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Z
nO nanowires (NWs) have attracted
a great deal of interest because of
their unique semiconducting, piezo-

electric, biocompatible, and optoelectronic

properties, which are fundamental for their

application in electronics, optoelectronics,

biology, environmental science, and

energy.1�3 In the past decade, a large vari-

ety of functional ZnO NW devices, such as

field effect transistors,2,4 optically pumped

lasers,5�7 chemical and biological sensors,8,9

light emitting diodes,10,11 solar cells,12,13

photodetectors,14�18 have been demon-

strated. Recently, by utilizing the coupling

of piezoelectric and semiconducting prop-

erties of ZnO, nangenerators,19�21 piezo-

electric field effect transistors,22,23 and

piezoelectric diodes24,25 based on ZnO NWs

have been the subject of extensive investi-

gations, which are referred to as piezotronic

devices. Furthermore, the coupling of opti-

cal, mechanical, and electrical properties of

ZnO NWs provides new opportunities for

fabricating functional devices,3,26 aimed at

improving the performance of optoelec-

tronic devices27 and providing an effective

method to integrate optomechanical de-

vices with microelectronic systems.26 A new

field of piezo-phototronics is being formed.

The core of the piezotronic and piezo-

phototronic devices are to use the internal

piezoelectric field formed inside ZnO at the

interface with metal contact, as a result of

purposely introduced strain, to tune the

charge transport/separation process at the

contact. Our recent work shows the possi-

bility of optimizing the output of a photo-

cell by pieozopotential.27 The investigation

on photoconducting responses at different

bending strains of a ZnO NW shows that the

photocurrent drops and the decay time de-

creases with the increase in bending of the

NW.28 Here we report that the responsivity
of a ZnO wire metal�semiconductor�
metal (MSM) photodetector for detection
of sub-�W/cm2 UV light could be increased
dramatically by introducing strain. We in-
vestigate the dependence of the derived
change in Schottky barrier height with
strain on the excitation light intensity,
which provides an in-depth understanding
about the physical mechanism of the cou-
pling of piezoelectric, optical, and semicon-
ducting properties.

RESULTS AND DISCUSSION
Our device is a

metal�semiconductor�metal structure
(MSM). The contacts at the two ends of the
semiconductor wire are two back-to-back
Schottky contacts. The device was fabri-
cated by bonding a ZnO micro-/nanowire
laterally on a polystyrene (PS) substrate,
which has a thickness much larger than the
diameter of the ZnO micro-/nanowire (see
Experimental Section for details). The ex-
perimental setup is shown schematically in
Figure 1. The mechanical behavior of the
device was dominated by the substrate by
considering the relative size of the wire
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ABSTRACT We demonstrate the piezoelectric effect on the responsivity of a metal�semiconductor�metal

ZnO micro-/nanowire photodetector. The responsivity of the photodetector is respectively enhanced by 530%,

190%, 9%, and 15% upon 4.1 pW, 120.0 pW, 4.1 nW, and 180.4 nW UV light illumination onto the wire by

introducing a �0.36% compressive strain in the wire, which effectively tuned the Schottky barrier height at the

contact by the produced local piezopotential. After a systematic study on the Schottky barrier height change with

tuning of the strain and the excitation light intensity, an in-depth understanding is provided about the physical

mechanism of the coupling of piezoelectric, optical, and semiconducting properties. Our results show that the

piezo-phototronic effect can enhance the detection sensitivity more than 5-fold for pW levels of light detection.

KEYWORDS: ZnO nanowire · Schottky contact · piezopotential · photodetector ·
piezo-phototronic effect
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and the substrate. The strain in the wire was mainly

axial compressive or tensile strain depending on the

bending direction of the PS substrate, and it was quan-

tified by the maximum deflection of the free end of

the substrate.29 An optical image of the photodetector

shown in Figure 1 indicated that a smooth ZnO wire

was placed on the substrate with the two ends fixed.

Monochromatic UV, blue, or green light was illuminated

on the ZnO wire to test the performance of the device.

The normalized spectrum of UV, blue, and green light is

shown in Figure S1.

