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N
anomaterial-based field effect
transistors (FETs) with novel func-
tionalities have attracted great in-

terest as basic elements for nanoscale de-
vice applications such as sensing devices,
memory devices, and logic circuits.1�4 Ac-
cordingly, to date, there have been consid-
erable efforts to produce and improve di-
verse functionalities by surface
modification,5,6 band structure
engineering,7�9 gate structure
engineering,10,11 polarity control,12�14 dop-
ing control,15 and irradiation-induced
modification.16�22

In particular, many irradiation studies of
various nanomaterials with energetic par-
ticles, such as electrons or ions, have dem-
onstrated that irradiation can have benefi-
cial effects providing devices with desired
functions; it may be used to tailor the struc-
tural, mechanical, electronic, and even mag-
netic properties of nanomaterials.16�22 Thus,
the irradiation of nanomaterials, as a useful
tool for engineering nanosystems and tai-
loring their properties, can provide poten-
tially useful ways to create property-tailored
and functionalized devices based on nano-
materials for applications in nanoelectronics,
energy, and nanobiotechnology.16�22 Recent
related works have shown that the electri-
cal properties of carbon nanotubes (CNTs)
or nanoscale devices can be tuned by
irradiation.21�23 For example, metal-to-
insulator or metal-to-semiconductor transi-
tions in single-walled CNTs by electron
beam irradiation have been reported.21,22

We have also demonstrated that hybrid
complementary logic circuits, which com-
prise n-type ZnO nanowire FETs and p-type
single-walled CNT FETs, can be successfully
realized by adjustment of the threshold
voltage through proton beam irradiation.23

As for realizing nanoscale logic devices
with desired functions, one of the major
challenges is controlling the operation volt-
age in nanoscale FETs.24,25 To this end,
proton-irradiation-mediated engineering
has been introduced in nanowire-based
FETs.23 To our knowledge, no such benefi-
cial functionalization has been reported for
nanowire-based transistors. Therefore, it
will be particularly useful to understand and
develop proton-irradiation-mediated engi-
neering in nanoscale devices for achieving
desired functions and practical applications.

In this study, we have fabricated and
characterized two types of ZnO nanowire
FET device structures in which the nano-
wires are placed on the substrate or sus-
pended above the substrate, both in a con-
ventional back-gate FET configuration,
which provides effective platforms to ad-
dress the controllable tuning of the elec-
tronic properties in nanoscale devices by sur-
face band engineering through the proton
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ABSTRACT We demonstrated a controllable tuning of the electronic characteristics of ZnO nanowire field

effect transistors (FETs) using a high-energy proton beam. After a short proton irradiation time, the threshold

voltage shifted to the negative gate bias direction with an increase in the electrical conductance, whereas the

threshold voltage shifted to the positive gate bias direction with a decrease in the electrical conductance after a

long proton irradiation time. The electrical characteristics of two different types of ZnO nanowires FET device

structures in which the ZnO nanowires are placed on the substrate or suspended above the substrate and

photoluminescence (PL) studies of the ZnO nanowires provide substantial evidence that the experimental

observations result from the irradiation-induced charges in the bulk SiO2 and at the SiO2/ZnO nanowire interface,

which can be explained by a surface-band-bending model in terms of gate electric field modulation. Our study on

the proton-irradiation-mediated functionalization can be potentially interesting not only for understanding the

proton irradiation effects on nanoscale devices, but also for creating the property-tailored nanoscale devices.

KEYWORDS: semiconductor nanowires · ZnO nanowires · electronic transport · field
effect transistors · proton irradiation
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irradiation. We have observed that the threshold volt-
age shift and the electrical conductance modulation of
the on-substrate-type FET devices are attributed to
irradiation-induced positively charged oxide-trapped
holes (or positive oxide traps) or negatively charged in-
terface states (or negative interface traps), which is con-
firmed by the characteristics of the suspended-type
FET devices and PL measurements of the ZnO nanow-
ires. In addition, we describe the proton irradiation ef-
fects on the ZnO nanowire FETs in terms of the electric
field based on a surface-band-bending model. An un-
derstanding of the proton irradiation effects on nano-
scale devices is likely to open up a new avenue for har-
nessing irradiation for nanomaterials and proton-beam-
mediated engineering.

