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ancement in ZnO nanowire based
double Schottky-barrier photodetector by applying
optimized Ag nanoparticles†

Xin Zhao,ab Fei Wang,*a Linlin Shi,ab Yunpeng Wang,a Haifeng Zhaoa

and Dongxu Zhao*a

In this work, a UV photodetector made of a ZnO nanowire with double Schottky Barrier (SB) contacts was

fabricated by an electric field guided assembly process. Then the Ag-nanowire composite in the device was

achieved through an RF metal sputtering method. Under 5 V bias, the values of responsivity and

photoconduction gain of the final device could reach up to 4.91 � 106 A W�1 and 1.67 � 107,

respectively. Surprisingly, the device covered with optimized Ag nanoparticles still presented its spectrum

selectivity in the visible-blind band. The nonlinear behavior at small bias was governed by the reversely

biased SB contacts. After introducing Ag nanoparticles, the localized surface plasmon resonance (LSPR)

induced absorption could account for the enhanced performance. In addition, the increased dark

current was attributed to the involuntary introduction of localized gating effect near the contacts.
Introduction

Nowadays, ultraviolet (UV) photodetectors of different materials
and mechanisms are widely used in various applications such
as ame detection, environmental monitoring, chemical
sensing, optical communication and so on.1 In order to improve
both the sensitivity and integration level, nanoscale semi-
conductors were later synthesized and used to fabricate UV
photodetectors.2,3 ZnO nanostructures, which have attracted
much attention due to their excellent properties such as large
bandgap energy of 3.37 eV and exciton binding energy of 60
meV at room temperature,4 are the ideal materials in con-
structing light-emitting diodes, optically pumped lasers and
light radiation sensors in the UV band.5 Since the rst report of
a ZnO nanowire based optical switch was presented by Kind
et al.,6 a large number of works had been reported for improving
both the sensitivity and reset time. For example, Zhou et al.
reported that the UV sensitivity of nanosensor was improved by
four orders of magnitude and the reset time was reduced from
several hundreds of seconds to about 0.8 s by utilizing Schottky
contact.7 Meanwhile, it had emerged out that nano-
photodetectors combined with metal particles could induce
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plasmonics enhancement in the device. From the report by
Muhlschlegel et al. in 2005, a nanometer-scale gold dipole
antenna was fabricated to resonate at optical frequencies.8 It
opened up the era of linking propagating radiation and
enhanced optical elds together, which meant metallic nano-
particles could be settled as sub-wavelength antennas to couple
more light radiation into semiconductors through plasmonic
near-eld mode.9 Gogurla et al. had proved that the photo-
response of Au–ZnO nanocomposites can be effectively
enhanced by 80 times, and the sensing response of Au–ZnO
nanocomposites were enhanced both in UV and visible region.10

However, the observed sensitivity was higher in the visible band
because of the localized surface plasmon resonance (LSPR)
effect of Au NPs, which resulted in a poor spectrum selection for
the UV photodetector. A similar report of carbon nanotube
(CNT) photodetectors enhancement was reported by Zhou et al.
that the photocurrent enhancement of more than 3 times was
achieved by the strong local plasmonic resonance of Au nano-
particles with a peak around 631 nm.11 So the UV photodetector
with higher performance and spectrum selectivity is needed to
be investigated further.

In this work, Ag nanoparticles covered ZnO nanowire
photodetectors with double SB contacts were fabricated by
electric eld guided assembly and simple metal sputtering
methods to avoid the disadvantages mentioned above. Based on
previous report by Jiang et al., there are two resonances peaks at
around 350 and 500 nm for Ag nanoparticles, which are the
quadrupole and dipole modes, respectively.12 Therefore, we
chose Ag nanoparticles as the nanoantennas working in local
electric eld coupling mode rather than scattering and wave-
guidemanner. The device assembled by the decorated nanowire
This journal is © The Royal Society of Chemistry 2016
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exhibits improved photocurrent of 178.15 mA under relatively
weak UV illumination of 1.67 mW cm�2 at 365 nm. That means
the responsivity and photoconduction gain could reach the
values of 4.91 � 106 A W�1 and 1.67 � 107, respectively.
Experiment