Before the electromechanical and optical measure-

ments, we first measured the original I�V characteris-

tics of the device in the dark condition. Various I�V

characteristics were found in the experiments. In this

study, we only focused on the devices that have sym-

metric Schottky contacts at the two ends of the ZnO

wire and have very low dark current characteristics,

which ensures the low noise and ultrasensitivity of the

photodetector. The results of photocurrent measure-

ments performed on a single ZnO wire device (Device

#1) in standard ambient conditions are summarized in

Figure 2. Figure 2a shows some typical I�V characteris-

tics of the ZnO wires in the dark and under UV illumina-

tion (� � 372 nm) at various light intensities. The sym-

metric rectifying I�V curves indicated that there were

two back-to-back Schottky contacts at the two ends of

the ZnO wire. As for the UV responsivity measuments in

this paper, the bias was set at a fixed value of �5 V (re-

verse bias) for all of the measurements unless specifi-

cally indicated. The measured absolute current in-

creased significantly with light illumination: the dark

current was about 14 pA, and the current increased to

260 nA under 22 �W/cm2 light illumination and further

increased to 1.9 �A under 33 mW/cm2 light illumina-

tion. The sensitivity defined as (Ilight � Idark)/Idark was

found to be 1.8 � 106% and 1.4 � 107% at 22 �W/cm2

and 33 mW/cm2 illumination, respectively. The sensitiv-

ity here is 1 or 2 orders of magnitude higher than that

in a single Schottky contact device,16,30 because of the

very low dark current due to the depletion layer formed

at the two Schottky contacts and oxygen-related hole

trapping states at the ZnO wire surface. The spectral

photoresponse of a ZnO wire photodetector showed a

large UV-to-visible rejection ratio, which is defined as

the sensitivity measured at UV divided by that at blue,

and it was about 104 for the photodetector (Figure S1).

The high spectral selectivity combined with high sensi-

tivity suggests the possibility of using the ZnO wire

photodetector as a ‘visible-blind’ UV photodetector for

environmental, space-based, defense, and industrial ap-

plications. The photodetector was also measured with

light on and off for many cycles with different light in-

tensities, showing an excellent reversibility and stability

with the decay time at about 1 s (Figure 2b). The rela-

tively long reset time may be caused by the ultralong

length of the wire which is used for easy and precise

control of the strain in the wire.

The intensity dependences of photocurrents (Iph �

|Ilight � Idark|) are plotted in Figure 2c. The photocurrent

increased linearly with the optical power and showed

no saturation at high power levels, offering a large dy-

namic range from sub-�W/cm2 to mW/cm2. The total

responsivity of the photodetector, �, is defined as

where � is the responsivity, Iph the photocurrent, Pill

the illumination power on the photodetector, �ext the

external quantum efficiency, q the electronic charge, h

Planck’s constant, � the frequency of the light, �G the in-

ternal gain, Iill the excitation power, d the diameter of

Figure 1. Schematic diagram of the measurement system to characterize the performance of the piezopotential tuned
photodetector. An optical microscopy image of a ZnO wire device is shown.
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the ZnO wire, and l the spacing between two elec-

trodes. Remarkably, the calculated responsivity of the

device is super high, approximately 4.5 � 104 A W�1 at

an intensity of 0.75 �W/cm2 of UV light illumination.

The internal gain can be estimated to be 1.5 � 105 by

assuming �ext � 1 for simplicity. The high internal gain

and high responsivity is attributed to the oxygen-

related hole trapping states14 and the shrinking of the

Schottky barrier upon illumination.31 The decrease of

the responsivity at relatively high light intensities is due

to hole-trapping saturation and the Schottky barrier be-

ing transparent at high light intensity (Figure 2d).

