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ABSTRACT: We proposed and demonstrated Ag nanoparticles
(NPs)-decorated ZnO photodetectors for UV light sensing. After
decoration of their surface with random Ag NPs, the dark current
density of ZnO UV photodetectors decreases obviously. Moreover,
the device exhibits an obvious increase in peak responsivity at around
380 nm, which can be attributed to the narrow-band quadrupole
plasmon resonance of Ag NPs in the UV range. Meanwhile, the
responsivity at the other wavelengths decreases a lot. As a result, the
response peak becomes more significant, and the response of the
devices presents an excellent wavelength selectivity after covering with
Ag NPs. The detailed mechanism for this phenomenon was explained.
We believe that our findings would open a way to harness the high-
order plasmon modes in the field of UV optoelectronic devices.
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1. INTRODUCTION

The UV-detection technique has a wide application in both
military and civilian fields, such as plume sensing, space
exploration, environmental monitoring, flame detection, etc.1,2

The core of the UV-detection technique is the high-
performance UV detector. In recent years, wide-bandgap
semiconductor UV photodetectors have received more and
more attention due to their intrinsic visible blindness, high
radiation hardness, lack of need for any filters or refrigeration,
and so on.3−5 Thus, they are expected to replace the traditional
vacuum photomultiplier tubes and Si photomultipliers,
becoming a new generation of UV photodetectors.6−10

Among the wide-bandgap semiconductors, ZnO-based materi-
als have relatively lower defect density, higher saturated carrier
drift rate, and stronger radiation hardness.11−13 Moreover, by
alloying ZnO with MgO to form ternary ZnMgO, the band gap
can be tuned from 3.37 to 7.8 eV at room temperature.14−16

Therefore, ZnO-based semiconductors are regarded as one of
the most ideal materials to prepare the solar-blind and visible-
blind UV photodetectors.17−22 However, owing to the
immaturity of p-type doping and other related technology,
the performance of ZnO-based UV photodetectors is still lower
than expected. For the fabrication of high-performance ZnO-
based UV photodetectors, a common and effective method is
improving the materials quality and optimizing the device
technology, but this is usually a long-term process. Alter-
natively, combining with other effects or methods to improve

the performance of existing devices should be a more-efficient
and feasible option. Plasma-enhanced semiconductor photo-
detector is one of the most typical representatives,23−25 and
surface plasmon resonance (SPR) from the metallic nanostruc-
tures can effectively improve the performance of photo-
detectors.26−34 According to the previous reports, the key
factor for SPR enhancement is the energy match between SPR
and detection wavelength.24,25 The dipole resonance, as the
most easily realized mode among the SPR modes, is usually
demonstrated in the visible and near-infrared spectral regions
for most metals,25,35 and thus, the previous performance
enhancements were primarily observed in these wavelength
ranges.28,29 Therefore, for the realization of the plasmon-
enhanced UV photodetectors, the first thing is to solve the
energy mismatching problem, namely extending the plasmon
resonance frequency into UV region. Reducing the size of
metallic nanostructures could realize a blue-shift of dipole
resonance frequency,36,37 but it is limited by the nano-
fabrication techniques, and the smaller-size nanostructures
usually have larger ratio of absorption to scattering, which is not
conducive to improving the performance of the photo-
detectors.37 Compared to the traditional dipole plasmon
resonance, high-order plasmon modes are often excited in the
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shorter-wavelength regime, which is expected to be used to
improve the UV-detection performance. However, multipoles
are usually difficult to be realized, and the related research is
very little. Recently, our group found that a narrow-band
hybridized quadrupole resonance can be demonstrated in the
UV range in random Ag nanoclusters.38−40 More interestingly,
this quadrupole resonance could strongly couple with the near-
band-edge (NBE) excitons of ZnMgO, resulting in a giant UV-
emission enhancement.39,40 Nevertheless, no information can
be found about the effect of high-order plasmon resonances on
the UV-detection performance until now.
In this paper, we report a performance enhancement of ZnO

UV photodetectors by the random Ag nanoparticles (NPs).
After decoration of their surface with Ag NPs, the dark current
density of ZnO UV photodetectors decreases obviously. More
interestingly, the response spectrum shows an obvious change:
the peak responsivity at around 380 nm increases, while the
responsivity at the other wavelength regions decreases. The
highly wavelength-selective UV response enhancement for ZnO
photodetectors can be attributed to the narrow-band quadru-
pole resonance in Ag NPs. To the best of our knowledge, this
device is the first plasmon-enhanced photodetector, determined
based on high-order plasmon resonance.