In our ZnO nanowire synthesis process, the growth mechanism
was governed by the VLS–VS hybrid growth mode.13–15 This
process of synthesizing ZnO nanowires took place in the hori-
zontal CVD furnace tube. Briey, the alumina boat that con-
tained the mixture of ZnO and graphite powder, together with
the substrate, were transferred into the heating zone. The Ar gas
ow was maintained at 200 sccm for about 10 min, then turned
to 100 sccm. At this point, the temperature was raised to 925 �C
at a rate of 50 �C min�1. Aer about 40 min of reaction, the
furnace was cooled to room temperature. The dark gray or white
product could be observed on the substrate.

Electric eld guided assembly of ZnO nanowire is the most
feasible and lowcost way to accomplish the device containing
only one or a few nanowires compared to other assembly
methods in sub-micro scale.16–19 Fig. 1 shows the schematic
illustration of electric eld assisted assembly facility. Several
counter electrode patterns on glass with 5 mm gaps and 10 mm
widths were made by conventional lithography technique. The
assembled device is presented in the inset image of Fig. 1.
Different sized Ag nanoparticles attached to the surface of the
conducting channel mentioned in this paper were deposited
by plasma sputtering coating machine, and each type of the Ag
nanoparticles was synthetically regulated by the particular
sputtering time. The detailed synthesis and construction
steps along with the extra experiments to check the structure
quality and chemical composition of the synthesized ZnO
nanowire and ZnO–Ag heterostructure were presented in the
ESI† part.

Aer growth, the synthesized ZnO nanowires were examined
for its morphology and growth quality via scanning electron
microscopy (SEM) HITACHI-S4800. Photoluminescence (PL)
Fig. 1 Schematic view of electric field assisted assembly for ZnO
nanowire photodetector. The inset shows the SEM image of the
fabricated device.

This journal is © The Royal Society of Chemistry 2016
character of the nanowire was also investigated by using
a 325 nm He–Cd laser illumination system of JY-630 micro-
Raman spectrometer. A 365 nm GaN LED combined with DC
voltage supplier and an adjustable holder were served as UV
lighting source, and its light density could be easily controlled
through applying proper voltages. The electrical properties
including current–voltage (I–V) characteristics and time
dependent photocurrent were measured by using the HP1500A
Semiconductor Device Analyzer at room temperature. The
spectral responsivity was obtained by a home-built phase-lock
amplier based measurement system with a 150 W xenon arc
lamp light source.

Results and discussion

The SEM images of ZnO nanowires synthesized on the Si
substrate are shown in Fig. 2. Fig. 2a shows the synthesized
nanowire array, and it is clear that the nanowires possess sharp
edges and uniform morphology. These well aligned nanowires
grow along the [0001] direction, which reveals that the c-axis is
the preferred growth direction for a ZnO nanowire.20–22 Fig. 2b is
the enlarged picture of a single nanowire. The length of the
product is in the scale of several tens of micrometers with
Fig. 2 SEM images of the synthesized ZnO nanowires. (a) Cross-
sectional SEM image of the nanowires, (b) close view of the nanowire.
The inset of (b) shows the PL spectra of the ZnO nanowire array at
room temperature.

RSC Adv., 2016, 6, 4634–4639 | 4635
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relatively uniform diameter at about 70 nm. For a further
examination to the quality of the ZnO nanowire, room-
temperature PL spectrum measurement was taken under
a 325 nm He–Cd laser illuminating system. The inset in Fig. 2b
is the PL spectra obtained from the synthesized nanowire.
Under the exciting of the incident photons, strong near band-
edge UV emission with peak position at 378 nm is observed
and little deep-level emission appears. The UV emission peak
has a full width at half-maximum (FWHM) of 10.8 nm. At low
excitation power, this narrow FWHM value and low ratio
between UV and visible light intensity in the PL spectrum are
the indexes of high quality ZnO nanowires.

