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ABSTRACT: We investigate the rapid and anisotropic UV-
induced photoconductive response of hybrid thin films
comprising zinc oxide (ZnO) nanowires (NWs) directly
grown on horizontally aligned (HA-) carbon nanotube
(CNT) sheets. The films exhibit anisotropic photoconductiv-
ity; along the CNTs, conductivity is dominated by the CNTs
and the photoconductive gain is lower, whereas perpendicular
to the CNTs the photoconductive gain is higher because
transport is influenced by ZnO nanoclusters bridging CNT-
CNT contacts. Because of the distributed electrical contact
provided by the large number of ZnO NWs on top of the HACNT film, this hybrid nanoarchitecture has a significantly greater
photocurrent than reported for single ZnO NW-based devices at comparable UV illumination intensity. Moreover, the hybrid
architecture where a thin basal film of ZnO ohmically contacts metallic CNTs enables rapid transport of photogenerated
electrons from ZnO to CNTs, resulting in sub-second photoresponse upon pulsed illumination. The built-in potential generated
across ZnO−CNT heterojunctions competes with the externally applied bias to control the photocurrent amplitude and
direction. By tuning the anisotropic conductivity of the CNT network and the morphology of the ZnO or potentially other
nanostructured coatings, this material architecture may be engineered in the future to realize high-performance optical and
chemical sensors.
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■ INTRODUCTION

The fundamental properties of many individual nanostructures
such as carbon nanotubes (CNTs)1 and semiconducting
nanowires (NWs)2 are now well-established; however, methods
for both fabrication and characterization of hierarchical
assemblies of nanostructures remain relatively nascent. While
the integration of NWs and NTs with semiconductor device
fabrication demands placement of individual nanostructures,
many other applications will rely more on growth and printing
techniques that are compatible with large-area and/or flexible
substrates.3,4 Moreover, means for externally-directed and self-
directed assembly of elongated nanostructures into aligned
films, fibers, and three-dimensional (3D) surfaces, provide
opportunity to engineer and study new materials having
anisotropic properties.
Specifically, zinc oxide (ZnO) NWs exhibit UV-induced

photoelectric characteristics and therefore have been studied for
potential use in photodetectors and light emitters.5−9 Also, the
sensitivity of ZnO properties to surface effects has enabled a
variety of chemical and biological sensors,10−14 such as gas
sensors that rely on modulation of ZnO conductivity by
interaction with the oxygen molecules on the ZnO surface.12

However, because ZnO and other useful NWs are typically
grown on surfaces having low electrical conductivity, post-
processing steps such as harvesting, nanopositioning, and/or
metallization are often required for device integration.
One attractive strategy to build macroscopic nanoarchitec-

tures is to directly fabricate nanostructures such as ZnO NWs
on conductive frameworks.15 This enables electrical contact to a
large number of nanostructures in parallel. Moreover, use of
many NWs enables the signal intensity to exceed ambient noise
levels, simplifying electrical readout. In particular, CNTs are an
attractive framework for 3D NW growth because of their
electrical conductivity,16 chemical robustness,17 and mechanical
strength and flexibility.18−20 CNTs can be manipulated after
synthesis to form horizontally-aligned (HA) CNT sheets,21 3D
microarchitectures,22 or long yarns.23 Moreover, it has been
shown that ZnO NWs (herein abbreviated ZNWs) can be
directly grown on CNTs via a low-temperature vapor-solid
(VS) growth mechanism, where Zn is supplied by evaporation
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of a foil at 500−600 °C.7,24 This process has been used to build
hybrid 3D architectures comprising ZNWs on CNTs
configured in vertically-aligned (VA-) forests and HA-sheets
fabricated by mechanical rolling of patterned VACNT forests.
Here, we investigate the unique electrical and photoelectric

