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plasmon resonance†
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ZnO semiconductor films with periodic 3D nanocave patterns were fabricated by the thermal nano-

imprinting technology, which is promising for photodetectors with enhanced light harvesting capability.

The Au nanoparticles were further introduced into the ZnO films, which boosts the UV response of ZnO

films and extends the photodetection to visible regions. The best UV photoresponse was detected on the

3D nanocave ZnO–Au hybrid films, attributing to the light trapping mechanism of 3D periodic structures

and the driving force of the Schottky barrier at the ZnO/Au interface, while the high visible photoresponse

of ZnO–Au hybrid films mainly results from the hot electron generation and injection process over the

Schottky junctions mediated by Au surface plasmon resonances. The work provides a cost-effective

pathway to develop large-scale periodic 3D nanopatterned thin film photodetectors and is promising for

the future deployment of high performance optoelectronic devices.

Introduction

Photodetectors, which convert optical signals into electrical
signals, are essential elements applied in high-resolution
imaging techniques, light wave communications, and optical
interconnects.1 Most of recent academic attention has been
focused on the development of photodetectors with a
minimum thickness for the maximum photon absorption, tar-
geting cost-effective, and superior detector performance, span-
ning across the broad wavelength regions.2,3 Various
nanostructures, especially 1D semiconductor materials, includ-
ing nanowires, nanorods and so forth have been extensively
engineered to generate a significant amount of surface states for
carrier charge trapping, and extending the photocurrent life-
times and photoresponse speed.4–9 However, large-scale inte-

gration of the semiconductor 1D nanostructures for high-
performance electronic devices requires elaborate and costly
methods, such as flow-assisted alignment,10 Langmuir–
Blodgett,11 electric-field-directed assembly,12 contact printing,13

etc. Moreover, the above assembled nanowires have limited light
capturing capability, which is of significant importance to
engineer the interplay between photons and optoelectronic
materials and devices at micro- and nanoscopic scales.

The 3D nanostructures, such as nanocones,14 nanocavity,15

nanowell16 structures and so forth were reported to possess
unique light management properties.17 Theoretically, the
absorption of 3D nanostructures can reach up to the Lamber-
tian limit of 4n2 (n denotes the refractive index), which could
further benefit photodetectors by achieving higher quantum
efficiency. Therefore, it is of significant importance to develop
a cost-effective and large-scale method to fabricate various 3D
periodic nanostructures with different light trapping mecha-
nisms for high performance photodetectors. Additionally,
metal localized surface plasmonic resonance (LSPR) has been
reported to be an efficient way to focus light into a nanometer-
scale due to the localized and intensified electromagnetic
field.18,19 The plasmonic nanostructures can also directly
convert the harvested light into electrical energy by generation
of so-called “hot electrons”,20,21 which is an efficient way to
broaden the photoresponse frequency of photodetectors.

In our work, ZnO was employed as a representative semi-
conductor material due to its unique optical and electrical pro-
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perties for ultraviolet (UV) photodetector applications. The 3D
nanocave ZnO films were firstly patterned by the direct
thermal nanoimprinting lithography, which has been demon-
strated as a cost-effective method for large-scale patterning of
micro/nano-structures.22–24 Subsequently, Au nanoparticles
were introduced into the semiconductor films with the aim of
enhancing the photoresponse of ZnO films. The patterned
ZnO–Au hybrid film represents superior photoresponse per-
formance in both UV and visible regions due to the driving
force of the Schottky barrier at the semiconductor/metal inter-
face and the improved light harvesting capability achieved by
the 3D photonic mode and Au LSPR.

Experimental
Preparation of ZnO and ZnO–Au precursor sol films on Si/SiO2

wafer

ZnO precursor films were prepared by a sol–gel procedure,
where the zinc acetate dihydrate (Zn(CH3COO)2·2H2O) was
used as a precursor, N,N-dimethylformamide (DMF) as solvent
and Diethanolamine (DEA) as a stabilizer. Typically, 0.05 mol
zinc acetate dihydrate was firstly dissolved in 100 ml of DMF,
followed by continued stirring at room temperature. During
this period, 0.05 mol DEA was added dropwise into the solu-
tion until the solution showed a clear and homogeneous poly-
meric aqueous ZnO precursor solution.

