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ABSTRACT: In this study, transparent and flexible zinc oxide (ZnO)
nanowire ultraviolet (UV) photodetectors prepared via a solution-based
method in which single-walled carbon nanotube (SWNT) thin films
were used as transparent electrodes are reported. The photoresponse
current was found to be in proportion with the ZnO nanowire density,
and the nanowire density could be tuned to increase the photocurrent
by a factor of 300. The decay time for the fabricated photodetectors was
found to be as low as 16 s. This study suggests the possibility of
fabricating inexpensive, visible-blind UV photodetectors via solution-

based methods.

Glass Substrate
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B INTRODUCTION

UV exposure has become more pronounced as the size of the
ozone hole in the Antarctic stratosphere increases, which may
be dangerous to human health. UV radiation causes the
generation of free-radical chemical species' that participate in
the development of various pathologies, such as cancer, aging,
Alzheimer’s disease, inflammatory disorders, and other ail-
ments.” Therefore, UV photodetectors play an important role
in monitoring UV radiation that has implications for human
health. In addition to biological and chemical sensors, other
important application fields of UV photodetectors include fire
detection, optical intersatellite spatial communications, the
calibration of emitters, and UV imaging.®

Nanoscale UV photodetectors offer flexibility and trans-
parency in the visible regime. For this purpose, one-
dimensional wide-bandgap semiconductor nanostructures
have been preferred. Among them, ZnO, which exhibits a
direct wide bandgap (3.37 eV) and a large exciton binding
energy (60 meV), is a promising candidate for use in
photodetectors* and other optoelectronic devices, such as
sensors,” solar cells,6 and light-emitting diodes.”

Because of their fast response and recovery,® cost-effective
fabrication procedures,9 and high on/off ratio,'® ZnO nano-
wires (NWs) are candidates for active materials in UV sensors.
Numerous researchers have reported UV photodetectors that
incorporate ZnO nanowires; however, most of these photo-
detectors were fabricated using high-vacuum and high-temper-
ature processes, such as chemical vapor deposition, thermal
evaporation, and sputterix1g.11’12‘4’13

To fabricate a fully transparent and flexible device, both the
active element and the contacts must individually exhibit these
characteristics. Single-walled carbon nanotube (SWNT) thin
films have already been used as transparent electrodes in

-4 ACS Publications  © 2012 American Chemical Society

5142

optoelectronic devices, including solar cells,® organic light-
emitting diodes (OLEDs),"* photodetectors,">~"” and electro-
chromic devices,'® among others,"”™*! because of their
remarkable optoelectronic and chemical properties.'#** These
unique one-dimensional structures are also preferred in flexible
electronics because of their outstanding mechanical properties
and ability to form homogeneous networks.**** They have
shown a fascinating ability to form large-area, conductive,
transparent thin films on different substrates.>>*°

In the recent past, heterojunctions between SWNTs and
various metal oxides, such as V204,27 Sn()z,28 TiOz,29 Zn0,*
and MnO,,*" in different morphologies have been the subject of
intense interest with respect to their functionalities. ZnO/
SWNT composite structures were one of these technologically
attractive combinations, and they were investigated for their
optoelectronic properties. For example, hybrid structures
composed of ZnO nanoparticles and carbon nanotubes have
been investigated with respect to their potential applications in
ultrafast nonlinear optical switching,** flexible organic photo-
voltaics,® and UV photodetectors.>***

In this investigation, we have fabricated and characterized
metal—semiconductor—metal (MSM) photodetectors on rigid
glass and flexible polyethylene terephthalate (PET) substrates
utilizing solution-based, low-cost methods. For this purpose,
hydrothermally grown ZnO nanowires and solution-deposited
SWNT thin films were used for the active layer and the
electrodes, respectively. The performance of flexible samples
was comparable to those fabricated on rigid substrates. The
effect of ZnO nanowire density was also investigated.
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B EXPERIMENTAL DETAILS

All chemicals were purchased from Sigma-Aldrich and used without
further purification. SWNT thin-film electrodes were deposited prior
to the growth of ZnO nanowires. The deposition procedure has been
reported elsewhere.** In brief, purified SWNTSs were purchased from
Carbon Solutions, Inc., and a stable, sodium dodecyl sulfate (SDS)-
assisted SWNT dispersion was prepared in deionized water (18.3
MQ). The SWNT solution was sonicated at 20 kHz using a tip
sonicator and was subsequently vacuum filtered onto mixed cellulose
ester (MCE) membranes. After filtration, the MCE membranes were
transferred onto soda-lime silica glass and PET substrates via
compressive loading and drying at 80 °C for 2 h. Finally, the
membranes were dissolved by consecutive washing with acetone
(99.8%) and isopropyl alcohol (99.8%). The SWNT thin films were
treated with nitric acid (HNO3, 65%) for 3 h. After this treatment, the
measured sheet resistance and transparency values of the films were
100 €2/sq and 90%, respectively.