properties of hybrid thin films of ZNWs grown on HACNT
sheets. The films exhibit highly anisotropic photoconductivity,
governed by the bridging of CNT-CNT contacts by ZnO. The
nanoscale proximity of ZnO and CNTs enable sub-second
photoresponse upon pulsed illumination as compared to ZnO
thin-film photodetectors whose response time can be as long as
minutes or more.25 Moreover, the ZnO−CNT hybrid exhibits a
large photocurrent of μA-mA, compared to ∼nA levels
measured for devices based on a single ZNW26,27 or ZNW
arrays,28−30 at comparable UV illumination intensity. Last, we
study how the amplitude and direction of the photocurrent are
controlled by competition between the built-in potential
formed in ZnO−CNT interface and the externally applied bias.

■ RESULTS AND DISCUSSION
Fabrication of ZnO/CNT Hybrid Thin Films. The hybrid

film comprising ZNWs directly grown on a HACNT sheet was
fabricated via sequential chemical vapor deposition (CVD)
processes. First, a multi-wall VACNT “blade” array was grown
on Fe catalyst lines (patterned by photolithography) by
atmospheric pressure CVD using C2H4 as the carbon
feedstock.31 Next, the CNT blades were mechanically rolled
and then exposed to a solvent vapor, resulting in a continuous
HACNT sheet where the individual blades overlap like toppled
dominos (Figure 1a).21 Then, ZNWs were grown on this
HACNT sheet (Figure 1b) via a low-pressure CVD method
using Zn foil as the source of Zn vapor.7,24

Scanning electron microscopy (SEM) images of the
HACNTs before and after ZNW growth are shown in Figures
1c and 1d, respectively. ZNW were formed selectively at high
density on the CNTs while few ZNWs were found on the
surrounding smooth substrate.7 This is due to the VS growth
mechanism of ZnO, in which a surface roughness is essential to
initiate seeding of ZnO nanoclusters.32 Although oxygen is
required to form ZnO from vaporized Zn, it does not degrade
the CNTs because the CNTs resist oxidative degradation at the
process temperature of 600 °C.
To measure the I-V characteristics of the HACNTs and

ZNW-CNT hybrids, Au electrodes were deposited at both ends
of the HACNT sheet prior to ZNW growth. Before Au
deposition, a focused Ion Beam (FIB) was used to cut both
ends of the HACNTs, exposing CNT ends down to the
substrate (see SEM image in the Supporting Information,
Figure S1). Optionally, another Au electrode was deposited in
the center area of the film, on top of the ZnO, to characterize
the ZnO−CNT heterojunction as discussed later. In this case
the CNTs were not cut. Based on the direction of current flow
with respect to the alignment of the CNTs in plane (insets to
Figure 2), we designate the parallel device as having Au
electrodes along the substrate edges perpendicular to the
CNTs, and the perpendicular device as having Au electrodes
along the edges parallel to the CNTs. Therefore the parallel
device was used to measure transport primarily along the
CNTs, whereas the perpendicular device was used to measure
transport in the direction that is dominated by CNT-CNT
junctions.
Anisotropic Electrical and Photoconductive Proper-

ties. First, we characterized the direct current (DC) electrical

Figure 1. Fabrication of ZnO/CNT hybrid thin films. (a) Mechanical
rolling process used to transform the vertically aligned CNT
(VACNT) blades into a horizontally aligned CNT (HACNT) sheet,
which is the substrate for subsequent ZnO NW (ZNW) growth. (b)
Side view schematic of the electrically integrated hybrid sheet; Au
electrodes are deposited on both ends of HACNTs prior to ZNW
integration to define the current flow either along (parallel
configuration) or across (perpendicular configuration) the CNT
alignment direction. (c) SEM image of bare HACNT sheet; inset
shows the low-magnification view. (d) SEM image of ZnO/CNT
surface; inset reveals the enlarged view of ZNWs that are randomly
oriented with approximately 25−50 nm diameter and 300−500 nm
average length. (e) TEM image taken after the initial growth stage
where ZnO nanoclusters are formed on the CNTs, bridging them
together. (f) Equivalent circuit schematic for the ZnO/CNT hybrid.
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properties of the ZNW/CNT hybrid films. For both parallel
and perpendicular configurations, the device conductivity
increases after ZnO growth due to the electrical contribution
of the semiconducting ZnO coating on the CNTs.7 The I-V
curves measured before and after ZnO growth are shown in
Figure 2. The conductivity increase is much greater in the
perpendicular direction (340%) than the parallel direction
(13%). This anisotropy arises because CNT-CNT junctions
dominate transport in the perpendicular direction, and
transport in the parallel direction is controlled by the intrinsic
conductivity of the long aligned CNTs.
Next, we illuminated the film with UV light (365 nm