The Au sol was prepared by dissolving 3 mg chloroauric
acid trihydrate into 30 ml DMF at 80 °C for 1 h. The PH of the
solution was adjusted to 10 to obtain the Au sol under continu-
ous stirring. The ZnO–Au precursor sol was obtained by
mixing 2 ml Au sol (0.049 mg ml−1) and 8 ml ZnO sol
(65.112 mg ml−1) by ultrasonic treatment for 5 min.

The SiO2 (200 nm)/Si wafers were first ultrasonically
cleaned in a mixture solution of NH3·H2O, H2O2 and deionized
water (1 : 1 : 5 in volume) for 15 min, followed by ultrasonic
rinsing in deionized water for 5 min and blow drying by press-
urized nitrogen gas. Then, a series of thin-films of around
150 nm were subsequently formed by spin coating the as-
obtained sols (ZnO and ZnO–Au) on SiO2/Si wafers at a speed
of 1000 rpm for 10 s followed by 4000 rpm for 20 s.

Nanopatterned film by nanoimprinting lithography

Surface-patterned 3D nanocave ZnO thin films (P-ZnO) were
realized by direct imprinting on a polymeric ZnO precursor sol
and subsequent annealing process. The polydimethylsiloxane
(PDMS) soft stamps were used to pattern the sol films. The
PDMS stamps were prepared by casting a 10 : 1 weight ratio
mixture of a basic agent and a firming agent on the pre-pat-
terned Si master mold and substantially curing at 60 °C for
3 h. The patterned PDMS was then attached onto the obtained
sol films, followed by the thermal nanoimprinting process
(NC-AX1401, Nanocarve) under 0.17 MPa and 150 °C for 2 h
until the sols were transferred to the stable nanopatterned
gels. The procedure was schemed as shown in Fig. 1a. After
the imprinting process, the ZnO-gel patterns were crystallized

under 500 °C for 1 h under ambient atmosphere. The same
procedure was applied to obtain the patterned ZnO–Au thin
films (labeled as P-ZnO–Au) on Si/SiO2 wafers. For control
experiments, flat ZnO and ZnO–Au thin films were fabricated
in the same way without the nanoimprinting process.

Physical and optoelectronic characterization

X-ray diffraction (XRD) patterns were obtained on a Rigaku
Dmax X-ray diffractometer using Cu Kα radiation. The mor-
phologies of ZnO and Au nanoparticles as well as the ZnO
based thin films were characterized by using a scanning elec-
tron microscope (SEM, Hitachi S-4800), transmission
electron microscopy (TEM, JEM-2010F), and atomic force
microscopy (AFM, Bruker Dimension Icon, tapping mode). An
Energy Dispersive Spectrometer (EDS) was employed to esti-
mate the element contents. The absorption spectra of ZnO–Au
sol and ZnO based thin films were recorded by using a stan-
dard UV-vis spectrometer (Agilent Cary 5000). Optoelectronic
measurements were carried out on a semiconductor characteri-
zation system (Agilent B1500A) by depositing a pair of 10 nm/
800 nm Ti/Au electrodes with a channel length of 500 μm,
where light illuminations were performed by using the UV
lamps (3 mW cm−2@254 nm and 3 mW cm−2@365 nm) and a
Xe lamp (PLS-SXE300UV) coupled with visible narrow band
filters (450, 520 and 600 nm). All measurements were per-
formed in air and at room temperature. The electromagnetic
simulations were accomplished by employing the finite differ-
ence time domain (FDTD) method. A plane wave light source
was irradiated normally to the devices. The source was set to
be polarized along the x-axis considering that the hexagonal
arranged structure of ZnO is polarization independent. The
unit cell of the patterned structure was set as the simulation
region using anti-symmetrical boundaries in the x-axis, sym-

Fig. 1 (a) Schematic procedure of the direct ZnO patterning process by
nanoimprinting lithography. The SEM images of (b1) the tilted cross
section view of flat ZnO films formed by spin coating, (b2) top view of
patterned ZnO and (b3) ZnO–Au films. (c1) The XRD patterns of ZnO
and ZnO–Au films. The AFM image of (c2) patterned ZnO film and (c3)
patterned ZnO–Au films.
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metrical boundaries in the y-axis and perfectly matched layer
(PML) boundaries in the z-axis. Optical Constants of ZnO were
from ref. 25.

