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Wurtzite structured materials such as InN, CaN, ZnO, and CdSe simultaneously possess piezoelectric,
semiconducting, and photoexcitation properties. The piezo-phototronic effect utilizes the piezo-polarization

charges induced in the vicinity of the interface/junction to regulate the energy band diagrams and modulate

charge carriers in the optoelectronic processes, such as transport, generation, recombination, and

separation. This article reviews recent progress in piezo-phototronic effect enhanced photodetectors,
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starting from the fundamental physics, following the development from a single nanowire device to
a large-scale photodetector array for illumination imaging. The piezo-phototronic effect provides a
promising approach to improve the performance of the wurtzite structured material-based photo-

detectors. It may have potential applications in optical communication, optoelectronic devices, and

www.rsc.org/MaterialsC

1. Introduction

Sensing elements are essential components in electronic
industries.' They play an important role in integrated systems
e.g. thermal sensing,® trouble sensing, and strain sensing
elements.”**> Based on them, it becomes feasible to make
instruments multifunctional.”> Among all the newly developed
sensors, optoelectronic sensors have attracted attention from
researchers in many fields because of their wide applications in

“ Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences,
National Center for Nanoscience and Technology (NCNST), Beijing, 100083,
P. R. China. E-mail: ¢fpan@binn.cas.cn

b School of Materials Science and Engineering, Georgia Institute of Technology,
Atlanta, GA 30332-0245, USA

Xun Han received his under-
graduate degree from Shandong
University in 2012. Currently he
is pursuing his PhD under the
supervision of Prof. Caofeng Pan
at Beijing Institute of Nanoenergy
and Nanosystems, Chinese Acadenty
of Sciences. His research is mainly
focused on piezotronics and piezo-
phototronics and their applications
in human electronics interfacing.

Xun Han

This journal is © The Royal Society of Chemistry 2016

multifunctional computing systems.

modern electronics.'*'® Realization of optoelectronic sensing
can further open up areas in wearable devices, health care, and
environmental monitoring.'>*® This is highly dependant on the
performance of photodetectors, which work as the photo-
sensing components.”’* To fulfil the growing demands of
high-performance photosensing devices, tremendous efforts
have been devoted to this and the third generation semi-
conductor is believed to be a potential material to optimize
the performance.>® >’ Piezoelectric semiconducting materials
(the third generation semiconductor) with a wurtzite structure,
such as InN, GaN, ZnO, and CdSe, have outstanding optical
and electrical properties, so they can be candidates for high-
performance photodetectors.?®™*

Recently, investigations on the coupling among piezoelectric
polarization, semiconductor properties, and photon excitation
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under mechanical stimuli have led to an interdisciplinary field
of piezo-phototronics.*** This effect has been introduced
in GaN, ZnO, and other wurtzite structured piezoelectric
semiconductors.>*™*! In this kind of material, the induced
piezoelectric polarization charges upon straining can effectively
tune the energy band diagram at the local interface and
modulate charge carriers in the optoelectronic processes, such
as transport, generation, recombination, and separation.*?
Novel fundamental phenomena and unprecedented applica-
tions could be expected.”*™>> Here, we review the fundamental
physics and recent important developments of the piezo-
phototronic effect enhanced photodetectors from single nano-
wire devices to light distribution imaging applications.