RESULTS AND DISCUSSION
Two types of FET devices, an “on-substrate” type

where nanowires are placed on the substrate and a
“suspended” type where nanowires are suspended
above the substrate, were fabricated using single-
crystal ZnO nanowires grown by a vapor transport
method (see Experimental Methods for detailed device
fabrication). Note that these nanowire FET devices are
coated by poly(methyl methacrylate) (PMMA) to reduce
the hysteresis caused by water or gas molecules in the
ZnO nanowire FETs (see also Figures S1 and S2 in the
Supporting Information).26 The proton irradiation of the
on-substrate type ZnO nanowire FET devices is sche-
matically illustrated in Figure 1a, which also shows a
scanning electron microscopy (SEM) image of a fabri-
cated device. The electrical characteristics of the on-
substrate-type FETs are summarized in Figures 1 and 2.
Figure 1 shows the representative data of the output
characteristics (source-drain current versus voltage,
IDS�VDS) and transfer characteristics (source-drain cur-
rent versus gate voltage, IDS�VG) before and after pro-
ton irradiation with fluences of 1010 cm�2 (Figure 1b)
and 1012 cm�2 (Figure 1c), respectively (see also Figure
S3 in the Supporting Information for a fluence of 1011

cm�2). The IDS�VDS curves have well-defined linear re-
gimes at low biases and saturation regimes at high bi-
ases both before and after proton irradiation, indicating
typical pinch-off characteristics of n-type semiconduc-
tor FETs.27,28 A major finding in the IDS�VDS curves is that
the electrical conductance increased after a short irra-
diation time (� � 1010 cm�2 corresponding to an irra-
diation time of 60 s) under the same applied gate bias
conditions, whereas after long irradiation times (� �

1011 cm�2 corresponding to 600 s and � � 1012 cm�2

corresponding to 6000 s), the electrical conductance
decreased (see also Figure 2b). Moreover, the IDS�VG

curves reveal that the on-substrate-type FET exhibits a
negative threshold voltage shift after a short irradiation
time, whereas the device displays a positive threshold
voltage shift after a long irradiation time (see also Fig-
ure 2a and Figure S3b in the Supporting Information).

To allow for statistical descriptions of the threshold volt-

age shift and the electrical conductance modulation of

these on-substrate-type FETs after proton irradiation, a

total of 54 nanowire FET devices were fabricated and

systematically characterized: 21 FETs, 17 FETs, and 16

FETs at fluences of 1010 cm�2 (60 s), 1011 cm�2 (600 s),

and 1012 cm�2 (6000 s), respectively. Figure 2a shows a

plot of the threshold voltage as a function of proton ir-

radiation time. The threshold voltages of the on-

substrate-type FETs were found to be �0.97 � 0.59,

2.27 � 0.75, and 4.37 � 0.98 V for irradiation times of

60, 600, and 6000 s, respectively. Importantly, the

threshold voltage shifted to the negative gate bias di-

rection after a short irradiation time, and to the positive

gate bias direction after a long irradiation time.