Ag nanoparticles with average diameter of 10 nm were
uniformly dispersed on a ZnO nanowire surface, as shown in
Fig. 3a. Each island like Ag nanoparticle has outstanding
hemisphere prole, which is separated by about 10 nm gap. In
the scattering experiment, it is apparent that the scattering
efficiency for the island like nanoparticles increases while the
particle size extending to the range of about 150 nm.23,24 But the
short coming is obvious that the over broaden absorption
spectrum located in the longer wavelength band and the red
shi of plasmonic resonance peaks would both appear as the
Fig. 3 Ag nanoparticles on the surface of a ZnO nanowire. (a) Close
view of the Ag nanoparticles with 10 nm diameter on the nanowire
surface. (b) UV-vis absorption spectra of Ag nanoparticles with three
typical sizes.

4636 | RSC Adv., 2016, 6, 4634–4639
particle size growing, which is not welcome in the UV spectrum
photodetector design.25 Also, over extended Ag nanoparticles
could lead to a larger dark current in our device structure. So it
is possible to utilize the smaller ones to construct the UV sensor
to couple most of the total light into the semiconductor because
of the enhanced local surface plasmonic electromagnetic eld.26

Fig. 3b shows the optical absorption spectra of Ag nanoparticles
in three sizes (10 nm, 20 nm and 30 nm), which presents a red
shi in the plasmonic resonance band when increasing the
particle size. There are two absorption peaks through the UV-vis
band, one in UV band and the other in visible band. The peaks
at 356 nm and 427 nm on the absorption curve of the smallest
one are associated with the quadrupole and dipole plasmonic
resonance band of Ag nanoparticles in atmosphere environ-
ment.26,27 Generally, the particles here work like little antennas
to receive the incident light power and couple the energy of local
plasma resonance eld into the semiconductor via near-eld
plasmonic wave, especially when the wavelength of the inci-
dent light locates nearby the peak position of the plasmonic
resonance spectrum of Ag nanoparticles.

The schematic image of the device is shown in Fig. 4a. The
M–S–M photodetector with serial connected two back-to-back
Schottky barriers (SB) in both contact areas has formed in the
structure. All the experiments were carried out in air atmo-
sphere at room temperature under the UV LED illumination
system with xed power density (l ¼ 365 nm, power density ¼
1.67 mW cm�2). The I–V characteristics of the devices with and
without Ag nanoparticles are presented in Fig. 4b. At 5 V bias
condition, the photocurrent Iph of the decorated device is up to
178.15 mA. The enlarged I–V curves for the two types of devices
in the dark are presented in Fig. 4c and d. The nonlinear
behavior of the device measured in the dark indicates that the
SBs with different SB heights exist in the contact regions of both
sides. Our device is more likely two Schottky diodes connected
back to back in serial manner instead of forming a single one.22

When the device was exposed to the UV source at power density
of 1.67 mW cm�2, the photocurrent Iph dramatically increases
from 2.92 nA to about 130 mA. The ratio of photocurrent to dark
current for untreated ZnO nanowire is about 4.45 � 104. The
responsivity R of a photodetector is dened as the photocurrent
value Iph that generated by per unit incident optical power,
which is in expression of R¼ Iph/Popt, where I¼ Ilight � Idark, Popt
is the incident light power covering the nanowire surface.
Furthermore, photoconduction current gain G can be expressed
as the ratio of the number of collected electrons to the number
of absorbed photons in unit time,28 which is dened as