Results and discussion

Fig. 1b represents the SEM images on Si/SiO2 wafers for each
step during the imprinting process. The tilted cross section
view of the ZnO thin film in Fig. 1b1 indicates the uniform
coating with a thickness of about 150 nm. Fig. 1b2 and b3
show the top view SEM images of patterned ZnO and ZnO–Au
films, respectively. The uniform and periodic patterns indicate
the large scale patterning capability of the nanoimprinting
process. Due to the small disposal amount of Au nano-
particles, only a few small Au nanoparticles can be found on
the surface of the patterns and some of them were encapsu-
lated in the ZnO environments. EDS was used to estimate the
Au content in the hybrid ZnO–Au films (Fig. S1†), which
showed that the mass ratio of Au : Zn was around 1 : 250.
Although the EDS result is not as accurate as characterizing
the element contents, the mass ratio of Au : Zn suggests the
very dilute Au nanoparticles by ZnO. The cross sectional
view of the patterned thin film is shown in Fig. S2a.† The pat-
terned film possesses a little thicker film thickness of 155 nm
than the flat film of 150 nm due to the imprinted nano-
textures. The depth of the nanocave is 41 nm. To confirm the
pattern structures, AFM measurements were then conducted
on the patterned ZnO and ZnO–Au films, as indicated in
Fig. 1c2 and c3, respectively. The corresponding profile curves
are shown in Fig. S3.† Both the ZnO and ZnO–Au patterns
were found to possess a diameter of ca. 750 nm, height of ca.
40 nm and pitch of 1 μm.

The crystallization of ZnO and ZnO–Au films was then
characterized by XRD, as shown in Fig. 1c1. Three main dif-
fraction peaks in the XRD patterns can be indexed to the (100),
(002) and (101) planes of crystallized ZnO, revealing a hexago-
nal wurtzite structure (Zincite, JCPDS 36-1451) for both the
films. For the ZnO–Au films, the diffraction peaks centered at
37.85° and 44.03° correspond well with the (111) and (200)
planes of face-centered cubic Au. The crystallite sizes of Au
and ZnO are calculated to be 31.5 nm and 50 nm, respectively,
according to the Scherrer equation. The representative TEM
and HRTEM images of ZnO and Au are indicated in Fig. S4–
S6.† The mean size of ellipsoidal ZnO nanoparticles is esti-
mated to be ca. 65 nm. Most of the Au nanoparticles are
spherical and the particle size is distributed from 20 to 41 nm
with a mean particle size of 29.7 nm. The HRTEM images of
ZnO in Fig. S4b† and Au in Fig. S6† indicate good crystallinity
from the well-defined fringes at 0.249 nm from the ZnO (101)
plane and 0.241 nm from the Au (111) plane, which matches
well with the corresponding XRD results.

The ZnO film-based photodetector was then constructed by
depositing a pair of 10 nm/800 nm Ti/Au electrodes with a
channel length of 500 μm, as illustrated in Fig. 2a. The linear
current–voltage (I–V) curves on the four different devices in

Fig. 2b–d suggest good ohmic contact between ZnO films and
the Ti/Au electrodes. Fig. 2b shows the dark current of all
devices. The flat ZnO film is highly resistive under dark con-
ditions due to the low-conductivity depletion layer near the
surface governed by surface oxygen adsorption/desorption.
The P-ZnO shows a little higher dark current, compared with
the ZnO films, possibly due to the increased surface area. With
the deposition of Au nanoparticles (NPs), the dark currents for
both the ZnO–Au and P-ZnO–Au were found to decrease due to
the possible formation of a Schottky junction at the interface
of Au NPs and ZnO thin films.26 The work function of ZnO
(4.45 eV) is lower than that of the metal Au (5.1 eV). Under
thermal equilibrium, the electrons from the conduction band
of the ZnO layer move towards the Au NPs, resulting in the
downward band bending of energy levels, and hence forming a
space charge region (Schottky barrier) at the ZnO–Au inter-
face.27 The loss of electrons from the conduction band of the
ZnO results in a decrease of dark currents for the ZnO–Au and
P-ZnO–Au photodetectors. The P-ZnO–Au shows a little higher
dark current than the ZnO–Au due to the surface patterns.