It is well-known that ionizing irradiation of high-

energy electrons or protons can generate

electron�hole pairs in SiO2, resulting in irradiation-

induced charges.29�31 The inset of Figure 2a presents a

schematic energy band diagram of an on-substrate-

type FET structure, illustrating the generation of

electron�hole pairs by proton irradiation. When a ZnO

nanowire FET is exposed to a high-energy proton beam,

electron�hole pairs are created in the SiO2 layer, which

is the layer most sensitive to ionizing irradiation. Imme-

diately after electron�hole pairs are generated, most of

the electrons can be rapidly (within picoseconds) swept

out of the bulk SiO2 layer due to their high mobility.29�31

As a result, some of the irradiation-induced holes may

be trapped at the localized trap sites in the bulk SiO2

layer, leading to the positive oxide-trapped charges (or

positive oxide traps, Qot). In addition, some fraction of

the irradiation-induced holes and protons in the SiO2

can transport to the SiO2/ZnO nanowire interface and

then interact with the ZnO surface, leading to the for-

mation of interface states (or interface traps, Dit), which

are negatively charged as electron trap centers for

n-channel transistors.29�31 The generation of such

charges can play a key role in the controllable tuning

of the electrical properties of ZnO nanowires. For in-

stance, negatively charged molecules adsorbed at the

ZnO surface accept electrons, leading to surface deple-

tion and a reduction in conductivity, whereas positively

charged molecules act as electron donors, leading to

an increase in the carrier concentration and conductiv-

ity in n-type ZnO nanowires.32 Similarly, for the on-

substrate-type FETs, the positive oxide traps and nega-

tive interface traps, which are induced by proton

irradiation, have a significant influence on the surface

depletion and carrier concentration in the ZnO nano-

wire channel, which is responsible for the tuning of the

operation voltage as well as the modulation of the elec-

trical conductance. Specifically, the positive oxide traps

in the bulk SiO2 layer act as an enhancement of the gate

electric field, resulting in an increased carrier concentra-

tion and a negative threshold voltage shift. On the
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other hand, the negative interface traps in-
crease the surface depletion region, result-
ing in a reduction of carrier concentration
and a positive threshold voltage shift. In par-
ticular, since the irradiation-induced inter-
face states occur on a time scale much
slower than that of oxide traps in the bulk
SiO2 layer, the total threshold voltage shift
is the sum of the threshold voltage shifts
due to oxide traps and interface traps for a
gate-oxide transistor.29�31 Therefore, the ob-
served threshold voltage shift of on-
substrate-type FETs after proton irradiation
can be explained by the combination effects
of oxide traps and interface states.27�31

In accordance with the threshold voltage
shift, Figure 2b shows the normalized con-
ductance as a function of proton irradiation
time. Here, the normalized conductance is
the ratio of the conductance after proton ir-
radiation to that before proton irradiation.
The electrical conductance increased after a
short irradiation time but decreased after
long irradiation times, indicating a modula-
tion of the gate electric field-induced carrier
concentration of the nanowire channel.33

Figure 2c and 2d show contour plots of the
transconductance (gm � dIDS/dVG), which
were obtained from IDS�VG curves measured for
VDS in the range of 0.02�1 V, as a function of the
gate electric field (VG�Vth) and source-drain elec-
tric field (VDS) before and after proton radiation
at fluences of 1010 and 1012 cm�2, respectively
(see also Figure S3c in the Supporting Informa-
tion). The transconductance increased with VDS

both before and after proton irradiation. How-
ever, under the same applied gate field, the
transconductance was higher after a short irra-
diation time but lower after a long irradiation
time, in comparison to the case before irradia-
tion. Here, we found that the gate field effect de-
pends sensitively on the irradiation-induced
charges and the gate electric field modulation,
which will be explained later using a surface-
band-bending model.

To provide substantial evidence that the ob-
served threshold voltage shift in the on-
substrate-type FETs can really be attributed to
two different types of irradiation-induced
charges, and in particular to unambiguously ex-
plain the effect of irradiation-induced interface
states at the SiO2/ZnO nanowire interface, we
fabricated ZnO nanowire FET devices in a

