on the
electrical transport properties of the ZnO nanowires, we
characterized FET devices made from as-grown ZnO nano-
wires before and after H-plasma treatment. Figures 2(a) and
(b) show a top-view SEM image and a schematic illustration
of the ZnO nanowire FET device with a back gate

configuration, respectively. As shown in figure 2(c), the H-
plasma treatment was performed for 120 s under a flow rate of
hydrogen gas of 30 sccm and a pressure of 20 mtorr. Addi-
tionally, we examined capacitance-gate voltage characteristics
before and after H-plasma treatment after fabricating a metal-
oxide-semiconductor (aluminum-SiO2-Si back gate) structure
to confirm a possibility of modification in a SiO2 layer after
H-plasma treatment. Note that the capacitance change after H-
plasma treatment is negligibly small (data not shown).

Figure 3 shows representative output characteristics
(source-drain current versus source-drain voltage, IDS–VDS)
and transfer characteristics (source-drain current versus gate
voltage, IDS–VG) before and after the H-plasma treatment.
Figures 3(a) and (c) show typical IDS–VDS curves obtained at
VG values ranging from −10 to +10 V with a step of 4 V
before and after H-plasma treatment, respectively. The IDS–
VDS curves of the ZnO nanowire FET before H-plasma
treatment have well-defined linear regimes at low biases and
saturation regimes at high biases, indicating the Ohmic con-
tact characteristics of the ZnO nanowire and Ti/Au electrodes
[7]. Figures 3(b) and (d) also show typical IDS–VG curves
obtained at VDS values ranging from 0.01 to 0.1 V with a step
of 0.01 V before and after H-plasma treatment, respectively.
The drain current (IDS) increases with the increasing VDS and
becomes larger when a larger positive VG is applied, which
indicates an n-type semiconducting behavior [7]. From the
I–V characteristics (figure 3), it is clearly evident that the FET
device after H-plasma treatment exhibits higher ON currents
and more negative threshold voltages. Specifically, for the
FET device after H-plasma treatment (figure 3(c)), the IDS
was significantly increased with the increasing VDS compared
with the FET device before H-plasma treatment (figure 3(a)).
Furthermore, in IDS–VG curves, the threshold voltage was
shifted to a negative gate voltage direction, and the drain
current value was noticeably increased after the H-plasma
treatment (for example, from 37 to 81 nA at VG = 0 V). These
results can be attributed to a larger cross-sectional area
(effective channel width) in ZnO nanowires after H-plasma

Figure 2. (a) A SEM top-view image and (b) a schematic drawing of a ZnO nanowire FET device. (c) Schematic illustration of the fabricated
ZnO nanowire irradiated by hydrogen plasma.
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treatment, which could be indicative of the decreased surface
depletion and the increased density of electron carriers in the
ZnO nanowire channel by H-plasma treatment. In addition,
the distinct properties of the FET device after H-plasma
treatment may be attributed to the enhanced electrons–phonon
(crystal lattice) scattering and/or the enhanced impurity
scattering due to hydrogen doping for ZnO nanowires with a
high surface area to volume ratio.

To further verify the hydrogen plasma-mediated mod-
ification of the electrical transport properties of the ZnO
nanowires, we statistically examined 10 FETs and compared
the changes in the electrical characteristics, as shown in
figure 4. Figure 4(a) shows the representative transfer char-
acteristics at VDS = 0.1 V in which the threshold voltage shifts
toward a negative gate bias direction after H-plasma treat-
ment. Figure 4(b) shows the statistical results of the changes
in the threshold voltage and the carrier density in the nano-
wire channel before and after H-plasma treatment of a total of
10 ZnO nanowire FET devices characterized. The threshold
voltage is defined as the gate voltage obtained by extra-
polating the linear portion of the transfer characteristics (IDS–
VG) from the point of maximum slope to zero drain current in
which the point of maximum slope is the point where gm is a
maximum value [25]. The carrier density was estimated from
the below equations [7, 25]
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where ne is the carrier density, CG is the gate capacitance,
εr and ε0 are the dielectric constant of the gate insulator
(SiO2, 3.9) and the permittivity of the vacuum, L is the
channel length (3 μm), r is the diameter of the ZnO
nanowire (50 nm) and h is the thickness of the gate insu-
lator (100 nm). After H-plasma treatment of the ZnO
nanowire FETs, the threshold voltage shifted toward a
negative gate voltage direction from −2.8 to −5.8 V, as
shown in figure 4(a). Then, the carrier density before and
after H-plasma treatment was 1.3 × 1018 and 1.6 × 1018 cm−3