We now use the MSM structure to illustrate the ef-

fects of the piezopotential on the performance of the

photodetector (device #2). First, we investigated the ef-

fects of piezopotential on the dark current of the pho-

todetector. Without strain, the dark current versus volt-

age curve of the device on a semilogarithmic scale

was very flat (Figure 3 inset), even out to high bias, re-

maining 	50 pA at a reverse bias of �20 V. We did

not observe any evidence of breakdown due to the

low level defects in the ZnO wire and good Schottky

contact. I�V curves in the dark showed no change un-

der different tensile and compressive strain (Figure 2a),

which means that the piezopotential has a very small ef-

fect on the dark current. Then, we measured the I�V

curve under variety of compressive and tensile strain

upon UV illumination (Figures 2b and 2c). The absolute

current at a negative bias increased step-by-step with

application of a variable strain from 0.36% tensile to

�0.36% compressing. Because the dark current did not

change under strain, the sensitivity, responsivity, and

detectivity of the photodetector increased under com-

pressive strain. The responsivity of the photodetector

under �0.36% compressive strain was enhanced by

530%, 190%, 9%, and 15% upon 0.75 �W/cm2, 22 �W/

cm2, 0.75 mW/cm2, and 33 mW/cm2 illumination, re-

spectively. The corresponding light power illuminated

onto the ZnO wire was about 4.1 pW, 120.0 pW, 4.1 nW,

and 180.4 nW, respectively. Figure 2d shows the abso-

lute photocurrent relative to excitation intensity under

different strains with a natural logarithmic scale. It can

be seen that the photocurrent is largely enhanced for

pW level light detection by using the piezoelectric ef-

fect. And it is pointed out that the effect of strain is

much larger for weak light detection than for strong

light detection.

In our experiments, some of the devices show oppo-

site change when applying the same strain. As shown

in Figures S2 and S3 (device #1), the absolute current

decreased step-by-step with application of a variable

strain from 0.26% tensile to �0.26% compressing. Ten-

sile strain improved the responsivity of the photodetec-

tor. This phenomenon is attributed to the switching in

signs of the piezoptential, which depends on the orien-

tation of the c axis of the ZnO wire. We have 50%

Figure 2. (a) I�V characteristics of a single ZnO wire photodetector (device #1) as a function of light intensity. (b) Repeat-
able response with different excitation light intensity, plotted in the same color code with (a). (c) Absolute photocurrent of
a single ZnO wire device measured as a function of the excitation intensity. (d) Derived the photon responsivity relative to ex-
citation intensity on the ZnO NW.
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chance in experiments to have the ZnO wire oriented

along the c or �c direction (the axial direction of the

wires).

Our device can be considered as a single ZnO wire

sandwiched between two back-to-back Schottky di-

odes, as shown in Figure 5. In our case, when a rela-

tively large negative voltage was applied, the voltage

drop occurred mainly at the reversely biased Schottky

barrier 
d at the drain side, which is denoted as Vd � V.

Under reverse bias and under dark conditions, thermi-

onic emission with barrier lowering is usually the domi-

nant current transport mechanism at a Schottky bar-

rier, which can be described by the thermionic-

emission-diffusion theory (for V �� 3kT/q � 77 mV)

as32

in which S is the area of the Schottky contact, A** the ef-

fective Richardson constant, T the temperature, q the

unit electronic charge, k the Boltzmann constant, ND the

donor impurity density, V the applied voltage, Vbi the

built-in potential, and s the permittivity of ZnO.

The effect of photoillumination on semiconductor

thermionic emission is to lower the energy barrier by

the difference between the quasi-Fermi level with

photoexcitation and the Fermi level without photoexci-

tation33 and to reduce the width of the depletion layer

by photon generated holes trapped in the depletion

layer (Figure 5c). The current transport mechanism with

illumination can be described as

where EFN is the quasi Fermi level with illumination.

The ln[I/(1 nA)] � V curve shown in Figure 4a quali-

tatively indicates that the variation of ln[I/(1 nA)] can

be described by the power law of V1/4 for the reversely

biased Schottky barrier. However, the slope and ex-

tended zero voltage point for the fitting data with light

illumination are larger than those in the dark. Accord-

ing to eqs 3 and 6, the difference may be attributed to

an effective lowering of the Schottky barrier and the

change of ND due to the holes trapped in the deple-

tion region.