wavelength) with varied power density to investigate the device
photoconductivity and its relation to UV intensity. Here we
compared UV power levels of 1.4 mW/cm2 and 7.5 mW/cm2.
When the device is illuminated with UV light having photon
energy exceeding the ZnO bandgap (3.4 eV illumination; 3.37
eV bandgap), an increase in conductivity proportional to UV
intensity is observed due to the photogeneration of charge
carriers in ZnO. As indicated in Figure 2, this increase is more
pronounced in the perpendicular (23 % increase at 7.5 W/cm2

UV light) than the parallel case (3.5 % increase at 7.5 W/cm2

UV light). Once again, this is due to the critical role of ZnO in
controlling CNT-CNT conduction in the perpendicular

configuration, where the ZnO photoconductivity further
reduces CNT-CNT contact resistance upon UV illumination.
It has been shown that CNT-CNT conduction is dominated

by electron hopping,33 and we expect that the nanoscale ZnO
contacts significantly reduce the contact resistance between the
CNTs in the HACNT sheets. Indeed, transmission electron
microscopy (TEM) imaging of the ZnO/CNT sample (Figure
1e) where the growth process was halted in less than 1 minute
shows that ZnO nanoclusters initially bridge adjacent and
contacting CNTs. For longer growth time (typically 20
minutes), additional nucleation proceeds for further con-
nections to form a conformal polycrystalline ZnO coating on
the CNT surface, followed by the growth of ZNWs (see
Supporting Information, Figure S2, as well as Ok et al.7).
Several recent studies have reported photocurrent generation

in metal-contacted single-wall CNT (SWNT) films.34−37

Specifically, Nanot et al. studied the anisotropic photoresponse
of substrate-supported SWNT films also made by trans-
formation of vertically grown CNTs, and used scanning
photocurrent microscopy to show that the photocurrent results
from a gradient in the Seebeck coefficient of CNTs near the
contacts.37 While we cannot rule out the contribution of this
effect in our study, and unfortunately were not able to perform
further control experiments, we note that our system is fully
metallic, comprising MWNTs directly connected to Au
electrodes. Moreover, in previous work we found no photo-
conductive response of our ZnO/CNT hybrids when exposed
to UV illumination in vacuum,7 suggesting dominance of the
O2-mediated photoconduction mechanism as discussed later.

Photoresponse Dynamics. We next investigated the
ZnO/CNT photoresponse dynamics by applying pulsed UV
illumination. The responses to pulsed illumination (2 second
pulse width), in the parallel and perpendicular configurations,
are shown in Figures 3a and 3b, respectively. Defining the rise
time as that required for the photocurrent to reach 90 % of the
peak value, and the decay time as to reach 10% of the peak
value,38 both the rise and decay responses are 0.25−0.35
seconds. Note that this is unusually fast compared to
conventional ZnO-based UV photodetectors that are on the
orders of a few tens of seconds or more.5,6,25,39

