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a b s t r a c t
We investigated the UV photoconductivity characteristics of ZnO nanowire ﬁeld effect transistors (FETs) irradiated by proton beams. After proton beam irradiation (using a beam energy of 10 MeV and a ﬂuence of
10 12 cm − 2), the drain current and carrier density in the ZnO nanowire FETs decreased, and the threshold
voltage shifted to the positive gate bias direction due to the creation of interface traps at the SiO2/ZnO nanowire interface by the proton beam. The interface traps produced a higher surface barrier potential and a larger depletion region at the ZnO nanowire surface, affecting the photoconductivity and its decay time. The UV
photoconductivity of the proton-irradiated ZnO nanowire FETs was higher and more prolonged than that of
the pristine ZnO nanowire FETs. The results extend our understanding of the UV photoconductivity characteristics of ZnO nanowire devices and other materials when irradiated with highly energetic particles.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
ZnO nanowires have been versatile materials with interesting electrical, chemical, and optical properties including piezoelectric transport
characteristics, gas and ultraviolet (UV) sensing capabilities, and transparency with light absorption [1–5]. In particular, ZnO nanowires,
which have a wide direct bandgap (~3.4 eV) and a large exciton binding
energy (~60 meV), have excellent UV photoconductivity characteristics
under widely varying environments, such as vacuum, nitrogen, oxygen,
and water [6–8]. The UV photoconductivity of ZnO nanowires is inﬂuenced by the adsorption and desorption of gas molecules on the surface.
For example, under UV illumination, electron–hole pairs are created in
the nanowire (hv → e − + h +). The photogenerated holes recombine
with adsorbed oxygen ions and allow them to detach from the nanowire surface, creating an excess of electrons in the nanowire (e − +
h + + O2−(ad) → e − + O2(g)). These excess electrons contribute to an
increase in photoconductivity. However, when UV light is turned
off, these electrons recombine with oxygen molecules on the surface
of nanowire (e − + O2(g) → O2−(ad)), leading to photocurrent decay.
These conductivity phenomena for nanowire surfaces interacting
with gas molecules have been reported in many studies [9–14].
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Nevertheless, it remains important to attain a more thorough study of
the UV photoconductivity characteristics of nanowires, especially for
the UV photoresponse effect of the interface states on ZnO nanowires.
To this end, we introduced the irradiation-mediated engineering,
which can be used for the property-tailoring of nanomaterials and devices [15–19]. For example, our previous work demonstrated the tuning of the electrical characteristics of ZnO nanowire ﬁeld effect
transistors (FETs) by proton irradiation [20,21].
In this study, we investigated the UV photoconductivity characteristics of ZnO nanowire FETs treated by proton irradiation. After irradiation with a high-energy proton beam, the threshold voltage of the
ZnO nanowire FETs shifted in the positive gate bias direction due to
the formation of proton-induced interface traps at the SiO2/ZnO
nanowire interface. In particular, we studied the UV photoconductivity characteristics of the proton-irradiated ZnO nanowire FETs in
comparison with that of the pristine ZnO nanowire FETs.
2. Experimental details
The synthesis of the ZnO nanowires was as follows: Au-coated cplane sapphire substrates with commercially available ZnO powder
(99.995%) and graphite powder (99%) with a ratio of 1:1 were placed
into a chemical vapor deposition chamber that was maintained at
93.3 kPa and heated to 900 °C under a ﬂow of mixed argon and oxygen
gases. After the growth of the ZnO nanowires, sonication in isopropyl alcohol solution was performed to detach them from the growth substrate, and the resulting nanowire suspension was then deposited
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onto a silicon wafer to fabricate ZnO nanowire FETs. A 300-nm-thick,
thermally grown SiO2 layer was used as a gate insulator on a heavily
doped p-type silicon substrate. Metal electrodes consisting of Ti/Au
(30/50 nm) were deposited on the ZnO nanowires with an electron
beam evaporator and patterned as source and drain electrodes via a
photolithography process. A more detailed description of the ZnO nanowire synthesis and FET device fabrication has been published elsewhere
[20]. Fig. 1(a) shows a ﬁeld emission scanning electron microscopy
(FESEM) image of a ZnO nanowire connected between the source and
drain electrodes in a typical back-gate FET device structure (Fig. 1(b)).