After the deposition of SWNT thin films onto glass and PET
substrates, a gap was introduced by mechanical means using a razor
blade. The size of the gap was measured to be 30 gm. ZnO nanowires
were synthesized within these gaps. For the synthesis of the ZnO
nanowires, a seed solution was first prepared by dissolving 10 mM zinc
acetate dihydrate (Zn(C,H;0,),2H,0, extra pure) in 1-propanol.
The substrates were subsequently covered with this solution by spin
coating the seed solution at 2000 rpm. The number of spin-coating
cycles is known to control the nanowire density, and various spin-
coating repetitions were performed to investigate the effects of
nanowire density on the photocurrent. The seeded substrates were
then dried on a hot plate at 100 °C. This heating process was repeated
after each spin-coating cycle.

The nanowire growth solution was prepared in deionized water with
an equimolar (25 mM) mixture of zinc acetate dihydrate and
hexamethylenetetramine (HMTA). The seeded substrates were placed
vertically within this growth solution in a Teflon holder. The solution
was subsequently submerged into a silicon oil bath set at 90 °C. After
2 h, the substrates were removed from the growth solution, rinsed with
deionized water, and dried under flowing nitrogen. The morphology of
the nanowires was investigated by field-emission scanning electron
microscopy (FESEM) (Nova Nano-SEM 430), and the density of the
nanowires was calculated from the obtained images. Photocurrent
measurements were performed using a constant dc bias of 2 V through
a Keithley 2400 source meter. A UV lamp with a wavelength and
power density of 365 nm and 1 mW/cm?, respectively, was used as the
UV source. Silver dag was used for the connections. Spectral
responsivity measurements of the photodetectors were performed
using a Newport Oriel Apex Monochromator Illuminator equipped
with a halogen-lamp light source.

B RESULTS AND DISCUSSION

A schematic of the fabricated devices is provided in Figure 1la.
For the fabrication of the photodetectors, ZnO nanowires were
grown on and between the gaps of the SWNTs, as shown in the
SEM image in Figure S1 in the Supporting Information.

Detailed SEM examination revealed that as the number of
spin-coating repetitions was increased, the length and diameter
of the ZnO NWs decreased, whereas the ZnO nanowire density
increased. The calculated nanowire densities were 1, 30, 70, and
100 NW/um?, which correspond to 1, 3, 5, and 10 spin-coating
sequences, respectively. Top-view SEM images of the ZnO
nanowires with different densities are provided in Figure S2 in
the Supporting Information. Top and cross-sectional SEM
images of the device with a nanowire density of 100 NW/um*
are shown in parts b and c of Figure 1, respectively. The SWNT
bundles underneath ZnO nanowires are clearly evident in the
false-colored SEM image.

The normal incidence transmittance of the fabricated devices
in the 400—800 nm wavelength range is shown in Figure 2a.
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Figure 1. (a) Schematic of the fabricated devices. (b) Top-view SEM
image of ZnO nanowires grown within the gap of SWNT thin-film
electrodes. (c) False colored, cross-sectional SEM image of ZnO
nanowires grown on top of the SWNT thin-film electrodes.

For comparison, the transmittance of the bare SWNT thin film
is also provided in the same figure. The transmittance values at
550 nm were 82%, 81%, 71%, and 69% for the devices with
nanowire densities of 1, 30, 70, and 100 NW/um?, respectively.
The transmittance values of the devices were found to be
inversely proportional to the nanowire density because the
amount of light scattering increased with increasing density of
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Figure 2. (a) Transmittance spectra of the ZnO photodetectors with different nanowire densities. (b) Photographs of the ZnO photodetectors with

nanowire densities of (i) 1, (ii) 30, (iii) 70, and (iv) 100 NW/um?
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Figure 3. The (a) spectral response and (b) current—voltage characteristics of a ZnO nanowire photodetector plotted on a logarithmic scale (under
dark and UV irradiance). The inset shows the current—voltage characteristics under dark conditions and under UV irradiation of a ZnO nanowire
photodetector. (c) Photoresponse of the ZnO photodetectors with different nanowire densities under UV irradiation and a bias voltage of 2 V. (d)

Response and recovery current curve at an applied bias of 2 V.

the ZnO NWs. Photographs of the fabricated devices with
different nanowire densities are shown in Figure 2b. The
fabricated devices exhibit adequate transparency even at high
nanowire densities, and the logos behind the devices are
therefore apparent.