G ¼ Iph
�
q

Popt

�
hn

¼ R

q=hn
(1)

where q is the elementary charge, n is the frequency of the
incident photon and R is the responsivity. For the untreated
nanowire device, R and G are estimated to be 3.717 � 106 A W�1

and 1.263 � 107, respectively. As for the detector with Ag
nanoparticles, its dark current and photoresponse behaviors
under UV illumination are quite different from previous
reports.29,30 The dark current at 5 V bias voltage is enlarged to
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a) Schematic image of the complete devicewith double SB contacts. (b) I–V curves of the devicesmade of bare and decorated nanowires
both in dark and under 365 nm UV illumination. (c) and (d) Enlarged images from (b) show the nonlinear behaviors of the devices with bare and
decorated nanowires in the dark.
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about 5.83 mA. Meanwhile, the photocurrent has increased to
178.15 mA as well. The values of R and G here are about 4.91 �
106 A W�1 and 1.67 � 107. The improvement of R and G by 32%
over the untreated nanowire photodetector has been achieved.
It is clear that the interaction between ZnO material and inci-
dent light was enhanced in the manner of applying Ag nano-
particles as the light harvesting antennas.

Fig. 5a shows the response behaviors of the devices with and
without the Ag nanoparticles at bias of 5 V. The time-resolved
photocurrents contain three UV on/off cycles, in which the
turn-on time and turn-off time are 30 s and 180 s each. The
rising time of the current is dened as the time spending in
reaching 90% of the peak value from 10% of it, while the decay
time is vice versa. With our carefully examination, the rising
time and decay time of the device without Ag nanoparticles are
11.7 s and 28 s, respectively. When referring to the device with
Ag nanoparticles, the on/off cycles possess the raising time of
6.3 s and decay time of 26.3 s. The existence of Ag nanoparticles
on the surface of ZnO nanowire may contribute to the shorter
photoresponse time. It seems that the built-in electric-eld
along the radial direction in the device with Ag nanoparticles
could sufficiently suppress the recombination of photo-
generated electron–hole pairs under UV light and then the
saturated current could be reached in a shorter time.31 Once the
UV was turned off, the photocurrent decay was governed by the
SB altering mechanism that the current recovered to the
This journal is © The Royal Society of Chemistry 2016
minimum once the O2 molecules had absorbed near the contact
region.6,35 The spectral responsivity of the two types is presented
in Fig. 5b. When the incident light has the energy higher than
the band gap of ZnO nanowire, which is about 3.37 eV (368 nm),
both detectors show a broad spectral response in visible-blind
band and their cut-off edges are located at 380 nm. The iden-
tical response behavior of the both types prove that the
adherent Ag nanoparticles haven't changed the intrinsically
visible-blind property of the photodetector.

For the device composited of Au electrodes and ZnO nano-
wire, it is expected that Schottky barriers could form at the
contact regions because of their work functions at 5.3 eV and 4.1
eV each. The height of the SB (fSB) at the interface is largely
determined by the work function difference between metal and
ZnO nanowire surface states induced by chemical absorption of
O2.28,32 We choose thermionic emission diffusion theory to
depict the current passing through the barrier at reverse bias
when the reverse current isn't negligible in nanoscale device as
follows:27

JTED ¼ A**T2 exp

�
� qfSB

kT

��
exp

�
qV

kT

�
� 1

�
(2)

where A** is the effective Richardson constant, k is Boltzmann
constant, T is the environmental temperature, q is the elemental
charge and V is the applied bias voltage. The width of the
depletion layer (WD) between the two materials is:
RSC Adv., 2016, 6, 4634–4639 | 4637
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Fig. 5 (a) Time dependence of the photocurrent undermultiple on/off
cycles. (b) Spectral responsivity of the devices with two types of
conducting channels at 5 V bias.

