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The e ects of proton irradiation on the electrical properties of ZnO nanowire eld e ect transistors
(FETs) were investigated. The vertically-aligned ZnO nanowires were synthesized via a simple
thermal evaporation method, and their structural and electrical properties were characterized. The
FET devices were fabricated using the vertically-aligned ZnO nanowires
and were then irradiated
with the high-energy proton beams of 35 MeV with uences of 4  1011 4  1012 protons/cm2 ,
comparable to an aerospace environment. The electrical properties of the ZnO nanowires FET
devices exhibited signi cant changes in the electrical conductivity, the threshold voltage shift, and
the surface punch-through after proton irradiation.
PACS numbers: 61.46.-w, 61.80.-x, 73.63.-b, 81.07.-b
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I. INTRODUCTION

One-dimensional (1-D) nanostructures, such as
nanowires and carbon nanotubes, are currently the subject of intensive research due to their potential use
as building blocks for nanoelectronic applications. Of
these, single-crystalline nanostructures of semiconducting metal oxides such as ZnO, In2 O3 and SnO2 , have
been synthesized and extensively studied [1{3]. In particular, ZnO nanostructures have attracted considerable
attention for use in versatile applications, such as ultraviolet solid-state light emitters, photodetectors, sensors, and eld e ect transistors (FETs) [4{7], due to
the unique properties of ZnO materials, which include
the existence of highly stable excitons (60 meV), a high
electron saturation velocity, the availability of large-area
substrates, the amenability to wet chemical etching, the
relatively low materials' costs, and the high radiation resistance [8,9]. Particularly, with regard to the radiation
properties, it has been reported that ZnO is more tolerant than semiconductors such as Si, GaAs or GaN, to
room-temperature bombardment by energetic particles
[10{12]. This suggests that ZnO can be useful for applications on an aerospace radiation environment. The
radiation environment in the Earth's magnetosphere consists of a nearly isotropic ux of energetic charged particles: 85 % protons, 14 % alpha particles and 1 %
heavy ions covering the full range of elements [13]. The
impingement of these high-energy particles on devices
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and circuits can cause undesirable e ects, for example,
latchup, electrical interference, charging, sputtering, erosion, and puncture of the target device. As a result,
degradation of the device performance and lifetime or
even a system failure of the underlying electronics may
occur. Consequently, the e ects of various types of radiation on 1-D nanostructure-based devices are needed to
understand the device performance under an aerospace
radiation environment and to develop radiation-robust
devices and circuits.
However, despite many studies on the synthesis
and the structural/electrical characterization of 1-D
nanosturctures, including ZnO nanowires, in recent
decade, only recently have the radiation e ects on 1-D
nanostructure-based devices been reported. For example, the structural characterization of GaN nanowire and
the performance of GaN nanowire FETs during heavyion irradiation were presented by Ayres
[14]. Ju
also reported that ZnO nanowire FETs fabricated with organic gate nanodielectrics were more tolerant than those fabricated with SiO2 gate dielectrics
under a 10 11MeV proton beam
with uences of 1  1010
2
and 5  10 protons/cm , where all the ZnO nanowire
FET devices were passivated with a layer of SiO2 (300
nm) [15]. We also previously reported that single-walled
carbon nanotube (SWNT) network FETs with metallic
or semiconducting properties were very tolerant under
high-energy proton beams at 10 35 MeV [16].
Here in this work, we report a systematic study of
the electrical properties of ZnO nanowire FETs before
and after proton irradiation. The ZnO nanowire FET
devices were exposed to 35-MeV proton beams with uet al.

et al.
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ences from 4  1011 to 4  1012 protons/cm2 , which are
comparable to the aerospace environment. The protonirradiated ZnO nanowire FET devices showed a significant positive shift of threshold voltage, , Vth =
10.512 V and 9.7 2V for uences of 4  1011 and 4 
10 protons/cm , respectively. The FET devices exposed to proton beams also showed a decrease in the
electrical conductivity. In particular, the current-voltage
characteristics of the proton-irradiated
ZnO nanowire
FETs with a uence of 4  1012 protons/cm2 exhibited a
power-law conduction behavior consistent with a spacecharge-limited conduction mechanism in the presence of
trap states.
i.e.