2. Fundamentals of the
piezo-phototronic effect

2.1 Piezopotential

Waurtzite structured materials, such as InN, GaN, ZnO, and CdSe,
simultaneously possess piezoelectric and semiconductor proper-
ties. A wurtzite semiconductor (e.g. ZnO) shows an anisotropic
property in the c-axis direction and perpendicular to the c-axis.
The Zn** cations and O*>" anions are tetrahedrally coordinated
and the centers of the positive ions and negative ions overlap
with each other. When there is pressure applying on an apex of a
tetrahedron, the center of the anions and the center of the
cations are displaced relatively, leading to a dipole moment
(Fig. 1a). The accumulation of the dipole moments from all
units in the crystal creates a piezoelectric field along the strain-
ing direction in the crystal.>®»>* This is the piezoelectric potential
(piezopotential) (Fig. 1b),>>® which exists as long as the strain is
statically applied. The coupling piezoelectric, semiconducting,
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Fig. 1 Piezopotential introduced by strain in the ZnO wurtzite crystal. (a)
The wurtzite structured ZnO atomic model. Reproduced with permission.®°
Copyright 2012, Wiley-VCH. (b) The piezopotential distribution along a ZnO
nanowire under c-axial strain calculated with numerical methods. The
nanowire grows along the c-axis. The colour gradient represents the
piezopotential distribution with red indicating positive piezopotential and
blue indicating negative piezopotential. Reproduced with permission.®*
Copyright 2009, American Institute of Physics. (c) Schematic diagram
showing the field of the piezotronics, piezophotonics, and piezo-
phototronics. Reproduced with permission.*? Copyright 2015, Elsevier Ltd.

and photoexcitation properties have led to the new fields of
piezotronics and piezo-phototronics (Fig. 1c).””

2.2 Effect of piezopotential on metal-semiconductor contact

The metal-semiconductor contact is one of the common struc-
tures used in semiconductor optoelectronics and electronics.’®*°
A Schottky barrier is created at the metal-semiconductor junction
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which is proportional to the difference of the metal-vacuum work
function and the semiconductor-vacuum electron affinity.****
When a Schottky barrier photosensitive device is under illumina-
tion, the incident photons induce electron-hole pairs in the
semiconductor. The built-in electric field created by the Schottky
contact can separate and collect the electrons and holes, which
gives rise to the photocurrent.”*™*® So the photocurrent can be
tuned by modulating the electric field in the junction region. The
light-illuminated Schottky contact with an n-type piezoelectric
semiconductor under a reverse bias voltage is used as an example
to describe the effect of piezopotential. When the illumination is
invariable, the thermionic field emission (TFE) theory indicates
that the photocurrent is determined by the Schottky barrier height
(SBH).*” If compressive strain is applied along the c-axis direction
of the semiconductor, negative polarization charge will be intro-
duced at the interface, resulting in a higher SBH. This deforma-
tion enhances the separation and collection of electrons and holes
(Fig. 2a), leading to an increasing photocurrent. However, the
enhancement will reach a peak when the polarization charge
density increases to a level where the strong upward bending of
the valence band edge is large enough to restrain the hole
transport. Conversely, when tensile strain is applied, positive
piezo-charge will be introduced at the interface, and the separation
of charge carriers can be weakened by the decreasing SBH (Fig. 2b).
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Fig. 2 Schematic diagrams show the energy band illustrating the manip-
ulation effect on the M-S and the p-n junction characteristics by the
piezopotential. (a) Upon compressive strain, negative polarization charge is
induced in the vicinity of the interface, increasing the local barrier height.
(b) Upon tensile strain application, positive polarization charge is induced
in the vicinity of the interface, decreasing the local barrier height. Upon
strain application, negative (c) and positive (d) polarization charge is
induced in the vicinity of the junction interface. The colour gradient
represents the distribution of piezopotential with red indicating positive
piezopotential and blue indicating negative piezopotential. Reproduced
with permission.®® Copyright 2012, Wiley-VCH.
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Moreover, the decreasing energy barrier can also facilitate electron
transport. Thus the piezo-polarization charges can modulate the
photodetecting process.