Fig. 6 (a) Bare ZnO nanowire as the conducting channel, few elec-
trons could tunnel through the SB area. (b) Nanowire decorated with
Ag nanoparticles leads to an enhanced tunneling current. (c) Sche-
matic energy band model of the devices account for the enhanced
current both in dark and under UV source.
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WD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
23S

qND

�
fbi �V� kT

q

�s
(3)

where

fbi ¼ fSB � �
Ec � Ef

	
(4)

3S is the dielectric constant, ND is the donor concentration near
the depletion layer and fbi is the built-in potential for metal–
semiconductor interface. Deduced from the above equations,
the reverse current at certain voltage is sensitive to the SB height
and the relative depletion layer width. From previous reports,
the local gate near the higher barrier contact have stronger
inuence on the current transport.33,34 It means that the light
induced electron–hole pairs, adsorbed molecules and applied
electrical eld at the SB contact area can enormously generate
a detectable current change separately. The device working in
this dominant manner is called the Schottky-gated nanosensor,
as introduced before.32

In the dark, oxygen molecules are chemically absorbed on
the ZnO nanowire surface by capturing the free electrons in the
n-type semiconductor nanowire [O2 (g) + e� / O2

� (ad)]. As
a result, a high resistive depletion layer is formed on and
4638 | RSC Adv., 2016, 6, 4634–4639
beneath the surface of nanowire in several tens of nanometers
scale.35 As shown in Fig. 6a, the area of relative high concen-
tration of positive ions presented by the dashed blue line is the
depletion layer of the untreated device in dark. Under UV illu-
mination, electron–hole pairs are generated in the body of
nanowire [hn / e� + h+]. Holes generated in the surface
depletion layer near SB zone would probably be attracted by the
O2

� to migrate to the low electronic potential region along the
built-in electric eld and discharge the negative charges [h+ +
O2

� / O2 (g)]. The desorption of O2 and some holes at the
interface under dynamic equilibrium lower the height of SB
according to the eqn (3). The thinner depletion layer is shown in
the red solid line area.

When referring to the nanowire photodetector with Ag
nanoparticles, the depletion layer under the nanowire surface
has an asymmetry distribution in the radial direction. The
phenomenon is shown in Fig. 6b. In the dark, the built-in SB
between Au electrode and ZnO nanowire is formed as soon as
the device was fabricated. Once Ag nanoparticles were depos-
ited on the ZnO nanowire, the electric eld strength and asso-
ciated ions distribution would be rearranged because of the
differences in electronegativity of the two metal materials. Free
electrons of Ag nanoparticles were transported into the deple-
tion layer, which could account for the decrease of positive ionic
This journal is © The Royal Society of Chemistry 2016
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site. Also, some of them could possibly tunnel into the Au
electrode as thermion to lower the SB height. The SB region, as
a result, would shrink to a thin layer. The formed thin depletion
layer with asymmetric distribution is presented in the dashed
blue line area. The red line area corresponds to the depletion
layer when exposed to the incident UV light. So the enhanced
dark current and photocurrent would tunnel through the SB
region. Fig. 6c illustrates the energy band structure model of the
ZnO nanowire based device which is modulated by the localized
gating effect. The solid and dash lines indicate the band
structures before and aer the Ag deposition. A decreased SB
height of D is introduced in aer the deposition of Ag
nanoparticles.
Conclusions

In summary, we have fabricated a ZnO nanowire based UV
photodetector with double SB contacts using electric eld
guided assembly technology. Reasonable improvement could
be achieved through applying uniform sized Ag nanoparticles
on the ZnO nanowire surface. Under fairly low UV illumination
(365 nm) density at 1.67 mW cm�2, the responsivity and pho-
toconduction gain of the decorated device could reach up to
4.91 � 106 A W�1 and 1.67 � 107, respectively. The enhanced
performance combined with the high spectrum selectivity are
believed to be associated with the enhanced surface trap states
and LSPR effects from the uniform Ag nanoparticles, and the
nanoparticles here play an important role in the localized
gating effect induced dark current change in the nanoscale
conductive channel. It is revealed that fabricating the ZnO
nanosensor by electric-eld assembly and Ag sputtering is
a lowcost and convenience way to realize a high performance UV
photodetector.
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