II. EXPERIMENT

ZnO nanowires were synthesized by thermally vaporizing a mixed source of commercial ZnO powder (99.995
%) and graphite powder (99 %) with a ratio of 1:1 in a
horizontal tube furnace. A Au thin lm (3 nm) layer
as a catalyst for the growth of ZnO nanowires was deposited on a pre-cleaned c-plane sapphire substrate by
using an electron beam evaporator. The source materials and the Au-catalyzed sapphire substrate were placed
in an alumina boat; then, the boat was loaded at the
center of a quartz tube. Then, the ZnO nanowires were
grown
on the Au-catalyzed sapphire substrate at 920
 C for 20 min under a ow of Ar and O (0.2 % O in
2
2
Ar) at a ow rate of 50 sccm. The high quality of the
ZnO nanowires synthesized is demonstrated using scanning electron microscopy (SEM), high resolution transmission electron microscopy (HRTEM), X-ray di raction
(XRD), and room temperature photoluminescence (PL).
To fabricate the ZnO nanowire FET devices, we transferred ZnO nanowires in ethanol from the substrate to
the silicon wafer with a 300 nm thick thermally grown oxide by dropping and drying a nanowire suspension. The
nanowire suspension was made by brie y sonicating the
substrate with ZnO nanowires grown on its surface in
ethanol for 30 60 sec. The highly-doped p-type silicon
wafer used in this study served as a back gate electrode.
Metal electrodes consisting of Ti (100 nm)/Au (100 nm)
were deposited by using an electron beam evaporator and
were de ned as the source and the drain electrodes by
using a photolithography and lift-o process. The gap
distance between the electrodes was typically 3 4 m,
as shown in Figure 2(b).
For the proton irradiation experiments, the accelerated proton beams were generated using a MC-50 cyclotron (at the Korea Institute of Radiological and Medical Sciences). The beam diameter was 6 cm, its uniformity was 90 %, and the average beam current was
10 nA. In our study, a 35-MeV proton beam energy was
used, and the total uence
during the proton irradiation ranged from 4  1011 to 4  1012 protons/cm2 . In
particular, for the 35-MeV proton irradiation, we used

Fig. 1. (a) Scanning electron microscope (SEM) and (b)
transmission electron microscope (TEM) images of verticallyaligned ZnO nanowires. The inset in (b) shows a selective
area electron di raction (SAED) pattern, indicating singlecrystalline ZnO nanowires. (c) Photoluminescence (PL) at
room temperature and (d) X-ray di raction (XRD) peaks of
ZnO nanowires.

Fig. 2. (a) Schematic of a ZnO nanowire FET device under
proton irradiation. (b) FESEM image of a ZnO nanowire
FET.

the spread-out Bragg peak (SOBP) method, which is a
range-modulating method to obtain a uniform longitudinal and transverse dose distribution in a target for a
xed proton energy [17]. Actually, the 30 60 MeV protons at a dose of 1012 protons/cm2 are equivalent to the
amount of proton radiation for a few hundred years in
a low Earth orbit environment [18]. Note that the proton beam irradiated the whole area of the nanowire FET
devices. In the actual aerospace radiation environment,
protons or any other radiations irradiate the whole area
of the device. The electrical measurements before and
after proton irradiation were performed at room temperature by measuring the source-drain current-voltage
characteristics as a function of the gate voltage applied
through the highly-doped silicon back gate by using a
semiconductor parameter analyzer (HP4155C).
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III. RESULTS AND DISCUSSION