The photocurrent response of the ZnO/CNT sheets is
attributed to the well-known oxygen-driven electron transfer
mechanism for ZnO.40 In the absence of UV light in ambient,
oxygen adsorbs on the ZnO surface and takes a free electron
from n-type ZnO to form a chemically adsorbed surface state.
When exposed to UV light with energy exceeding the ZnO
bandgap, excitons are generated and then separated to electron-
hole pairs inside the ZnO. While the holes are trapped on the
ZnO surface, the unpaired electrons are free to flow to produce
photocurrent. However, the high resistivity of ZnO traditionally
results in a high recombination rate and slow dissipation of
excess charge carriers, leading to slow response time.41

In our ZnO/CNT architecture, the metallic multi-walled
CNTs are electrically connected to the thin ZnO layer. Figure
3c illustrates the energy band diagram of the ZnO−CNT
system. Under a flat energy band without external bias, the
Fermi energy level of ZnO is aligned to that of the CNT
because the work function of ZnO (≈5.3 eV42) is larger than
the work function of CNTs (4.5-5.0 eV43). Accordingly, the
ZnO−CNT interface is Ohmic and the “built-in” potential is
generated in the direction from CNTs to ZnO. Because of this
potential slope, the free electrons photogenerated in ZnO
conduct readily across the interface and into the CNTs. The

Figure 2. I−V plots of the ZnO/CNT hybrid films in (a) parallel and
(b) perpendicular configurations. The measurements were first
performed before and after ZNW growth without UV illumination,
indicating the conductivity is improved by the presence of ZnO
bridging CNT-CNT contacts. Illumination is continuous UV light
with low (1.4 mW/cm2) and high (7.5 mW/cm2) power densities.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am404131r | ACS Appl. Mater. Interfaces 2014, 6, 874−881876



metallic CNTs improve mobility of these electrons and thus
reduce recombination until they are extracted to the external
circuit. The thin dimension of the ZnO between CNTs, along
with the large interface area, likely also facilitates quick
discharge when the UV light is turned off.
Next, using pulsed UV illumination with 5-second duration,

we studied the photocurrent behavior as related to the CNT
orientation and applied bias voltage (Figure 4). The amplitude
of photogenerated current is calculated as the difference
between the steady values in the on/off states, as plotted in
Figures 4a−c. The corresponding current densities were then
calculated per unit cross-section of the HACNT films, and are
shown in Figure 4d.
Under UV illumination without any external bias, the ZnO/

CNT film behaves like a photovoltaic (PV) cell as it produces
photocurrent with no external power source. This supports the

transport mechanism of photogenerated electrons from ZnO to
CNTs discussed above. When a bias voltage is applied (Figures
4b and 4c), a larger current can be collected at equivalent UV
intensity, because the field further increases the electron drift
velocity. Also, the photocurrent increases proportionally with
respect to the incident UV flux, which can be seen in Figure 4d
where the parallel and perpendicular configurations have the
same slope under the identical UV intensity. This is consistent

Figure 3. Photoresponse of the ZnO/CNT hybrid film in (a) parallel
and (b) perpendicular configurations under a UV pulse (2 seconds, 7.5
mW/cm2) without external bias. The response time is approximately
0.3 seconds. (c) Band diagrams before (left) and after (right) the
contact is formed between ZnO and CNTs, showing that the built-in
potential is formed from CNTs to ZnO.

Figure 4. Photocurrent dynamics of ZnO/CNT hybrid films upon
pulsed UV illumination under applied biases of (a) 0 V, (b) 50 mV,
and (c) 300 mV, for parallel and perpendicular configurations. Each
plot shows measurements under high (7.5 mW/cm2) and low (1.4
mW/cm2) UV intensities. Plot (d) shows the photocurrent densities
calculated per unit surface area, and notes the relative increase (%) to
values at 0 V bias.
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with an approximation of Iph ∼ VΦph
44 where Iph , V, and Φph

are the photocurrent, external bias, and incident photon flux,
respectively.
The capacitance of ZnO connecting CNTs in the ZnO/CNT