Fig. 2c and d show the photocurrents of the above four
photodetectors under 254 and 365 nm light illuminations,
respectively. The significantly increased currents under both
254 and 365 nm UV illuminations indicate clearly a UV sensi-
tive photoconduction of all the ZnO based photodetector
devices. The photoresponse of the devices under 365 nm
irradiation is slightly lower than that under 254 nm. The
photoconductive mechanism of ZnO films under UV illumina-
tions generally includes the photogeneration of free carriers
and the electrical transport through the thin films.28 The gen-
erated electron–hole pairs under UV light result in reduction
in the depletion barrier thickness and an increase in the free
carrier concentration. With respect to the conventional flat
ZnO film, the photocurrent of P-ZnO films is found to be ∼14

Fig. 2 (a) Schematic illustration of ZnO film based photodetectors. I–V
curves of different devices under (b) dark conditions and (c) 254 nm and
(d) 365 nm illuminations.
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times as high as that for the flat ZnO films under 254 nm illu-
mination, attributing to the effective photon capturing pro-
perties of the 3D periodic nanocave patterns. Additionally, a
larger surface-to-volume ratio of the patterned films may
endow more carriers in three dimensions and in turn the
increased photocurrent.

The absorption spectra of all the samples were recorded to
understand the photodetection origin, as shown in Fig. S7.†
All the samples show the periodic peaks, due to the inter-
ference effects. The P-ZnO and P-ZnO–Au films show some
absorption enhancement at the interference peaks. However,
due to the very thin ZnO film thickness, the incident light
(even for the UV region) could not be absolutely absorbed by
the ZnO layer, which would be reflected back toward the inci-
dent space or absorbed by the Si substrate. The problem would
be more significant in the conventional nanowire photodetec-
tors without a light trapping strategy.29 As a result, the
obtained overall absorption spectra cannot reflect the real
absorbance of ZnO layers. In order to visualize the light captur-
ing properties of the 3D periodic structure, FDTD simulations
are then performed on both the flat and patterned ZnO films.
Fig. 3 presents the distributions of electric field (|E|2) under
254 and 365 nm illuminations. In the case of the flat ZnO
films (Fig. 3a1 and b1), interference fringes along the z direc-
tion are obviously observed due to the vertical light reflection.
Fig. 3a1 and b1 present the distributions of electric field (|E|2)
in planar films under 254 and 365 nm illuminations. Only
interference fringes along the z direction (normal direction)
are observed, which indicates that the electric field cannot be
effectively confined within the absorbing layer, and most of
the incident light passes through the oxide layer. In the case of
patterned ZnO films, the interference along the x direction,
due to the lattice scattering effect, is also identified in addition
to the interference along the z direction as observed in
Fig. 3a2 and b2. Usually, the constructive interference along
the x direction is called as the Bloch modes.30 Since the
periodicity of the ZnO pattern is much larger than the incident
wavelength, the number of interference fringes along the x
direction is quite big. It can be clearly seen that the incident
light is more strongly trapped in the periodical nanopatterned

ZnO films compared to the flat ZnO film because of the hybrid
interference. Moreover, the trapping of light under 254 nm
illumination (Fig. 3a2) is stronger than that under 365 nm
(Fig. 3b2), which could account for the variation of the photo-
conductive performance as illustrated in Fig. 2c and d.