suspended-type structure, which has no effect

by the interface states at the SiO2/ZnO nanowire inter-

face. A total of 17 suspended-type devices were fabri-

cated and characterized before and after proton irradia-

tion: 6 FETs, 5 FETs, and 6 FETs at fluences of 1010, 1011,

and 1012 cm�2, respectively. Figure 3a displays the de-

tailed process of fabricating suspended-type nanowire

FET devices. First, droplets of the nanowire suspension

Figure 1. (a) Schematic illustrating proton irradiation of ZnO nanowire FET devices. A SEM
image of an on-substrate-type ZnO nanowire FET device is shown. (b, c) Electrical charac-
teristics before (open circles) and after (filled circles) proton irradiation at an energy of 10
MeV with fluences of (b) 1010 cm�2 (corresponding to an irradiation time of 60 s) and (c)
1012 cm�2 (corresponding to an irradiation time of 6000 s).

Figure 2. (a) Threshold voltage shift and (b) normalized conductance of the on-
substrate-type ZnO nanowire FETs as a function of proton irradiation time (60,
600, and 6000 s). The inset in (a) shows a schematic energy band diagram of
the on-substrate-type FET device structure, illustrating proton-irradiation-
induced electron�hole pairs. (c, d) Contour plots of transconductance (gm) as
a function of the gate electric field (VG�Vth) and source-drain electric field (VDS)
before and after irradiation at fluences of (c) 1010 cm�2 (60 s) and (d) 1012 cm�2

(6000 s).
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were spin-coated onto a very thin photoresist-coated
Si substrate with a 300 nm-thick SiO2 layer (steps i and
ii). Lithographic patterning was used to open windows
in the photoresist over the source (S) and drain (D) elec-
trode contact regions on the nanowire (steps iii and
iv). Electron-beam evaporation of Ti (200 nm)/Au (200
nm) followed by the lift-off process was used to com-
plete the source and drain contacts, and a �3 �m chan-
nel was defined by the electrodes (step v). Then, the
fabricated suspended-type devices were irradiated by
a proton beam (step vi). A SEM image of a fabricated
suspended-type device is shown in Figure 3b. The elec-
trical properties of the suspended-type devices before
and after proton irradiation are summarized in Figure
3c�e (see also Figure S4 in the Supporting Information
for a fluence of 1011 cm�2). All of the IDS�VDS curves be-
fore and after irradiation show almost linear character-
istics, indicating a good ohmic contact with a very low
Schottky barrier height.34 Notably, the suspended-type
FET devices have a relatively weaker gating effect in the
gate voltage range between �10 and �10 V due to
the suspended geometry. Interestingly, unlike the case
for on-substrate-type devices (Figure 1b,c), the
current�voltage characteristics (IDS�VDS) at various
gate biases in the suspended-type devices (Figure 3c,d)
show an increase in the electrical conductance due to
proton irradiation effects for both short and long irra-
diation times (see also Figure S4 in the Supporting In-
formation). The statistical data in Figure 3e clearly show
an increase in the normalized electrical conductance
for all of the fabricated suspended-type devices after
proton irradiation. As discussed earlier, this observation
can be explained by the existence of only irradiation-
induced positive oxide traps without the interface-state
effect, resulting in an enhancement of the gate electric
field in the suspended-type device structure. In other
words, the increased conductance at the same applied

gate bias after irradiation exhib-
its an increased carrier concen-
tration induced by an enhance-
ment of the gate electric field
due to positive oxide traps in this
type of device structure.

To elucidate the proton irra-
diation effects on ZnO nanowire
FET devices, we further investi-
gated whether the ZnO nano-
wire itself was affected or not by
the proton irradiation using mi-
crophotoluminescence (�PL)
and temperature-dependent PL
measurements. The optical prop-
erties of the ZnO nanowires with
irradiation time (fluence) are pre-
sented in Figure 4. In general, the
PL emissions of the ZnO nano-
wires consist of an ultraviolet