hybrids (see Figure 1f) is responsible for the transient charge-
discharge behavior observed in the photocurrent under pulsed
illumination, especially under external bias (Figures 4b and 4c).
The internally generated bias upon UV illumination charges
this ZnO capacitor, and the collective charging behavior of the
capacitors limits the rate of response. When the illumination is
turned off, the rate of decay is also governed by the discharge
rate of the ZnO capacitors. Because the intrinsic ZnO
capacitance is proportional to the electric field,45 this charge-
discharge behavior originating from ZnO capacitance becomes
larger when the field is increased by external bias.
As shown in Figure 4d, the photocurrent density is greater in

the parallel configuration. This is because the higher
conductivity along the aligned CNT axis brings about a higher
rate of transport of photogenerated charge carriers that are
extracted from the ZnO. Consequently more charges are
collected, resulting in a larger photocurrent per unit time.
Moreover, the relative increase upon illumination is greater in
the perpendicular configuration where ZnO has dominant
contribution to the total conductivity. This is consistent with
the I-V sweep results under continuous UV illumination
discussed earlier. Owing to these high photocurrents, the
hybrid films exhibit high signal-to-noise ratios (SNRs), for
example, ∼1100 in the parallel and ∼30 in the configuration
(Figure 4a). Moreover, the measured photocurrent density of
the ZnO/CNT hybrid films is significantly higher than those of
other ZnO-based photoelectric devices either relying on bare
ZnO thin films46 or using ZNWs but not employing CNTs.47

We also note that our photocurrents are generated under low-
voltage consumption at zero or sub-1 V biases (i.e., 50−300
mV) whereas previous ZnO-based photoelectric structures
typically require a few to hundreds of volts.
The external quantum efficiency (EQE), defined as the ratio

of the number of electrons photogenerated to the number of
incident photons, is typically used to evaluate the performance
of photodetectors or PV cells.48 At 300 mV bias and 1.4 mW/
cm2 illumination, we calculate EQE as high as 36 % for the
parallel configuration and 21 % for the perpendicular
configuration. The EQE calculation is described in the
Supporting Information. These values are already comparable
to the previously reported EQEs from other types of
nanostructured photodetectors.48 Interestingly, these EQEs at
300 mV bias decrease to 16% for parallel and 9 % for
perpendicular devices under higher UV illumination of 7.5
mW/cm2, indicating that increased photon flux from more
intense UV light is not all linearly converted to free electrons.
Also, some photon energy must be dissipated via surface
reflection, scattering, and/or thermal loss. Hence, the EQE of
hybrid ZnO/CNT photoconductors can be potentially
improved by optimizing the structural parameters (e.g.,
HACNT thickness) and/or by tuning the incident UV
intensity.
Control of Photocurrent Direction. Fabrication of

another Au electrode over the middle of the ZnO/CNT
hybrid film (i.e., Au-ZnO−CNT-Au, Figure 5a) let us further
investigate how the ZnO−CNT junction behavior is controlled
by the external bias. Via equivalent circuit diagrams (Figure 5c),
we define the “symmetric” configuration (left) when ZnO and
CNTs are connected in parallel, and the “asymmetric”

configuration (right) when ZnO and CNTs are connected in
series. As schematically shown in Figure 5b, CNTs carry most
current in the symmetric configuration where the built-in
potential facilitates electron extraction from ZnO to CNTs, and
the external bias plays a main role in carrying electrons. In the
asymmetric configuration, the built-in potential directly
influences the overall current flow by cooperating or competing