2.3 Effect of piezo-charge on the p-n junction

When the p-n junction is excited by the light illumination,
the electron-hole pairs generate through band-to-band light
absorption.®®® The photogenerated electrons and holes trans-
port through the depletion region by the built-in electrical field
which creates a photocurrent.”® The strain modulation on the
p—n junction could be explained through the width change of
the depletion zone and the band diagram deformation.”” Take
a light-illuminated p-n junction with an n-type piezoelectric
semiconductor as an example. Negative polarization charge will
be introduced at the interface in the n-type side (Fig. 2¢) when
compressive strain is applied along the c-axis, and the depletion
region expands and shifts toward the n-type side, decreasing
the effective series resistance for charge injection to the contact
and hence increasing the device current. Moreover, due to the
piezo-charge, there is upward bending at the band edge to
suppress electron-hole recombination and enhance the effec-
tive separation of the photogenerated carriers. Conversely,
positive polarization charge is introduced when tensile strain
is applied along the c-axis (Fig. 2d), where the depletion region
expands and shifts toward the p-type side. This expansion of
the depletion region increases the photon absorption and leads
to abundant carrier generation in the p-side under illumina-
tion. However, positive polarization charge creates a dip at the
band edge of the n-type semiconductor, trapping photogenerated
carriers/electrons. This hampers the separation of the photo-
generated electron-hole pair to a great extent and results in the
decrease of the photocurrent. The p-n junction-based photo-
detection is modulated by static strains in the above way. The
piezo-phototronic effect is an effective method to manipulate
the photodetection process.

2.4 Analytical solution for piezo-phototronic effect in
photodetectors

The thermionic field emission (TFE) theory describes the beha-
viour of heavily doped semiconductor materials in which the
tunnelling effect is taken into account.”® According to the TFE
theory, for an n-type Schottky contact under a reverse bias voltage,
the strain-free current density without illumination is described as:

o (i)
Jr, = Joe FoMe T E (1)

where J,, is the slowly varying term regarding applied voltage and
Schottky barrier change, ¢,, is the Schottky barrier height, Vy is the
applied voltage, q is electron charge, k is the Boltzmann constant,
and E, is the tunnelling parameter which is of the same order as
kT.”* Usually E, is a constant related to the SBH and applied
voltage, so we assume that E, = akT, with a > 1, so eqn (1) could be
rewritten as:

q 1
IRy = Joye @I eVrir(1-5) (2)
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According to previous work,”* the SBH change introduced by
piezo-charge is:

1
Aq)piczo = 7ﬂppiczo Wpi6202 (3)

where ¢ is the permittivity of the semiconductor, ppieso is the
piezo-charge density, and Wpe,, is the width of the piezo-charge
distribution zone.

The SBH could also be reduced by photoexcitation besides
the piezo-charge. So the total SBH change could be expressed as:

1 kT (ny+An
A(p” = _%ppiezo Wpiezoz - 711’1 (T)

(4)

where An is the excess electron concentration which is given
by the continuity equation. Thus, the final barrier height of the
Schottky contact is:

On = Pn, + Ay (5)

where ¢, is the strain-free SBH without illumination. The
strain-modulated current density under illumination is then
described as:

a g 1 2
eXp (m Eppiezo Wpiezo ) (6)

It is obvious that the charge carrier transport is directly
related to the polarity of the applied strain (ppic,o)- The current
can be enhanced or reduced by introducing positive or negative
piezoelectric polarization charge at the local M-S contact,
respectively.

3. Piezo-phototronic effect enhanced
performance of Schottky contact
photodetectors

3.1 Enhancing sensitivity of a single ZnO micro/nanowire
photodetector

The charge carrier separation and transport process at the
Schottky contact can be manipulated by the piezo-phototronic
effect to enhance the performance of the photodetectors.** This
investigation was based on a single ZnO micro/nanowire photo-
detector and the experimental setup is shown schematically in
Fig. 3a. The ZnO micro/nanowire was fabricated through a
high-temperature thermal evaporation process.”* The Schottky
contact was created at both ends of the ZnO nanowire using
silver paste.”>”® Fig. 3b shows the typical I-V characteristics of
the device in the dark and under various UV light (372 nm)
illumination intensities. The symmetric property of the I-V
curves demonstrates that the Schottky contact was created at
both ends of the ZnO nanowire. The I-V curves of the ZnO wire
photodetector under various strains in dark conditions and
under UV illumination with 2.2 x 10~> W cm ™2 excitation light
intensity are shown in Fig. 3c and d, respectively. The photo-
current increases gradually with the external strain differing
from —0.36% to 0.36% (Fig. 3d) at a positive bias, while the
dark current remains unchanged under strain (Fig. 3c).
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Fig. 3 Asingle ZnO micro/nanowire photodetector. (a) Schematic diagram
of the experimental setup. The inset in the bottom left is an optical image of
the photodetector. The scale bar is 100 um. (b) /-V characteristics of the
photodetector under various UV illumination intensities (372 nm). The
strain-dependent /-V curves of the ZnO wire photodetector in dark
conditions (c) and under UV illumination (d) with an intensity of 2.2 x
107> W cm~2. (e) The change of the absolute photocurrent related to the
excitation intensity under different strain. (f) Responsivity under a series of
excitation intensities and external strain conditions. Reproduced with
permission.>* Copyright 2010, American Chemical Society.