(UV) emission band with a peak position between 375
and 380 nm and a deep level (DL) emission (or defect
emission) in the broad visible range, which is attributed
to surface defects.35 Figure 4a shows the integrated PL
intensity ratio (UV emission intensity to defect emission
intensity, IUV/IDL), which is obtained from the PL spectra
(the inset of Figure 4a), as a function of proton irradia-
tion time. Interestingly, no significant change was ob-
served in the PL intensity ratios, indicating the radiation
hardness of the ZnO nanowires.36�39 Figure 4b shows
the temperature-dependent PL spectra of ZnO nanow-
ires in the temperature range of 10�300 K. It is well-
known that the PL spectra of ZnO nanostructures is
commonly attributed to the direct recombination of ex-
citons through an exciton�exciton scattering.40 Here,
we have found that the PL characteristics originate
mainly from the recombination of free exciton (FX) and
donor bound exciton (D0X) since a free exciton (FX), a
neutral-donor-bound exciton (D0X), and their longitudi-
nal optical (LO) phonon replicas, which are located at
the same energy positions at low temperature, are
clearly seen in Figure 4b. The LO-phonon replicas of FX
and D0X are labeled FX-1LO (F1), FX-2LO (F2), FX-3LO
(F3), D0X-1LO (D1), D0X-2LO (D2), and D0X-3LO (D3). The
FX and D0X peaks are located at �3.375 and �3.354
eV, respectively. Their LO-phonon replicas are observed
with a separation of �72 meV, which corresponds to
the LO-phonon energy of ZnO.40,41 These pronounced
replicas originate from the strong exciton�phonon
coupling effect due to the high ionicity and polarity of
ZnO.42 The exciton emission shifts to lower energy with
increasing temperature due to thermal activation of
carriers,42,43 and the FX and its LO-phonon replicas be-
come stronger in intensity relative to the D0X-related
peak. In addition, as temperature increases, the D0X-
related emissions decrease more rapidly than the FX-
related emissions due to thermal dissociation of the

Figure 3. (a) Schematic views of the fabrication steps of a suspended-type ZnO
nanowire FET device (see text for details). (b) A SEM image of a single ZnO nano-
wire suspended above the substrate. (c, d) IDS�VDS characteristics with various gate
bias voltages (VG � �10, 0, �10 V) before (open symbols) and after (filled symbols)
proton irradiation at an energy of 10 MeV with fluences of (c) 1010 cm�2 (60 s) and (d)
1012 cm�2 (6000 s). (e) Normalized conductance of suspended-type nanowire FETs
as a function of proton irradiation time.
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donor-bound-related excitons, and thus the FX-related
emissions remain at room temperature. All these results
indicate that for the pristine and proton-irradiated ZnO
nanowires, D0X-related transitions are dominant at low
temperature, whereas FX-related transitions are domi-
nant at high temperature. Figure 4c shows the
temperature-dependent FX peak positions in the tem-
perature range of 10�300 K for the pristine and proton-
irradiated ZnO nanowires. The temperature depen-
dence of the FX transition energy can be expressed by
Varshni’s empirical formula42

where � and 	 are constants and E(0) is an exciton en-
ergy at T � 0 K. The fit is plotted as a solid line through
the data points in Figure 4c. It is found that the empiri-
cal Varshni’s expression adequately predicts the posi-
tions of the FX peaks as a function of temperature. The
fitting parameters E(0), �, and 	 are 3.375 eV, 0.00685
eV/K�1, and 5840 K for both the pristine and proton-
irradiated ZnO nanowires. It can be clearly seen that the
peak positions of FX for the proton-irradiated ZnO
nanowires do not change with respect to those for the
pristine ZnO nanowires, indicative of irradiation hard-
ness of the ZnO nanowires themselves.36�39 Here, we
have found that the proton irradiation did not influence
the structures of the ZnO nanowires. Therefore, the pro-
ton irradiation effects on the ZnO nanowire FET de-
vices (Figures 1�3) are due to the irradiation-induced
charges in the bulk SiO2 layer and at the SiO2/ZnO nano-
wire interface, but not by the ZnO nanowires
themselves.