The UV photoresponse current (AI) is defined as the
difference between the photoresponse current under UV
illumination (I) and the dark current (Iy). For UV photo-
detectors composed of multiple nanowires, the photoresponse
current should linearly increase with the number of nanowires.
In this case, the photoresponse current is defined as Al = X(I —
I,). To investigate the dependence of the UV photoresponse on
the nanowire density, the UV photoresponse currents were
measured for four different devices with different nanowire
densities. The photoresponse currents of the devices were 1.9,
3.4, 9, and 520 uA for devices with nanowire densities of 1, 30,
70, and 100 NW/um?, respectively. The photoresponse current
increased nonlinearly with the nanowire density, which may be

due to an increase in the percolating current pathways above
some threshold density. Moreover, the number of ZnO
nanowires increases the number of charge carriers, which
could lead to an increase in the photoresponse.

Spectral response is defined as the ratio between the current
generated by the photodetector and the power of the incident
light on the photodetector. Semiconductors cannot absorb
photons with the energies less than their band-gap energy. This
phenomenon was confirmed by the typical spectral response of
the ZnO nanowire UV photodetector at a forward bias of 2 V
(Figure 3a). A sharp cutoff in the responsivity of the fabricated
photodetectors was observed at wavelengths greater than 380
nm, which is near the band-edge absorption of ZnO. UV light
with energies greater than the bandgap of the ZnO were
absorbed by the ZnO and generated electron—hole pairs that
contributed to the photocurrent. This contribution resulted in a
response to the UV light. Spectral response measurements

5144 dx.doi.org/10.1021/am301402y | ACS Appl. Mater. Interfaces 2012, 4, 5142—-5146



ACS Applied Materials & Interfaces

Research Article

(a) 1=

1E-6 .

1E-7 |

Log Current (pA)

1E-8

Voltage (V)

(b) —

8l —5om
——25cm

1cm

Current (uA)

150 200 250 300
Time (sec)

50 100

Figure 4. (a) Current—voltage characteristics, plotted on a natural logarithmic scale, of the flexible devices under dark conditions and under UV
irradiation. (b) Response and recovery-current characteristics of the fabricated flexible and transparent ZnO nanowire photodetectors. The inset

shows a photograph of the fabricated photodetector.

clearly indicated the visible-blind nature of the fabricated
detectors.

Current—voltage characteristics of a fabricated photodetector
with a nanowire density of 100 NW/um?* measured under dark
and illuminated conditions on a log-scale are shown in Figure
3b. The inset shows the current—voltage characteristics on a
linear scale. Notably, we reproducibly obtained similar device
characteristics. The measured current increased in proportion
with the applied bias for all four samples. The response current
was symmetric and quasi-linear, which indicates that highly
resistant nanowire—nanowire junctions instead of ohmic
nanowire—electrode junctions dominated the conduction.