By assuming S, A**, T, and ND are independent of

strain at small deformation, the change in Schottky bar-

Figure 3. (a) Typical dark I�V characteristics of a ZnO wire device (device #2) under different strain. (b) I�V curves of the
device under different strain with excitation light intensity of 2.2 � 10�5 W/cm2; the power illuminated on the nanowire was
120 pW, responsivity was increased by 190% under �0.36% compressive strain. (c) I�V curves of the device under differ-
ent strain with excitation light intensity of 3.3 � 10�2 W/cm2; the power illuminated on the nanowire was 180.4 nW, respon-
sivity was increased by 15% under compressive �0.36% strain. (d) Absolute photocurrent relative to excitation intensity of
device #2 under different strain.
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rier height (SBH) with strain upon illumination can be
determined by

ln[I(εxx)

I(0) ] ) -
∆�d

ill

kT
(7)

where I(εxx) and I(0) are the current measured through
the ZnO wire at a fixed bias with and without strain ap-
plied, respectively. Figure 4b shows the ln[I/(1 nA)] as a
function of strain with different excitation light intensi-
ties on a natural logarithmic scale. The results indicate
that the change of SBH has an approximately linear re-
lationship with strain. Furthermore, the slope of the
change of SBH varies with the excitation light inten-
sity. It means that the derived change in barrier height
with strain depends on the excitation light intensity and
the SBH changes faster at low light intensity than that
at high light intensity (Figure 4d). The change in the to-
tal responsivity of the photodetector with strain is simi-
lar to the change in current; the difference is that the
current increases with increasing light intensity but the
responsivity decreases.

It is known that the change in the Schottky barrier
height under strain is a combined effect from both
strain induced band structure change (e.g., piezoresis-
tance) and piezoelectric polarization.24,29,34,35 The contri-
butions from the band structure effect to SBH in source
and drain contacts are denoted as �
d-bs and �
s-bs, re-

spectively. Assuming the axial strain is uniform in the
ZnO wire along its entire length, �
d-bs � �
s-bs if the
two contacts are identical. This is the piezoresistance ef-
fect, which is symmetric and has equal effects regard-
less of the polarity of the voltage. The asymmetric
change of the I�V curve at negative and positive bias
in our case is dominated by the piezoelectric effect
rather than the piezoresistance effect. The effect of pi-
ezopotential to the SBH can be qualitatively described
as follows. For a constant strain of xx along the length
of the wire, an axial polarization Px � εxxe33 occurs,
where e33 is the piezoelectric tensor. A potential drop
of approximately Vp

� � Vp
� � εxxLe33 is along the length

of the wire, where L is the length of the wire. There-
fore, modulations to the SBH at the source and drain
sides are of the same magnitude but opposite in sign
(Vp

� � �Vp
�), which are denoted by �
d-pz and �
s-pz

(�
d-pz � ��
s-pz).
In the experiments, we fixed the light intensity and

bent the substrate step-by-step; thus strain was intro-
duced into the device step-by-step. Depending on the
deformation direction, the sign of the strain was
changed from positive to negative or vice versa. Mean-
while, the corresponding piezopotential distribution in
the wire was also adjusted step-by-step, which changed
the effective heights of the two Schottky barriers and
thus the photocurrent and responsivity of the device.
Figure 5a shows a numerically calculated piezopoten-

Figure 4. (a) Plot of ln[I/(1 nA)] as a function of V1/4, by using the data from Figure 3a and c for the case of without strain.
The red circles and line represent the experimental data and fitting curve with 3.3 � 10�2 W/cm2 light illumination. The black
squares and line represent the experimental data and fitting curve in the dark condition. (b) Plot of ln[I/(1 nA)] as a func-
tion of strain under different excitation light intensity. (c) Responsivity (units A/W) as a function of strain under different ex-
citation light intensity on a natural logarithmic scale. (d) The derived change of Schottky barrier height with strain as a func-
tion excitation light intensity.
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tial distribution in the wire using the finite element
method without considering the natural doping. If the
nanowire is positioned along the c-axis direction from
the drain to source side, a positive potential drop will be
induced along the length of the wire under compres-
sive strain. Therefore the SBH at the drain contacts were
decreased with increasing compressive strain; simulta-
neously the photocurrent and responsivity were in-
creased under compressive strain.

The effect of piezopotential decreases with increas-
ing light intensity (Figure 4d), which may be caused by

the screening effect of the newly generated charge car-
riers to the piezopotential. When the ZnO wire is un-
der high light intensity, large amount of free electrons
and holes are generated. They will accumulate and
cause the piezoelectrical potential to be partially
screened, and �
d-pz will be decreased to �
d-pz-sc (Fig-
ure 5c).