2. EXPERIMENTAL SECTION
ZnO films were deposited on c-face sapphire substrate by plasma-
assisted molecular beam epitaxy (P-MBE). Prior to growth, the
substrates were treated by N2 at 950 °C for 60 min to remove possible
absorbed contaminants. 6N-purity zinc held in thermal Knudsen cells
and 5N-purity O2 activated in a radio frequency (RF) plasma source
were employed as precursors. A thin ZnO buffer layer was deposited at
550 °C. Subsequently, the substrate temperature was increased to 850
°C to stabilize the buffer layer. Then, high-quality ZnO films were
grown with the substrate temperature of 750 °C and the pressure in
the chamber of 10−5 Pa. The Zn source temperature was fixed at 500
°C and the RF source power was kept at 250 W. After that, Ag
(99.99%) was deposited on the surface of ZnO film by a radio
frequency magnetron sputtering technique at room temperature,
which was subsequently annealed in N2 atmosphere at 450 °C for 20
min to form Ag NPs. The N2 flow rate was fixed at 200 mL/min. The
surface morphology of the samples was measured by scanning electron
microscope (SEM) (HITACHI S-4800). The structural properties
were investigated by D/max-RA X-ray diffraction (XRD) (Rigaku)
with Cu Kα as the radiation source (λ = 0.154 nm). The extinction,
transmission, and absorption spectra were recorded by a UV-3101PC
scanning spectrophotometer. Photoluminescence (PL) spectra of the
samples were measured at room temperature using an integrating
sphere excited by a continuous-wave He−Cd laser (325 nm).
Au (∼30 nm thick) electrodes were deposited to realize Ag

plasmon-enhanced ZnO metal−semiconductor-metal (MSM) UV
photodetectors by a sputtering method at room temperature. The
schematic device structure is shown in Figure 1a. A pair of electrodes
with the distance of 2 mm were realized by photolithography and lift-
off technique. A device with the same structure based on 450 °C
annealed bare ZnO film was used as control sample. The current
density−voltage (J−V) properties and spectral responses of the
fabricated devices were measured using a semiconductor parameter
analyzer (Keithely 2200) and 200 W UV-enhanced Xe lamp with a
monochromator, respectively.

3. RESULTS AND DISCUSSION
Figure 1b shows the XRD pattern of the ZnO films with and
without Ag NPs. The peak observed at 41.66° for the Cu Kα1
line corresponds to (0006) Al2O3 peak from the substrate.
Besides the substrate diffraction peak, the peak located at
34.44° for the Cu Kα1 line can be assigned to the (0002)

orientation of wurtzite ZnO. The narrow peak indicates very
good crystalline quality of ZnO. After covering with Ag NPs, a
new weak peak appeared at 38.1°, which can be attributed to
(111) diffraction plane of face-centered cubic structured Ag.41

Figure 1c shows the transmission and absorption spectra of the
ZnO film on sapphire substrate. It is clear that the sample has
more than 90% average transmission in the visible region and
has a very sharp absorption edge at ∼370 nm. A pronounced
exciton peak can be clearly observed near the absorption edge,
suggesting a high crystalline quality of ZnO.42,43

Figures 2a,b shows the SEM images of the surface
morphology of ZnO film with and without Ag NPs,
respectively. It is obvious that ZnO films have rough surface
with nanonetwork structures. Moreover, Ag NPs show obvious
sphere-like shape with the diameter of 150−350 nm and the
average interspace of 500−800 nm. Figure 3 presents the
experimental extinction spectra of ZnO films with and without
Ag NPs. It can be found that an obvious increase of ZnO
exciton absorption peak in the UV range and the emergence of
a broad visible extinction band are realized by covering with Ag
NPs. To understand this phenomenon, the finite difference

Figure 1. (a) Schematic structure of the ZnO-based UV photo-
detector. (b) XRD patterns of ZnO films with and without Ag NPs.
(c) Transmission and absorption spectra of the ZnO film.
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time-domain (FDTD) simulations were carried out. The
simulated extinction spectrum of the isolated Ag nanosphere
with the diameter of 200 nm on ZnO film is also shown in
Figure 3. A relatively narrow quadrupole plasmon resonance
peak and a broad dipole plasmon resonance band can be clearly
observed at UV and visible regions, respectively. Moreover,
with increasing the diameter of Ag NPs from 150 to 300 nm, a
strong blue shift of the dipolar resonance and a weak blue shift
of the quadrupole resonance can be observed (see Figure S1).
The experiment shows a comparatively good agreement with
the simulated spectrum, and a slight peak shift may be induced
by the roughness of the ZnO top surface and the random
nature of Ag NPs. Additionally, Ag NPs on sapphire with the
similar morphology to that on ZnO film also present both
quadrupole and dipole resonances, as shown in Figure S2.
Therefore, an obvious increase of ZnO exciton absorption peak
in the UV range and the emergence of a broad visible extinction
band for Ag-decorated ZnO film can be attributed to the
quadrupole and dipole resonances of Ag NPs, respectively.
To further investigate the optical properties of the samples,