Figure 1(a) shows a SEM image (tilted view) of ZnO
nanowires vertically and uniformly grown on the entire
sapphire substrate. The structural characterization of
the ZnO nanowires was performed by using HRTEM and
XRD. Figure 1(b) shows the lattice fringes and the corresponding selective area electron di raction (SAED) pattern (inset) of the ZnO nanowires. These results conrmed that the ZnO nanowire was a single crystal. The
lattice spacing the of approximately 2.6 A between adjacent lattice planes corresponds to the distance between
two (002) crystal planes, con rming the [0001] direction
as the preferred growth direction for ZnO nanowires.
This is consistent with the XRD results. As shown
in Figure 1(c), compared to the XRD pro les of the
ZnO powder, those of the ZnO nanowires show a relatively much more intense (002) peak, indicating a preferred c-axis orientation. The optical properties of ZnO
nanowires were investigated by using room-temperature
PL spectroscopy. The PL spectrum of ZnO nanowires exhibits a strong, sharp, near-band-edge (NBE) excitonicrelated ultraviolet (UV) emission at approximately 378
nm without deep level (DL)-related emission, as shown in
Figure 1(d). These overall results con rm that the ZnO
nanowires are single crystalline with a preferred growth
direction of [0001].
Figure 2 shows the schematic structure and the representative eld-emission scanning electron microscopy
(FESEM) image of a single ZnO nanowire FET with
the back-gate con guration. To avoid potential damage
caused by electron beams during FESEM examination on
the FET devices used in the proton irradiation experiments, we rst examined and identi ed the FET devices
of a single ZnO nanowire connecting the electrodes by using an optical microscope; then, we systematically measured the electrical properties of the nanowire FET devices before and after proton irradiation. Figures 3 and 4
present typical output characteristics (source-drain current versus source-drain voltage; IDS VDS ) and transfer
characteristics (source-drain current versus gate voltage;
IDS VG ) of the ZnO nanowire FETs without any surface passivation layer before and after 35-MeV proton irradiation. The irradiation times and the uences during
the proton irradiation for the devices shown 11in Figures
3 and124 were 600 sec
and 6000 sec, 4.1  10 and 4.1
 10 protons/cm2 , respectively. We rst measured the
output and the transfer characteristics before proton irradiation, which were followed by exposure of the devices
to the proton beam and systematic measurement of the
electrical characteristics of the same devices after proton
irradiation.
For the FET device exposed to a proton beam with
a uence of 4.1  1011 protons/cm2 (irradiation time
= 10 min), as shown in Figure 3(a), although the
electrical conductivity decreased after proton irradiation, the source-drain current versus source-drain voltage

Fig. 3. Output characteristics (a) on a linear scale and (b)
on a log-log scale, and (c) transfer characteristics of a ZnO
nanowire FET before and
after proton irradiation at 35 MeV
with a uence of 4  1011 protons/cm2 (at VDS = 0.1 V). The
inset in (c) shows a semi-logarithmic plot of the source-drain
current versus the gate voltage at VDS = 0.1 V. The shift in
the threshold voltage (Vth ) is 10.5 V.

(IDS VDS ) curves before and after proton irradiation
have well-de ned linear regions at low bias and saturation regions at high bias. Figure 3(b) shows a logarithmic plot of the IDS VDS curves at di erent gate biases
(from 0 V to +9 V in steps of 3 V). While the electrical conductivity of the proton-irradiated ZnO nanowire
FET decreased, the FET device exhibited, qualitatively,
a IDS / VDS relationship in the overall gate bias as
shown in Figure 3(b), indicating Ohmic conduction behavior [19]. This behavior was consistently observed for
Ohmically contacted ZnO nanowires. As shown in the
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Fig. 4. Output characteristics (a) on a linear scale and (b)
on a log-log scale, and (c) transfer characteristics of a ZnO
nanowire FET before and
after proton irradiation at 35 MeV
with a uence of 4  1012 protons/cm2 (at VDS = 0.1 V). The
inset in (c) shows a semi-logarithmic plot of the source-drain
current versus the gate voltage at VDS = 0.1 V. The shift in
the threshold voltage (Vth ) is 9.7 V.