Figure 5. (a) Schematic of asymmetric Au-CNT-ZnO-Au structures
starting from the basic ZnO/CNT device (left) by depositing another
Au electrode across the middle of the ZnO-coated area (right). The
equivalent diagrams of (b) structural schemes with the built-in
potential arrows and (c) electrical circuits are illustrated, demonstrat-
ing the electrons must flow “through” the ZnO−CNT junctions in the
asymmetric device to be collected by the external circuit. Photocurrent
measured upon pulsed UV illumination, for asymmetric parallel (left)
and perpendicular (right) configurations, with bias of (d) 0 V and (e)
50 mV. The read direction and/or bias direction are described on top
or bottom area of each plot for clarification.
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with the external bias because the ZnO and CNTs are
connected in series between the electrodes.
Under the absence of external bias, the photocurrent always

flows (25 μA and 5 μA for parallel and perpendicular devices,
respectively), from CNTs to ZnO in this asymmetric
configuration, and is not influenced by the polarity of the
measurement leads (Figure 5d). This is because, without
external bias, the built-in field across the ZnO−CNT interface
is the only motive to carry electrons to the collecting circuit.
However, when external bias is applied, the external bias and
the built-in potential cooperate or compete to determine the
net photocurrent amplitude and direction. Here we define the
“additive” and “opposite” biases as the external fields applied
along and against the built-in potential, respectively.
Under additive external bias, a higher photocurrent from

CNTs to ZnO is measured for both parallel (∼35 μA) and
perpendicular (∼18 μA) devices (upper plots in Figure 5e).
This is because the external bias applied in the same direction
of the built-in potential helps to build a higher electric field at
the ZnO−CNT interface and facilitates further transport of
photogenerated electrons from ZnO to CNTs. This cumulative
bias effect is independent of the in-plane CNT alignment
direction.
On the other hand when the opposite bias is applied, it works

against the built-in field, decreasing the net electric field across
the ZnO−CNT junction. This reduces the UV-induced
photocurrent amplitudes for both parallel (∼15 μA) and
perpendicular (∼10 μA) configurations (lower plots in Figure
5e). Interestingly, the net current flow direction under the
opposite bias is different in our parallel and perpendicular
devices. The net current direction in the parallel case remains
unchanged (i.e., from CNTs to ZnO, indicated by the (−) sign
with the switched leads). Meanwhile, the current flow is
reversed in the perpendicular case (i.e., from ZnO to CNTs,
indicated by the same (+) sign of current with the switched
leads).
Again, the built-in potential is always formed from CNTs to

ZnO, which is constant and independent of the external bias
because it is determined by the material properties of ZnO and
CNTs. The amount of current driven by this built-in potential
is dictated by the system resistance at the interface of the ZnO
and CNTs. Therefore, this built-in-driven “one-way” current
(i.e., built-in current) will be of much larger magnitude in the
parallel configuration because of the lower resistance than for
the perpendicular configuration. Under UV illumination, the
opposite bias induces the photocurrent to be driven from ZnO
to CNTs. These two currents with opposite directions compete
with each other to finally determine the net current flow
direction.
With increasing opposite bias, we expect there is always a

“transition” point of net current direction for each device. For
example, under 50 mV external bias, the current drifting along
the direction of the external bias is larger than the built-in
current in the perpendicular configuration because of its larger
intrinsic system resistance. This results in the reversed net
current direction. In contrast, the lower resistance of the CNTs
in the parallel configuration sustains the current flow direction
from CNTs to ZnO under 50 mV bias. However, we expect this
direction could be reversed under higher opposite bias. Further
experiments will be necessary to confirm this and to find the
external bias values at the “transition” point for each device.
Moving forward, it will be important to consider applications

that may utilize the anisotropic properties to create sensing

devices. One such example is gas sensors that could utilize
signals from both parallel and perpendicular directions to
increase sensitivity and/or range. Another example could
collect the UV-induced photocurrent as a means of power
harvesting, and combine photoconductive and chemiresistive
effects for sensing. Moreover, this study presents a method for
characterizing the unique anisotropic properties of functional
thin films supported by aligned CNTs, which can be applied to
other oxide and semiconductor nanoarchitectures in future
work.