PL measurements were carried out on ZnO and ZnO (Ag)
films at room temperature as shown in Figure 4. The inset is
the schematic arrangement of the PL measurement config-
uration. The strong narrow PL peak at around 382 nm
corresponds to the NBE emission of the ZnO film, and a small
emission shoulder at its shorter wavelength side may come
from the nanonetwork structured surface of ZnO due to the
quantum confinement effect. In addition, nearly no visible
emission can be observed. Interestingly, ZnO (Ag) shows an

obvious intensity enhancement for UV emission, which is in
good agreement with our previous reports.39,40 A strong
coupling between ZnO NBE UV emission and Ag quadrupole
resonance should be responsible for this enhancement due to
their excellent energy match (see Figure 5). Notablely, in this

case, the sample was excited from the metal side (see the inset
of Figure 4); thus, the energy loss of incident light should be
significant due to the shading effect of Ag. As a result, after
covering with Ag NPs, the number of photons absorbed by
ZnO should be significantly decreased, resulting in a decrease in
the number of photogenerated carriers. Thus, the shading effect
of Ag NPs would decrease the UV emission intensity of ZnO.
In theory, the UV emission of ZnO (Ag) should get stronger
without shading effect.
Based on the above-mentioned ZnO films with and without

Ag NPs, a serious MSM UV photodetectors have been
demonstrated. To explore the effect of Ag NPs on the
performance of ZnO photodetectors, the measurements of J−V
curves and response spectra have been carried out on the
devices based on ZnO films with and without Ag NPs. Figure.
6a shows the J−V characteristics of the devices, both in the dark
and under UV-light irradiation (380 nm). The linearity of the
J−V curves in the dark indicates that the contact between the
ZnO film and Au electrode is an ohmic contact. Additionally, it
can be found that the dark current density decreases from 60 to
38 mA/cm2 at 5 V after covering with Ag NPs. This
phenomenon can be attributed to the localized Schottky
junction between ZnO and Ag.44 As is well-known, the work
function of Ag is 4.26 eV, and the electron affinity of ZnO is 4.2

Figure 2. SEM images of the surface morphology of (a) bare ZnO film
and (b) Ag-modified ZnO film.

Figure 3. Experimental extinction spectra of bare ZnO film and Ag-
decorated ZnO film and simulated extinction spectra of the isolated Ag
nanosphere with the diameter of 200 nm on the surface of ZnO film.

Figure 4. Room-temperature PL spectra of the ZnO film with and
without Ag NPs. The inset is the excitation and collection
configuration.

Figure 5. Schematic diagram for carrier generation and recombination
of ZnO films with Ag NPs. The transition from the conduction band
(CB) to the valence band (VB) for the UV emission is illustrated. The
energy loss of laser-induced by shading effect of Ag NPs and the
coupling between UV-light emission from ZnO and Ag quadrupole
plasmon resonance are shown.
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eV.45 When Ag metal contacts with ZnO, a localized Schottky
junction can be formed at the interface, depleting the carriers
near the surface of ZnO. The formation of this depletion region
should be the main reason for the decrease in the dark current.
Interestingly, when exposed to 380 nm UV irradiation, both
devices show apparent photoresponse. However, the current
increase of the ZnO film coated with Ag NPs is larger than that
of bare ZnO film.
The spectral response of the device was measured using a

200 W Xe lamp, monochromator, chopper, and lock-in
amplifier. Figure 6b shows the response spectra of the ZnO
UV photodetectors with and without Ag NPs under 15 V bias.
The −3 dB cutoff edge is around 385 nm for both devices,
which is in good accordance with the result of UV−visible