inset of Figure 3(c), the current on/o ratio (Ion/Io )
of the ZnO nanowire FET device both5 before
and after
proton irradiation is approximately 10 106. Compared
to source-drain current versus gate voltage (IDS VG )
measured before proton irradiation, a signi cant positive shift in the threshold voltage (Vth = 10.5 V) was
observed in Figure 3(c), indicating that the Femi level
shifted away from the conduction band after proton irradiation, consistent with the oxygen-induced depletion
of free electrons [19].
The irradiation e ects on the ZnO nanowire FET de-
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vice caused12by the proton2 beam with a higher uence
of 4.1  10 protons/cm are shown in Figure 4. The
IDS VDS curves of the ZnO nanowire FET device before proton irradiation show well-de ned linear regions at
low bias and saturation regions at high bias. However,
unlike the output characteristics of the 11device exposed2
to proton beam at a uence of 4.1  10 protons/cm
(Figures 3(a)12 and (b)), in2the case of the higher uence
of 4.1  10 protons/cm , in addition to a decrease in
the conductance after proton irradiation, only linear regions existed in the IDS VDS characteristics, similar
to punch-through phenomenon in short-channel e ects
[20]. The proton-irradiated ZnO nanowire FET exhibited qualitatively di erent output (IDS VDS ) ncharacteristics, as evidenced by the power-law IDS / VDS relationship shown in the logarithmic plot of the IDS VDS
curves at di erent gate biases (from 2 V to +4 V in
steps of 2 V) in Figure 4(b). Also, a transition from
Ohmic conduction (IDS / nVDS ) at low bias to a di erent conduction (IDS / VDS
) at high bias was clearly
observed. These results are in good agreement with the
space-charge-limited conduction behavior in the oxygendepleted CdS nanowires reported by Gu and Lauhon [19].
This power law relationship, with n > 2, is a typical characteristic of a space-charge-limited conduction behavior
in the presence of traps [19,21]. The current on/o ratio
(Ion =Ioff ) of the ZnO nanowire FET both before
and
after proton irradiation is approximately 105 106 as
shown in the inset of Figure 4(c). Similar to the FET
device exposed
to the proton beam with a uence of
4.1  1011 protons/cm2 (Figure 3), 12one exposed to2 proton beam with a uence of 4.1  10 protons/cm also
showed a signi cant positive shift in the threshold voltage (Vth = 9.7 V), which was determined by comparing
the IDS VG curves measured before and after proton
irradiation (Figure 4(c)).
As shown in Figures 3 and 4, the signi cant shifts in
the threshold voltage can be generally associated with
the generation of positive trap states in the SiO2 dielectric or at the ZnO NW-SiO2 interface [16]. Although
a complete understanding of the radiation e ects on
ZnO nanowire FETs is not currently available, a possible
mechanism may be a radiation-induced trap-generation
process in the gate insulator, SiO2. It is well known
that electron-hole pairs are generated during the radiation and that the electrons in SiO2 are then immediately
swept out of the oxide because the electrons are much
more mobile than the holes [16, 22, 23]. Consequently,
the holes remaining in the oxide reach the Si-SiO2 interface via hopping transport and form positive trap states.
Moreover, it is well known that the chemisorption of ambient gases, primarily oxygen, has a strong e ect on the
electrical properties of ZnO [24,25]. Therefore, the electrical properties of the proton-irradiated ZnO nanowire
FETs seem to be in uenced by the radiation-induced
positive trap states and the oxygen-induced depletion of
free electrons. However, further investigation is required
to understand the detailed mechanism.
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IV. CONCLUSION

In summary, we synthesized single-crystalline ZnO
nanowires via a thermal evaporation method and fabricated ZnO nanowire FETs. To investigate the proton irradiation e ects on the electrical properties of ZnO
nanowire FETs, we irradiated the FET devices with the
high-energy
proton beams of 35 MeV at uences of 4
 1011 4  1012 protons/cm2 , which are comparable to the aerospace environment. The electrical properties of ZnO nanowires FET devices exhibited significant changes, such as threshold voltage shifts, spacecharge-limited conduction behavior, and surface punchthrough, as well as a decrease in the electrical conductivity, after the high-energy proton irradiation. The
radiation-induced changes in the electrical properties of
ZnO nanowire FETs can be explained in terms of positive
trap states within SiO2 or near the SiO2 -ZnO nanowire
interface and in terms of the oxygen-induced depletion
of free electrons.
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