The inset of Fig. 1(a) shows ZnO nanowires vertically grown on a sapphire substrate. The accelerating voltage and emission current of
FESEM are 10 kV and 20 μA, respectively.
For proton irradiation of the ZnO nanowire FETs, accelerated proton
beams were generated using an MC-50 cyclotron (at the Korean Institute of Radiological and Medical Sciences, Korea), with a proton beam
energy of 10 MeV and a ﬂuence of 1012 cm− 2. The average beam current was 10 nA, and the irradiated area was 5 × 5 cm2 with a uniformity
of ~90% or better. The high energetic proton beam irradiation can produce the electron–hole pairs in SiO2, but does not impact ZnO layer directly [20–25]. The radiation-induced holes in SiO2 layer enhances gate
electric ﬁeld, or some of the radiation-induced holes transport to the
SiO2/ZnO interface acting as trap sites at the interface, which will eventually inﬂuence the electric properties of ZnO nanowire FETs.
The electrical properties of the ZnO nanowire FETs were systematically characterized before and after the proton irradiation using a
semiconductor parameter analyzer (Agilent B1500A) at room temperature. The UV photoconductivity properties of the ZnO nanowire
FETs were examined using a portable UV lamp with a 365-nm emission at a power of 0.7 mW/cm2 as the excitation source.
3. Results and discussion
3.1. Electrical characteristics of ZnO nanowire FETs
The representative transfer characteristics (drain current versus
gate voltage, IDS–VG) and output characteristics (drain current versus

a

drain voltage, IDS–VDS) of the ZnO nanowire FETs before proton irradiation are shown in Fig. 1(c) and (d). The transfer curves in Fig. 1(c) were
measured at drain voltages varying from 0.1 to 1 V in increments of
0.3 V. The results display conventional enhancement-mode n-type
ZnO nanowire FET characteristics, i.e., a zero off-current at zero gate
voltage and a positive threshold voltage [26]. The threshold voltage at
a ﬁxed drain voltage of 1.0 V was ~5.0 V, as determined by extrapolating
the linear portion of the maximum slope to the zero drain current; here,
the point of maximum slope is the point at which the transconductance
(gm = dIDS/dVG) is maximal [20]. The output curves in Fig. 1(d) were
measured at gate voltages varying from −9 to 15 V in increments of
6 V. The drain current of the ZnO nanowire FETs increased proportionally to the applied drain voltage within the linear regime at low bias
and changed little with the applied drain voltage in the saturation regime at high bias. These results indicate that our ZnO nanowires performed as standard n-channel FETs.
The ZnO nanowire FETs were then exposed to proton beam irradiation. To perform a systematic and accurate comparison before and
after proton irradiation, we sequentially measured the electrical characteristics of a ZnO nanowire FET before proton irradiation (denoted
as “pristine”, Fig. 2(a) top) and after proton irradiation (denoted as
“proton”, Fig. 2(a) middle), and then under UV illumination (denoted
as “proton & UV”, Fig. 2(a) bottom). Three different experimental
conditions were carried out on the same ZnO nanowire FET. The
drain current decreased after proton irradiation; for example, the current measured at VDS = 10 V and VG = 15 V decreased from 5.05 μA
before proton irradiation to 4.38 μA after irradiation. The reduction
of drain current was observed similarly in our previous reports,
which is attributed to high energy proton irradiation effect [20,21].
The current reduction was accompanied by a threshold voltage
shift; in our case, the threshold voltage shifted from 5.4 to 8.0 V
after proton irradiation (Fig. 2(b)). This indicates that a more positive
gate voltage was required for the proton-irradiated ZnO nanowire
FETs than for the pristine ZnO nanowire FETs. The threshold voltage
can be used to estimate the carrier concentration from the total
charge, Q tot = CG |VG − Vth|, in the nanowire, where CG is the gate capacitance and Vth is the threshold voltage [27]. The gate capacitance
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Fig. 1. (a) FESEM images of a ZnO nanowire FET and vertically grown ZnO nanowires (inset). (b) Schematic of a ZnO nanowire FET. (c) Transfer characteristics (IDS–VG) for drain
voltages varying from 0.1 to 1 V in increments of 0.3 V. (b) Output characteristics (IDS–VDS) for gate voltages varying from − 9 to 15 V in increments of 6 V.