Variations of the photoresponse current with time for those
four devices are shown in Figure 3c. As a result of the
proportionality with the nanowire density, the device with a
nanowire density of 100 NW/um?* appears to overpower the
others. Under an applied bias of 2 V, the dark current and
photocurrent of this device were 2 X 107 and 5.2 X 107* A,
respectively, which yielded an on/off current ratio of 260 000;
this ratio is quite promising when compared to values reported
in the literature.>>3® Moreover, the on/off current ratios of the
devices with the nanowire densities of 1, 30, 70 NW/um? were
242, 1504 and 2055, respectively. Thus, the on/off current ratio
is proportional to the nanowire density. To investigate the
photoresponse process in detail, the recovery times (7) of the
samples were investigated. Recovery time is defined as the time
required for the photocurrent to decrease from its steady-state
value to a value that is 36.8% of the steady-state value.”® The
device with a nanowire density of 100 NW/um? exhibited a
recovery time of approximately 16 s (Figure 3d), which is
relatively poor compared to those of optimized photodetectors
with CVD-grown nanowires'® and Schottky-barrier devices;*’
however, this time is significantly shorter than the recovery
time of the devices fabricated with ZnO nanowires that were
synthesized using similar methods.""*® The recovery time of
the devices with nanowire densities of 70, 30, and 1 NW/um?
were calculated to be 24, 28, and 56 s, respectively. The
adsorption and desorption of oxygen has been observed to
control the photoresponse process.”” Under dark conditions,
oxygen molecules adsorbed on the surface of ZnO nanowires
trap free electrons of the n-type semiconductor [O, + e~ —
0O, (ad)]. This trapping decreases the carrier density in the
nanowires and the mobility of the remaining electrons by
creating depletion layers near the surface. Because of their large
surface-to-volume ratio, the adsorption of O, significantly
decreases the conductivity of the nanowires. Upon UV
illumination, electron and hole pairs are generated [hv — e~
+ h*]. These photocarriers immediately increase the con-
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ductivity because of the sudden increase in the nanowire carrier
density. Holes migrate to the surface and recombine with the
oxygen-trapped electrons and release the O, from the surface
[0,7(ad) + h* = O,(g)]. The remaining unpaired electrons
became major carriers and contribute to the current until they
are trapped again by readsorbed O, on the surface. The
photocurrent increases gradually under UV illumination until
desorption and readsorption of O, reach an equilibrium state.
When the UV illumination is stopped, holes recombine with
electrons; however, numerous electrons still remain in the
nanowires because, at the end of the illumination, the hole
density is significantly lower than the electron density in the
nanowires. The O, molecules are readsorbed onto the surface
and trap the remaining unpaired electrons. As a result of the
large number of these unpaired electrons, the current decay
slows and the recovery time increases. The decrease in the
recovery time with increasing nanowire density can be
explained by this phenomenon. Oxygen adsorption increases
with increasing nanowire density; thus, the recovery time
becomes shorter.

The photoresponse characteristics of the devices fabricated
on flexible PET substrates were also measured. Ohmic contact
between the SWNT thin film electrodes and the ZnO
nanowires on PET substrates was confirmed by current—
voltage measurements, as shown in Figure S3 in the Supporting
Information. The results of these measurements plotted on a
log scale are shown in Figure 4a. The measured current
increased in proportion to the applied bias for the flexible
devices. A picture of the measurement setup is provided in the
inset of Figure 4a. The performances of these devices under
strain while bent to different radii of curvature were
investigated. A typical photoresponse of as-fabricated and
strained devices are provided in Figure 4b. A picture of one of
the fabricated flexible photodetectors is given in the inset.
Effective photodetection under various bending conditions
have been obtained. The increase in the photocurrent when the
substrate was bent to different radii of curvature can be
attributed to the improved mechanical coupling between the
SWNT electrodes and the ZnO nanowires.

Transparent and flexible devices primarily offer mobility to
the end user. They can be simply integrated into various
platforms for detection, such as in the case of sensors. In
addition, photodetectors formed by the heterojunctions
between SWNT thin films and ZnO nanowires can be
deposited over large areas through simple, straightforward,
and room-temperature processes. In contrast to the ensemble
behavior of the SWNTSs and ZnO nanowires, effective visible-
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blind photodetection for both devices on glass and PET
substrates was obtained.

In conclusion, we have demonstrated an inexpensive,
solution-based approach to the fabrication of transparent and
flexible ZnO nanowire visible-blind UV photodetectors using
SWNT thin-film electrodes. Controlled experiments were
conducted to investigate the relationship between the photo-
response current and the nanowire density. The experiments
showed that the photoresponse current increased with
increasing nanowire density as a result of an increased number
of charge carriers. A recovery time as low as 16 s was obtained
for the fabricated photodetectors. In addition, the transparent
and flexible UV photodetectors showed nearly unchanged
performance upon being bent to different radii of curvature.
Our results revealed the potential of SWNT and ZnO nanowire
junctions to be used as simple yet efficient UV photodetectors.
The results acquired in this investigation for the SWNT and
ZnO nanowire heterojunctions reveal their potential for various
other optoelectronic devices.

B ASSOCIATED CONTENT

© Supporting Information

SEM images of the fabricated photodetectors showing the
contacts and the channel region and SEM images of nanowires
with different densities and dark current—voltage characteristics
for devices fabricated on PET substrates. This material is
available free of charge via the Internet at http://pubs.acs.org.
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