For the ZnO–Au hybrid films, the photocurrents of ZnO–Au
and P-ZnO–Au are increased significantly when compared with
that of the ZnO films, which may be attributed to the driving
force of the Schottky barrier at the ZnO/Au interface. The local
Schottky contact points at the ZnO/Au interface improve the
surface band bending, leading to a stronger surface electric
field compared to the ZnO. Under UV illumination, photo-gen-
erated holes move to the surface through the built-up surface
electric field, leading to electron–hole spatial separation and
thus the decreased possibility for electron–hole recombina-
tion.31 More photogenerated electrons could be extracted to
the outer electrode on ZnO–Au hybrid devices, contributing to
an increase in the photocurrent under UV illumination. The
P-ZnO–Au shows the highest photocurrent with 26 times
enhancement compared to that of the flat ZnO films, which is
resulted from the co-contribution of the 3D patterned light
management structure and ZnO/Au interface.

The transient currents of the above four different photo-
detectors are also conducted under the bias voltage of 5 V
(Fig. 4a), which corresponds well with the I–V results. The
corresponding photocurrent (Ion) and photo-dark current ratio
(Ion/Ioff ) values are summarized in Fig. 4b. The Ion/Ioff values of
the ZnO–Au and P-ZnO–Au films are significantly higher than
that of the flat ZnO and P-ZnO films, respectively, originating
from the smaller dark currents and higher photocurrents
induced by the Schottky junction at the ZnO/Au interface, as
discussed above. The best response (Ion/Ioff value of 9478) is
observed on P-ZnO–Au films with 19 times enhancement than
that of the flat ZnO films.

Additionally, the flat ZnO films are found to possess the
longest response time (both rise time and decay time), due to
the slow electron–hole generation and recombination
mediated by deep defect levels. It takes 118 s to reach the
maximum current with a fall time (the duration that current
reduces down to 10% of the maximum value as UV light is
turned off ) of 215 s. A little quicker response was observed as
the surface film was patterned. It is expected that an increased
surface area of the ZnO film would increase the recovery time
due to the gas absorption. Abou Chaaya et al.32 found that the

Fig. 3 The electric field profiles in (a1, b1) flat ZnO films and (a2, b2)
surface-patterned nanocave ZnO films under (a1, a2) 254 nm and
(b1, b2) 365 nm irradiations.

Fig. 4 (a) The transient photoresponse. (b) The Ion and Ion/Ioff values of
all the devices under 254 nm irradiation. (c) Cycling test of P-ZnO–Au
devices under 254 nm irradiation and a bias voltage of 5 V.
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response time firstly increases and then decreases with the
increased surface area. Thus the response time of ZnO is
much complicated which is significantly influenced by a
number of factors such as the defect concentration, film thick-
ness, crystallographic orientation, grain size and processing
conditions, besides the surface area.32,33 The best response
speed was observed on the P-ZnO–Au device. The rise and fall
time are substantially decreased down to 24 and 15 s, respect-
ively, which may be related with the efficient electron–hole sep-
aration and collection, as discussed above. The 6000 s cycling
test was then conducted on the P-ZnO–Au film based photo-
detector to test the photostability. The photocurrent after the
6000 s test was found to be 89% of the original maximum
current. This decrease may be related to the well-known
instability of ZnO under UV illumination,32 which may be
further improved by optimizing the electrical properties and
the crystallinity of ZnO.34

The visible responses for the four photodetectors are con-
ducted under 450, 520, and 600 nm visible illuminations, as
shown in Fig. 5a–c. The photoresponses of the ZnO–Au-based
devices are obviously detected from 450 to 600 nm visible illu-
minations. The photocurrent and the Ion/Ioff values of the
photodetectors are summarized in Fig. 5d–e. The ZnO film
devices show a weak visible light photoresponse. It should be
noted that the generation of the photocurrent response at exci-
tation energy below the ZnO band gap (3.3 eV) could be attrib-
uted to the presence of structural defects such as anti-site
oxide, Zn vacancy and oxygen vacancy.35 The P-ZnO film shows
a little higher photocurrent compared with the ZnO films
benefiting from the superior light harvesting capability, as
indicated by the electric field profiles in Fig. 6a and b. With
the presence of Au NPs in the ZnO films (ZnO–Au and P-ZnO–
Au films), a significant photocurrent enhancement is disclosed
under visible illuminations. The P-ZnO–Au films possess the