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Therefore, the main effect observed after proton irradiation was that
the current and carrier concentration of the ZnO nanowire FETs were
reduced and that the threshold voltage shifted in the positive gate
bias direction. However, we note that the proton irradiation effect
on these devices would be different from the suspended-type ZnO
nanowire FET where the ZnO nanowires are suspended over the substrate [20]. Unlike the devices where the ZnO nanowires are placed
on the substrate, in the case of suspended-type ZnO nanowire FETs
there is no effect by the interface traps at the SiO2/ZnO nanowire interface due to the absence of irradiation-induced interface states
[20].
In addition, to study the UV photoconductivity effects, the protonirradiated ZnO nanowire FETs were illuminated with UV light at a
wavelength of 365 nm, thus creating electron–hole pairs in the ZnO
nanowires. When the proton-irradiated ZnO nanowire FETs were exposed to UV light, the drain current (Fig. 2(a) bottom) dramatically
increased, and the threshold voltage signiﬁcantly shifted to the negative gate bias direction; for example, the threshold voltage shifted
from 8.0 to 1.1 V upon UV illumination (Fig. 2(b)). The threshold voltage shift in the negative gate bias direction indicates that a lower gate
voltage was able to produce conducting channels in the ZnO nanowires. The excess photogenerated electron–hole pairs contributed to
an enhanced carrier concentration (~9.08 × 10 17 cm − 3 at the same
gate voltage of 15 V after UV illumination). The inset of Fig. 2(b)
shows the statistical values of the threshold voltage for the ZnO nanowire FETs in three cases: pristine (5.3 ± 0.7 V), proton (7.7 ± 1.0 V),
and proton & UV (1.4 ± 0.8 V). The error bars in this plot were
obtained from measurements of ﬁve different ZnO nanowire FETs in
each case. In summary, we observed that the threshold voltage
shifted to the positive gate bias direction due to proton irradiation
and then shifted to the negative gate bias direction due to UV
illumination.
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Fig. 2. (a) A series of IDS–VDS curves for ZnO nanowire FETs before proton irradiation
(top), after proton irradiation (middle), and when illuminated with UV light after proton irradiation (bottom) for gate voltages varying from − 9 to 15 V with an increment
of 6 V. (b) IDS–VG curves for ZnO nanowire FETs at a ﬁxed VDS = 1 V. The inset shows
the statistical distribution of the threshold voltages for the three cases (see text).

The photoconductivity of ZnO nanowires has been explained
mainly by two processes; one process involves photogenerated electron–hole pairs, and another is related to surface states on the ZnO
nanowire surface. We measured the UV photocurrent responses of
the pristine and proton-irradiated ZnO nanowire FET at a ﬁxed
VG = 0 V and a ﬁxed VDS = 1 V, as shown in Fig. 3. Also, the UV photocurrent responses of the pristine and proton-irradiated ZnO nanowire
FET were carried out on the same ZnO nanowire FET. We observed
that the UV photoconductivity of the proton-irradiated ZnO nanowire
FETs was higher than that of the pristine ZnO nanowire FETs (i.e., before proton irradiation). This was attributed to the formation of interface traps at the SiO2/ZnO nanowire interface by the proton beam. As
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is the SiO2 thickness (~300 nm), ε0 is the permittivity of free space,
and εSiO2 is the dielectric constant of SiO2 (~3.9). The carrier concentration can roughly be estimated from Eq. (1) although the electrons
may not be uniformly distributed throughout the entire ZnO nanowire channel.
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The carrier concentrations at the arbitrarily chosen gate voltage of
15 V were calculated as 6.29× 1017 cm− 3 and 4.59 × 10 17 cm− 3 for
the ZnO nanowire FET before and after proton irradiation, respectively.
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Fig. 3. Photoconductivity responses of pristine and proton-irradiated ZnO nanowire
FETs under UV illumination at ﬁxed gate voltage of 0 V and ﬁxed drain voltage of 1 V.
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we previously reported, high-energy proton irradiation produces interface traps in a dielectric layer [20,21], and these interface traps collect positive charge carriers in ZnO nanowires. For the protonirradiated ZnO nanowire FETs under UV light, the photogenerated
holes are captured by interface traps, and the photogenerated electrons are freely transferred in the ZnO nanowire, resulting in increased photoconductivity. A more detailed explanation will be
provided later, utilizing the schematic illustration of energy band diagrams in Fig. 4.