transmission and absorption spectra of ZnO in Figure 1c.
Notablely, the sharp peak appear at a wavelength of ∼380 nm,
indicating that the excitons generated in the ZnO film
contribute to the photocurrent through the dissociation of
the excitons. The dissociation of excitons should be induced by
the strong electric field between two electrodes. More
interestingly, after covering with Ag NPs, the intensity of the
response peak increases obviously from 2.16 to 2.86 A/W,
while the responsivity at the other wavelengths decreases a lot.
As a result, the response peak becomes more significant with a
spectral width of Δλ = 10 nm (full width at half-maximum,
fwhm) after covering by Ag NPs, and the response of the
devices present excellent wavelength selectivity. These
phenomena can be explained as follow. Considering a large
energy match between the excitonic absorption peak of ZnO
and the quadrupole plasmon resonance peak of Ag NPs, it can
be concluded that the increase of the peak photoresponsivity
for the Ag-decorated device should be attributed to the strong
incident light scattering. As for the wavelength range shorter
than 370 nm, the shading effect of Ag NPs results in a decrease
in the light absorption of ZnO, thus reducing the responsivity.
Additionally, the responsivity of two devices decreased sharply
with an increase in the wavelength from 380 to 390 nm and
reached the instrumental limit (∼0.002 A/W) at a wavelength
of 460 nm. The UV−visible rejection, defined as the ratio
between the peak responsivity and responsivity at 500 nm, is as
large as 103. It is worth mentioning that the fabrication and the
performance of the device with and without Ag present
excellent reproducibility (see Table S1).
Response speed and repeatability are important factors when

determining the alerting ability of a photodetector. We
investigated time-dependent photocurrent with the 380 nm
light switched on and off for the ZnO UV photodetectors with
and without Ag NPs under 30 V bias, as shown in Figure 6c.
The on−off switching properties of the device is shown under
light illumination with a 380 nm wavelength; with both on and
off time set at 500 s, it can be seen that both devices exhibit
good on−off switching performance with high stability and
reproducibility. The response time (raise time) was defined as
the time to reach 90% of the maximum photocurrent after
switching on the light, and the recovery time (decay time) was
extracted from the time to reach 10% of the photocurrent after
switching off the light. The raise time and decay time of the
ZnO UV photodetector were estimated to be ∼15 and ∼330 s,
respectively. After covering with Ag NPs, no obvious change in
response speed can be observed. The performance parameters
of the ZnO UV photodetectors of present and previous works
are summarized in Table 1. The response speed of our devices
is slower than that of previous reported devices,46,47 which
should be associated with the slow O2 adsorption and

Figure 6. (a) J−V characteristics in dark condition and (b) response
spectra of the ZnO UV photodetectors with and without Ag NPs
under 15 V bias. (c) Time-dependent photocurrent with periodic
switching of UV illumination (380 nm) measured at 30 V bias.

Table 1. Summary of Key Parameters of ZnO-Based UV Photodetectors Reported in the Past 3 Years

device dark current (density) peak responsivity fwhm of response peak (nm) raise time/decay time (s) ref

ZnO−Si heterojunction 4 μA @−10 V 0.38 A/W @360 nm − 11/14 46
ZnO NW ∼250 μA @5 V ∼6 A/W − 9.5/38 47
ZnO film 2.75 μA @15 V 67.8 mA/W − − 49
ZnO NP networks <5 nA @5 V ∼13 A/W @370 nm ∼70 ∼250/∼150 50
Au−ZnO NRs heterojunction ∼50 nA @−3 V 5.65 mA/W @365 nm ∼160 − 51
CuSCN−ZnO NRs heterojunction ∼5 nA @−3 V 22.5 mA/W @365 nm ∼50 − 51
ZnO film 60 mA/cm2 @5 V 2.16 A/W @380 nm − ∼15/∼330 this work
ZnO film with Ag NPs 38 mA/cm2 @5 V 2.86 A/W @380 nm ∼10 ∼15/∼330 this work
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desorption processes on the nanonetwork structured surface of
ZnO film.44,48 Additionally, the fwhm of the response peak for
Ag NPs-decorated device is only around 10 nm, which is much
narrower than that of other ZnO photodetectors.50,51

4. CONCLUSIONS
In this paper, Ag-NPs-coated ZnO photodetectors have been
demonstrated by MBE with excellent wavelength selectivity.
After covering with Ag NPs, the dark current density of ZnO
UV detector decreases from 60 to 38 mA/cm2, which can be
attributed to the localized Schottky junction between ZnO film
and Ag NPs. More interestingly, the intensity of the response
peak at around 380 nm increases obviously, while the
responsivity at the other wavelengths decreases a lot. The
extinction and PL spectra indicated that the strong incident
light scattering due to the quadrupole plasmon resonance of Ag
NPs should be responsible for the peak responsivity enhance-
ment. As for the suppression of the response at the other
wavelengths, it should be associated with the shading effect and
the surface defect passivation of Ag NPs. Consequently, for the
first time, the UV responsivity was selectively improved by
high-order plasmon mode in this work, and the fwhm of
response peak for Ag NPs-decorated device is as narrow as
around 10 nm. In addition, the raise time and decay time of the
ZnO UV photodetector were estimated to be ∼15 and ∼330 s,
respectively. Our results could provide a promising way to
develop high-performance UV photodetectors with high
spectral selectivity.
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