Here, the experimental observations of the proton
beam irradiation effects on the two types of device
structures studied are explicitly explained using a

surface-band-bending model, as
shown in Figure 5. Figure 5 panels a
and b show the schematics and the
corresponding equilibrium energy
band diagrams at VG � 0 V before and
after proton irradiation of the on-
substrate-type and suspended-type
ZnO nanowire FET devices, respec-
tively. For the on-substrate-type FET
device after a short irradiation time
(Figure 5a, middle), the electronic
conduction (EC) and valence (EV)
bands of ZnO show surface-band-
bending with a smaller surface deple-
tion width (Wd1) and a relatively lower
surface barrier potential (
S1) at the
SiO2/ZnO nanowire interface, result-
ing from an enhancement of the gate
electric field due to the positive ox-
ide traps (Qot) in the bulk SiO2. The
formation of such a constructive elec-

tric field causes the threshold voltage to shift toward
the negative gate bias direction and results in an in-
crease in the electrical conductance under the same ap-
plied gate bias. Conversely, the electronic bands ob-
served after a long irradiation time (Figure 5a, bottom)
show surface-band-bending with a relatively larger sur-
face depletion width (Wd2) and higher surface barrier
potential (
S2), resulting from the formation of a de-
structive electric field due to the negative interface
traps (Dit). In other words, for the case of long irradia-
tion times, a strong electric field (
dep) exists in an ex-
tended surface depletion region due to increased
surface-band-bending by the interface states.44,45 The
effective gate electric field experienced by the carriers
in the channel, taking into consideration the cylindrical
nanowire channel geometry, can be estimated using
the following equations:28

where �eff is the effective gate electric field, �ZnO is the
ZnO permittivity (8.66),35 Qtot (� Cg|VG � Vth|) is the to-
tal charge density in the ZnO channel, Qd is the deple-
tion charge density in the ZnO channel, Nd is the dop-
ing density, Wd is the depletion region width, and 
s is
the surface barrier potential. The effective gate electric
field, �eff, can be considered in terms of the initial field
(�0) before proton irradiation, the local electric field
(�loc), and the surface depletion electric field (�dep) after
irradiation. For the convenience of our discussion, we
assume that �dep before and after a short irradiation
time is much weaker than that after a long irradiation
time. Therefore, �eff can be expressed as a combination
of �0 and �loc in the case of a short irradiation time,

Figure 4. (a) Integrated photoluminescence (PL) intensity ratios (IUV/IDL) as a
function of the proton iradiation time. The inset shows the PL spectra of as-
grown (pristine) and proton-irradiated ZnO nanowires. (b) Temperature-
dependent PL spectra, showing the excitons and their LO-phonon replicas for
the pristine and proton-irradiated ZnO nanowires. (c) Temperature dependence
of FX peak position. The solid line is a fitting curve of the experimental data by
Varshni’s formula.

E(T) ) E(0) - RT2

T + �
(1)

�eff )
1

εZnO
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2

Qtot + Qd) (2)

Qd ) -qNdWd ) -√2εZnOqNd�s (3)
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whereas in the case of a long irradiation time, �eff is ex-
pressed as a combination of �0, �loc, and �dep. Conse-
quently, the electrical characteristics of the on-
substrate-type transistors after a short irradiation time
exhibit a negative threshold voltage shift and an electri-
cal conductance increase due to the relatively higher ef-
fective gate electric field (�eff,before � �0 
 �eff,after � �0

� �loc) under the same gate bias, whereas those after a
long irradiation time exhibit a positive shift and a con-
ductance decrease due to the lower effective gate elec-
tric field (�eff,before � �0 � �eff,after � �0 � �loc � �dep). This
proton irradiation effects are clearly observed and

shown in Figures 1 and 2, and in Fig-
ure S3 in the Supporting Information.