at VG = 10 V, respectively. In figure 4(b), the average
threshold voltage and the average carrier density were
determined to be approximately 2.3 V and 7.5 × 1017 cm−3,
−6.6 V and 1.6 × 1018 cm−3 before and after H-plasma
treatment, respectively. This indicates that shallow donors
can be formed by H-plasma treatment [1, 2, 4].
Figures 4(c) and (d) show contour plots of field-effect
mobility (μFE) and transconductance (gm), respectively, as a
function of drain and gate bias voltages before and after H-
plasma treatment. The μFE can be calculated by using
equations (2) and (3) [7, 25]

Figure 3. (a), (c) Output characteristics (IDS–VDS) and (b), (d) transfer characteristics (IDS–VG) of a ZnO nanowire FET before and after H-
plasma treatment.

4

Nanotechnology 26 (2015) 125202 W-K Hong et al



μ =
I

V

L

V C

d

d
, (3)FE

DS

G

2

DS G

where the transconductance (gm= dIDS/dVG) was obtained
from transfer characteristics (IDS–VG) (figures 3(b) and (d)).
It should be noted that since the μFE is deduced from the
gm and Vth in the I–V characteristics, a difficulty in the
accurate assessment of the μFE can arise from the error
associated with finding Vth and gm from the measured I–V
characteristics. In figures 4(c) and (d), the maximum values
of carrier mobility and transconductance at the critical gate
bias voltages (or electric field) after H-plasma treatment are
relatively much larger than those before H-plasma treat-
ment. This implies that H-plasma treatment can lead to the
passivation of defects, resulting in the suppression of the
oxygen absorption on the nanowire’s surface. Notably,
compared with the FET device before H-plasma treatment,

changes in mobility and transconductance of the FET
device after H-plasma treatment strongly depend on an
increase with the electric field, which causes carriers to be
drawn closer to the interface between the ZnO nanowire
and a SiO2 layer. The mobility and transconductance
changes as a function of voltage for all measured nanowire
FETs exhibit a similar behavior with at first increasing with
VG before decaying at high gate voltages. The interesting
thing here is that for the H-plasma-treated FET devices, the
mobility and transconductance more sharply decay at high
gate voltages. This distinct decay can be attributed to the
enhanced scattering of the electrons at high gate voltages,
which is similar to the behavior that is observed in con-
ventional Si MOSFETs. The device parameters of ZnO
nanowire FETs before and after H-plasma treatment are
summarized in table 1. In table 1, the enhancement of the
mobility, transconductance, carrier concentration and on/off

Figure 4. (a) Representative transfer characteristics (IDS–VG) at VDS = 0.1 V for a ZnO nanowire FET before and after H-plasma treatment.
The inset shows the semi-logarithmic plot of the IDS–VG curves at VDS = 0.1 V before and after H-plasma treatment. (b) The threshold voltage
(Vth) shift and the change in carrier concentration (ne) for the ZnO nanowire FETs before and after H-plasma treatment. The contour plots of
(c) transconductance (gm) and (d) field-effect mobility (μFE) as a function of VDS and VG for a ZnO nanowire FET before and after H-plasma
treatment.
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current ratio for the H-plasma-treated ZnO nanowire FETs
are indicative of the enhancement of device performance of
FETs by H-plasma treatment. As an important device
performance parameter of the FET device, the subthreshold
swing (SS), defined as SS= dVG/dlogIDS, is desired to be
small for low-power operation. The SS for H-plasma-treated
FETs is relatively larger compared to the FET device
before H-plasma, implying that the electron carriers in the
channel after H-plasma treatment undergo increased surface
scattering, including the scattering with the crystal lattice
(phonon) and ionized impurity atoms.