It is interesting that the piezoelectric effect on the
I�V curve in the dark is not obvious either (Figure 3a).
In the dark, the surface of the ZnO wire is depleted by
absorbed oxygen molecules and the dark current is very
low (about 14 pA at �5 V applied bias). In this case,
the device can be considered as an insulator wire sand-
wiched between two back-to-back Schottky diodes,
and the current is controlled by the bulk of the sample,
not by the Schottky contact. Thus although piezopoten-
tial tunes the SBH, it cannot have a dominant effect on
the dark current. Therefore, piezopotential dramatically
increases the responsivity for pW level light detection
while maintaining the low dark current characteristics
of the devices, which is very useful for applications.

CONCLUSIONS
In summary, we have demonstrated a piezopoten-

tial tuned low dark-current ultrasensitive ZnO wire pho-
todetector. The device maintains low dark current char-
acteristics while increasing the responsivity dramatically
for pW level light detection by piezopotential. The de-
rived change in barrier height with strain depends on
excitation light intensity; the SBH changes faster at low
light intensity than that at high light intensity. The
physical mechanism is explained by considering both
the piezopotential effect and photon generated free
charge screening effect. Three-way coupling of semi-
conducting, photonic and piezoelectric properties of
semiconductor nanowires will allow tuning and con-
trol of the electro-optical process by strain induced pi-
ezopotential, which is the piezo-phototronic effect, and
it will also lead to further integration between piezo-
electric devices with microelectronic and optomechan-
ical systems.

EXPERIMENTAL SECTION
The ZnO micro/nanowires used in our study were synthe-

sized by a high-temperature thermal evaporation process.36 The
detailed device fabrication process was introduced
elsewhere.24,29 Briefly, a single ZnO wire was bonded on a PS sub-
strate (typical length of �7 cm, width of �15 mm, and thick-
ness of 0.5 mm) by silver pastes. A very thin layer of polydimeth-
ylsiloxane (PDMS) was used to package the device, which kept
the device mechanically robust under repeated manipulation
and prevented the semiconductor wire from contamination or
corrosion. A 3D stage with movement resolution of 1 �m was
used to bend the free end of the device to produce a compres-
sive and tensile strain. Another 3D stage was used to fix the
sample under a microscope and to keep the device in focus dur-
ing the substrate bending process.

A Nikon Eclipse Ti inverted microscope system was used to
monitor the sample and excite the photodetector. A Nikon Inten-

silight C-HGFIE lamp with a remote controller was used as the ex-
citation source. Monochromatic UV (centered at 372 nm), blue
(centered at 486 nm), or green light (centered at 548 nm) was il-
luminated on the ZnO wire to test the performance of the de-
vice, which was focused by a 10� microscope objective with a
17.5 mm work distance. Monochromatic light was obtained by a
filter block between the source and microscope objective (Fig-
ure 1). There were three sets of filter blocks which were used to
obtain monochromatic UV, blue, and green light. The optical
power density impinging on the nanowire photodetector was
varied by means of neutral density filters. The illumination den-
sity was determined by a thermopile power meter (Newport
818P-001-12). I�V measurement was obtained by applying an
external bias to the wire and recorded using a Keithley 487
picoammeter/voltage source in conjunction with a GPIB control-
ler (National Instruments GPIB-USB-HS, NI 488.2). In order to

Figure 5. Schematic energy band diagram illustration for tuning the
barrier height by piezopotential. (a) Simulation of the piezopotential
distribution in the wire under compressive and tensile strain; the diam-
eter and length used for calculation is about 1 and 20 �m, respec-
tively. The pressure on c-plane is about �1 MPa. (b) Barrier height
tuned by piezopotential under compressive strain in the dark. (c) Bar-
rier height tuned by piezopotential under compressive strain with
light illumination

A
RT

IC
LE

VOL. 4 ▪ NO. 10 ▪ YANG ET AL. www.acsnano.org6290



compare and analyze the results, time dependent photocur-
rent, light intensity dependent photocurrent, and photocurrent
used for analyzing responsivity and strain effects were measured
at a fixed applied bias of �5 V.
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