■ CONCLUSION

In summary, we have studied the rapid and anisotropic
photoresponse characteristics of horizontally aligned CNT
sheets coated with ZnO. The HACNT film provides a scalable
conducting framework which enables thin-film integration of
NWs, and the entire process is compatible with standard
lithography, printing, and CVD methods. Upon UV illumina-
tion, the hybrid ZnO/CNT film shows anisotropic photo-
conductivity depending on the HACNT alignment, along with
fast photoresponse which is attributed to the conformal large-
area interface between ZnO and CNTs. We showed that the
photocurrent amplitude and direction depend on the alignment
and bias direction. By tuning the anisotropic conductivity of the
CNT network and the morphology of the ZnO, this material
architecture may be engineered in the future for high-
performance and low-noise optical and chemical sensors.

■ METHODS
Fabrication of ZnO/CNT Hybrid Films. The CNT line pattern

photomask was designed with a 1.5 × 1.5 cm area, containing an array
of 1.5 cm slits with 20 μm width and 200 μm spacing. Catalyst and
support layers of Fe (1 nm) and Al2O3 (10 nm) were sputtered on a Si
wafer with 250 nm of thermal SiO2 and then were patterned by
photolithography. The CNT blades were grown on this catalyst
pattern by atmospheric pressure CVD31 in a single-zone tube furnace
(Thermo-Fisher MiniMite) at the set point temperature of 775 °C for
5 minutes, under a mixed flow of 100 sccm He, 400 sccm H2 (99.999%
UHP, Metro Welding), and 100 sccm C2H4 (99.9% UHP, Airgas,
Inc.). This results in VACNT blades having ∼220 μm average height,
allowing sufficient overlap when the CNTs are rolled over (Figures 1a
and 1c). The CNT blades were then transformed to HACNT sheets
by mechanical rolling followed by elastocapillary densification,21

resulting in ∼1.5 μm thick HACNTs. Au electrodes (800 nm thick)
were deposited by e-beam evaporation on both ends of the HACNT
sheet (after etching of the ends by FIB, Supporting Information,
Figure S2) using a shadow mask laser-cut in polyester film. Then,
ZNWs were directly grown on the HACNT sheet device having Au
electrodes (Figures 1b and 1d) by the low-pressure CVD under 17.5/
20 sccm air/He mixture flowing at 6 Torr pressure with 600 °C set
point temperature using a piece of Zn foil (≈0.6 g, 99.98%, Alfa Aesar)
as a source. After a typical 20 minute-long growth, the typical diameter
and length of the resulting ZNWs were approximately 25−50 nm and
300−500 nm, respectively. For asymmetric device preparation, an
additional Au electrode was deposited in the middle after the ZNW
growth process (Figure 5a). A more detailed procedure for
photolithography and deposition and full description of CNT and
ZNW growth processes can also be found in our previous paper.7

Microscopy. A Philips XL30-FEG SEM operating typically at 10
kV was used for SEM imaging. TEM imaging was performed using a
JEOL 3011 TEM instrument operating at 300 keV. To prepare the
sample for TEM characterization, as-grown CNTs were sonicated in
toluene without any surfactant for 1 h and several drops of this
dispersion were applied to a copper mesh TEM grid. After drying, the
CNT-coated copper grid was then loaded into the ZnO growth
process. Approximately 1 minute after the Zn evaporation step began,
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the growth process was abruptly stopped by cooling the furnace
rapidly under a He purge.
Electrical and Photoelectric Characterization. The measure-

ments of electrical and photoelectric properties of ZnO/CNT devices
were conducted using a custom-built 4-point probe station.
Illumination was supplied using a UV lamp (Dymax, Model 2000
Flood; 365 nm wavelength, 75 mW/cm2 at the housing outlet). By
adjusting the distance between the UV source and the device, the UV
intensity was varied and measured by the power meter. For measuring
conductivity (Figure 2), the DC voltage was swept under continuous
UV illumination with the current recording. For characterizing the
photocurrent generation and photoresponse dynamics (Figures 3−5),
a pulsed UV light was illuminated with or without the constant DC
bias applied between the electrodes while the current and time were
recorded. All UV experiments were carried out in a dark room.
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