highest photocurrent with 6 times enhancement compared
with that of the flat ZnO films under 520 nm irradiation. The
Ion/Ioff values of ZnO–Au and P-ZnO–Au films are found to be
significantly higher than the flat ZnO and P-ZnO films. It is
worth noting that the Ion/Ioff value of the P-ZnO–Au films is
smaller than that of ZnO–Au films and the best photoresponse
(Ion/Ioff value of 546 under 520 nm illumination) is observed
on the ZnO–Au films due to the higher dark value of P-ZnO–
Au films compared with the ZnO–Au films.

The mechanism of visible photoresponse for ZnO–Au
hybrid film devices is different from that under UV light. The
UV response of ZnO-based films mainly results from the direct
generation of electron–hole pairs in ZnO films, which,
however, contribute little under visible illumination. It is
reported that Au surface plasmons excited by incident radi-
ation can decay nonradiatively and generate energetic elec-
trons instead of re-emitting a photon, thus creating a
distribution of “hot electrons” well above the Fermi energy of
the metal.36 Hot electrons with energy above the Schottky
barrier at the metal–semiconductor interface are directly
injected into the conduction band of the ZnO.21 Further, the
Schottky barrier at the interface is also helpful to prevent them
from traveling back to the Au NPs. This plasmonic effect
results in generation of enhanced photocurrent at photon
energies below the band gap of the semiconductor and confers
widened optoelectronic features to the metal–semiconductor
hybrid device.

The absorption spectrum of the ZnO–Au sol was provided
to show the Au plasmonic effect in Fig. S8,† where a broad-
band absorption peak centered at 534 nm is clearly observed.
It means that the surface plasmon resonance could be excited
in this visible range that would contribute to the hot electron
injection process. The plasmonic effect could be further con-
trolled by tuning the Au properties, as discussed in the litera-
ture.37 In order to visualize the Au hot electron generation and
injection process, FDTD simulations are performed to calcu-
late electric field distribution across the ZnO–Au interface
under 520 nm, as shown in Fig. 6c. The simulation is simpli-
fied by an Au nanoparticle with a diameter of 30 nm
embedded in the ZnO film, according to the above XRD and
TEM results. The color index represents the magnitude of the
electric field intensity normalized with that of the light propa-
gating in free space. The electric field intensity of pristine ZnO
is very weak under 520 nm. By coupling the Au plasmonic
structure, high electric field intensity can be found at the
ZnO–Au interfaces, contributing to the hot electron generation

Fig. 5 I–V characteristics of four photodetectors under visible light illu-
minations: (a) 450 nm, (b) 520 nm, and (c) 600 nm. The (d) Ion and (e)
Ion/Ioff of four different photodetectors as a function of wavelength in
the visible region.

Fig. 6 The electric field profiles of (a) ZnO films, (b) P-ZnO films and (c)
ZnO–Au films under 520 nm illumination.
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and injection process. These results indicate that the incorpor-
ation of Au nanoparticles is responsible for the extended
visible response of ZnO–Au photodetectors.

Conclusions

In conclusion, we have constructed periodic 3D nanocave ZnO
films by a cost-effective thermal nanoimprinting process for
photodetector application. The 3D patterns delivered
enhanced UV response, thanks to their efficient light trapping
properties. The Au nanoparticles are further introduced into
the ZnO film, which is found to boost the UV responsivity and
extend the photodetection to the visible light region. The 3D
nanocave ZnO–Au hybrid films show the best photoresponse
and the fastest response time under UV regions, attributing to
the enhanced light trapping capability and the driving force of
the Schottky junction at the ZnO/Au interface. The visible spec-
tral photoresponse of ZnO–Au hybrid films mainly results
from the hot electron generation and injection process over
the Schottky junctions mediated by Au surface plasmons. We
believe that the direct nanoimprinting process and hybrid
semiconductor/metal system with large scale integration capa-
bility and tunable properties presented in this work have an
important impact on a variety of optoelectronic devices, such
as photodetectors, solar cells and light emitting devices.
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