In addition, after UV light off, the decay time of photocurrent is
extracted from “pristine” and “proton” ZnO nanowire FET and is
expressed as a simple exponential decay function of the form
[28–30]:
 
−t
I ¼ I0 exp
τ

ð2Þ

Here, the decay time τ for the ZnO nanowire FET was estimated at 71.1 s and 248.6 s before and after proton irradiation, respectively. The decay time is related to the recombination of
electron–hole pairs, which is inﬂuenced by interface traps because
they can capture the photogenerated holes in the ZnO nanowires
produced under UV light. However, when the UV light is turned
off, the photogenerated electrons and holes recombine. The presence of holes trapped in interface traps hinders the recombination
of electron–hole pairs. Therefore, the decay of photoconductivity
is prolonged by the slower recombination of photogenerated electron–hole pairs. In a related study, it was reported that the photocurrent decay rate of ZnO nanowire FETs is higher in air than in
vacuum [12]; this effect is due to the relatively higher adsorption
rates of oxygen molecules and water vapor in the air than in a
vacuum. Both adsorbed oxygen molecules and water vapor can
capture and combine with electrons transferred from nanowire.
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A higher adsorption rate of gas molecules indicates a higher recombination rate of electron–hole pairs. Consequently, the decay
of photoconductivity characteristics is attributed to the recombination rate of trapped electron–hole pairs at the interface.
3.3. Photoconductivity mechanism in proton-irradiated ZnO nanowires
Fig. 4 shows schematic energy band diagrams of the pristine
and proton-irradiated ZnO nanowire FETs under UV illumination.
We have previously explained the energy band diagrams for ZnO
nanowire FET to verify the proton irradiation effect [20]. For the
pristine ZnO nanowire FET represented in Fig. 4(a), the electronic
conduction (EC) and valence (EV) bands illustrate surface-band
bending, with a surface depletion width (Wd1) and a surface barrier potential (φs1), at the SiO2/ZnO nanowire interface. In contrast, for the proton-irradiated ZnO nanowire FET corresponding
to Fig. 4(b), the electronic band displays surface-band bending
with a relatively larger surface depletion width (Wd2) and a
higher surface barrier potential (φS2) than those of pristine ZnO
nanowire FET due to the irradiation-induced interface traps [20].
As the surface depletion width is enlarged by interface traps, as
shown in Fig. 4(b), a higher gate electric ﬁeld is needed to create
the conducting channel in the ZnO nanowire, and thus, the
threshold voltage shifts toward the positive gate bias direction
[20]. When the proton-irradiated ZnO nanowire FET was exposed
to UV light, the threshold voltage shifted toward the negative
gate bias direction due to the presence of excess electrons, as
shown in Fig. 4(b). This shift is consistent with our observations
of a threshold voltage shift and a current change (Fig. 2). In addition, the photoconductivity and its decay time in the protonirradiated ZnO nanowire FETs can be explained by the surfaceband bending. When the UV light is off, the recombination of
photogenerated electron–hole pairs in the proton-irradiated ZnO
nanowire FETs is disturbed by the relatively larger depletion
width and higher surface potential barrier as compared to those
in the pristine ZnO nanowire FETs. Therefore, the recombination
of electron–hole pairs in the proton-irradiated ZnO nanowire FET
is slower than in the pristine ZnO nanowire FET. Consequently,
these results indicate that the interface traps produced by highenergy proton irradiation are expected to play an important role
in the enhancement of photoconductivity and the increase in photocurrent decay time.
4. Conclusions
We investigated the UV photoconductivity of ZnO nanowire
FETs treated by proton beam irradiation. The proton-irradiated
ZnO nanowire FETs exhibited interface traps at the SiO2/ZnO
nanowire interface, which resulted in a decrease in the drain current and a threshold voltage shift toward the positive gate bias
direction. When electron–hole pairs were created under UV
light, the photogenerated holes were trapped in the interface
traps, increasing the photocurrent due to the excess photogenerated electrons. And when UV light was turned off, the recombination of photogenerated electron–hole pairs is delayed by the
relatively larger depletion width and higher surface potential barrier in the proton-irradiated ZnO nanowire FETs, resulting in an
extended decay time of photocurrent. This study extends our understanding of the correlation of interface traps and photoconductivity characteristics in ZnO nanowire devices and other
materials.
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