On the other hand, for the case of
the suspended-type devices, there is
no �dep due to the absence of
irradiation-induced interface states.
Thus, although the gating effect of the
suspended-type devices is weaker than
that of the on-substrate-type devices,
�eff is always higher than that before ir-
radiation (�eff,before 
 �eff,after � �0 � �loc).
Consequently, the electrical character-
istics of the suspended-type transistors
can exhibit an electrical conductance
increase after both short and long irra-
diation times (see Figure 3 and Figure
S4 in the Supporting Information).

SUMMARY AND CONCLUSION
Two types (on-substrate and sus-

pended) of ZnO nanowire FET de-
vices were fabricated and systemati-
cally characterized before and after
the proton irradiation. The electrical
characteristics of the on-substrate-
type FETs demonstrated that the
threshold voltage shift and electrical
conductance can be modulated con-
trollably by proton-irradiation-
induced charges. The electrical char-

acteristics of the suspended-type devices and PL
studies provided substantial evidence that the
threshold voltage shift and the electrical conduc-
tance modulation are due to the gate electric field
modulation, resulting from the combination effects
of irradiation-induced positive oxide traps and
negative interface traps. Our study enhances the
understanding of the proton irradiation effect on
nanoscale devices and also provides a potentially
useful way to create property-tailored nanoscale de-
vices for developing practical electronic
devices.

EXPERIMENTAL METHODS
Two types of FET devices, that is, on-substrate-type devices

where nanowires are placed on the substrate and suspended-
type devices where nanowires are suspended above the sub-
strate, were fabricated using single-crystal ZnO nanowires. The
general growth method of ZnO nanowires by vapor transport
and the fabrication method of on-substrate-type nanowire FETs
have been described in detail elsewhere.35 All the fabricated on-
substrate-type FET devices were passivated by PMMA to mini-
mize the influence of water or gas molecules on ZnO nanowire
FETs and to improve the FET performance by enhancing the
gate-coupling effects.26,35 The suspended-type FETs were fabri-
cated in the following way. First, a thin photoresistor (PR) layer
was coated on a silicon substrate with 300 nm-thick SiO2 using
spin-coating at 8000�10000 rpm, followed by soft-baking. Then
the suspension of ZnO nanowires was dropped onto the thin PR-

coated substrates. A second thick PR layer was coated on the
ZnO nanowire-dropped substrates by spin-coating at 4000 rpm,
followed by soft-baking in an oven at 90�100 °C for 10 min. Fi-
nally, metal electrodes consisting of Ti (200 nm)/Au (200 nm)
were defined as source and drain electrodes using the standard
photolithography and lift-off process. More details of the fabrica-
tion process of the suspended-type FET devices are shown in Fig-
ure 3a.

For the proton irradiation experiments, accelerated proton
beams were generated using a MC-50 cyclotron (at the Korea In-
stitute of Radiological and Medical Sciences). In our study, the
proton beam energy was 10 MeV and the total fluences (�) dur-
ing proton irradiation were 1010, 1011, and 1012 cm�2. The pro-
ton beam used in our study had a uniformity of about 90% or
better, its average beam current was 10 nA, and its irradiated
area was 5 � 5 cm2. The electrical properties of both the on-

Figure 5. Schematic views and energy band diagrams of (a) the on-substrate-type and (b) the
suspended-type ZnO nanowire FETs before and after a short irradiation time (middle) and a long
irradiation time (bottom). The red and blue arrows indicate the electric field modulation due
to proton irradiation-induced charges (see text for details).
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substrate-type and suspended-type FETs were characterized sys-
tematically before and after proton irradiation using a semicon-
ductor parameter analyzer (HP4155C) at room temperature.
Microphotoluminescence (�PL) and temperature-dependent PL
studies with a 325 nm He�Cd laser as an excitation source were
carried out to investigate the optical properties of the ZnO
nanowires before and after proton irradiation.
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Doğan, S.; Avrutin, V.; Cho, S.-J.; Morkoç, H. A
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