Here, the experimental observations of the influence of
H-plasma treatment on the electrical properties of the ZnO
nanowire FETs studied can be explained using an energy
band structure, as shown in figure 5. As reported previously, a
great number of oxygen molecules can be adsorbed on a lot of
adsorbed sites on the nanowire’s surface due to a high surface
area to volume ratio [7, 16, 25]. Accordingly, free electrons of
the nanowire channel are trapped at the nanowire’s surface
due to the adsorption of oxygen molecules (figure 5(a), top),
resulting in the energy band structure with a relatively larger

surface depletion width (Wd1) and higher surface potential
(ϕs1) (figure 5(a), bottom). In contrast, the energy band
structure observed after H-plasma treatment (figure 5(b),
bottom) shows a relatively smaller surface depletion width
(Wd2) and lower surface potential (ϕS2), resulting from the
desorption of oxygen ions from the surface of the nanowire
channel due to energetic ion bombardment (figure 5(b), top).
Additionally, the exposure of ZnO to the hydrogen plasma
leads to the passivation effect of the defects and the doping
effect of shallow donors [1, 2]. Consequently, the H-plasma
treatment causes the threshold voltage to shift toward the
negative gate bias direction and results in the enhancement of
electrical conductance under the same applied gate bias due to
the increase in carrier density. Correspondingly, considering
donor density (Nd) and trapped-charge density (Nt) in ZnO
nanowires, we further calculated the depletion width and
surface potential by using the depletion approximation and
charge neutrality condition [26–28], which can be described
by ε ϕ=W qN(2 / )d s dZnO

1 2 and =N N W2 ,t d d where ϕs is the
surface potential, q is the electronic charge, Nd is the doping
density and εZnO is the dielectric constant of ZnO (8.66) [29].

Figure 5. (Top) Cross-sectional schematic illustrations and (bottom) the corresponding energy band diagrams for ZnO nanowire FETs before
and after H-plasma treatment.

Table 1. Comparison of device parameters between the ZnO nanowire FETs before and after H-plasma treatment.

Vth (V) gm.max (nS) μFE (cm2 Vs−1) ne (×10
17 cm−3) SS (V/dec) Ion/Ioff (×10

6)

Before H-plasma 2.3 ± 4.1 26.8 ± 16.2 65.5 ± 39.5 7.5 ± 4.1 0.39 ± 0.04 1.1 ± 1.5
After H-plasma −6.6 ± 2.9 36.1 ± 23.6 88.2 ± 57.7 16.3 ± 2.8 0.88 ± 0.21 2.6 ± 1.9
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By assuming that the Nd is the carrier density at VG=0V, that
the ZnO nanowires are cylindrical in shape and that the
equivalent depletion region is formed due to the surface states,
the calculated results of the depletion width as a function of
surface potential and the surface potential as a function of
trapped-charge density can be estimated, as shown in figures 6(a)
and (b). Figures 6(c) and (d) also show the contour plots of
depletion width and surface potential as a function of trapped-
charge density for the Nd ranges from 1×1017−5×1017 cm−3.
This implies that the electrical transport properties are affected
by the surface modification of the nanowire channel by H-
plasma treatment, leading to the change in charge density, sur-
face depletion and surface potential.

4. Conclusion

In summary, we investigated the modification of the electrical
transport properties of the ZnO nanowire FETs before and
after H-plasma treatment. After H-plasma treatment, the
threshold voltage of the FET devices shifted toward the
negative gate bias direction, and the carrier density and
mobility were improved. The result can be explained by the
modification of the energy band structure due to the deso-
rption of oxygen molecules absorbed on the surface of the

ZnO nanowire channel, by passivation and by doping effects
induced by energetic hydrogen ions generated in plasma. Our
study may provide useful information for the further study of
plasma-induced charge transport of other semiconducting
nanomaterials and for developing high-performance electro-
nic device applications.
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