Furthermore, the photocurrent was largely enhanced at low-
level illumination using the piezo-phototronic effect (Fig. 3e).
At high-level illumination, the large amount of photogenerated
charge carriers can partly screen the piezopotential. By utilizing
the piezo-phototronic effect, the responsivity of the device can
been increased dramatically to sub-uW cm ™2 (Fig. 3f).

3.2 Piezo-phototronic effect of CdSe nanowires

CdSe nanowires which possess a band gap size in the visible
light region and unique optoelectronic properties have drawn
much attention.”®®* Piezopotential can be created in the
wurtzite structured CdSe nanowires by applying external strain.
Thus, the piezo-phototronic effect is utilized to enhance the
performance of the CdSe nanowire photodetector. The CdSe
nanowires were grown through the vapour-liquid-solid method
using Au particles as the catalyst. Fig. 4a is a scanning electron
microscopy (SEM) image of CdSe nanowires together with an
enlarged image. A CdSe nanowire was transferred onto a deform-
able PET substrate with the axis of the nanowire along the
longitude direction of the substrate. Then, the two ends of the
CdSe nanowire were fixed by silver paste to form Schottky
contacts. Fig. 4b is the experimental setup with the optical image

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 A CdSe nanowire photodetector. (a) SEM image of CdSe nanowires
together with a high magnification image. (b) Schematic diagram of the
experimental setup. The inset is an optical image of the CdSe photo-
detector. (c) Photocurrent response of the CdSe nanowire photodetector
in strain-free conditions. The inset is the double-exponential fitting result
of the photocurrent vs. illumination intensity. (d) The strain-dependent
photocurrent of the CdSe nanowire photodetector under illumination
intensity of 0.2 mW cm™2. (e) The change rate of the photocurrent under
different strain with various excitation intensities. Energy band diagrams of
the CdSe photodetector under (f) neither illumination nor strain, (g) only
illumination, (h) illumination and slight compressive strain, and (i) illumina-
tion and large compressive strain. Reproduced with permission.”” Copyright
2012, Wiley-VCH.

of the device. The light-dependent current response of the device
without strain is presented in Fig. 4c, with a response and
relaxation time of about 38 ms. Fig. 4d shows the strain-
dependent photocurrent of devices under an illumination of
0.20 mW cm . The strain sensitivity under various illumination
intensities is plotted in Fig. 4e. There is the same trend in the
current-strain (Fig. 4d) and strain sensitivity (Fig. 4e) curves.
When the applied strain increases, the response first increases
and then decreases. The piezopotential increases the SBH, and
this helps electrons in the junction area transport to the CdSe
side, enhancing the separation of the photoexcited electron-hole
pairs. So the photocurrent increases in this period (Fig. 4h).

This journal is © The Royal Society of Chemistry 2016
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However, when the strain continues to increase, the valence
CdSe band edge will be raised to a level higher than the Fermi
level in the metal to form a new barrier. The separation of the
photoexcited electron-hole pairs is restrained and the photo-
current decreases (Fig. 4i), which is in accordance with results in
Fig. 4d and e. On the other hand, light illumination decreases
the SBH (Fig. 4g), weakening the effect from the strain. So when
there is illumination, the peak value of the strain modulation
happens at a larger strain value as shown in Fig. 4e. For the CdSe
photodetector under a certain illumination intensity, an optimum
sensitivity can be obtained by modulating the applied strain.

3.3 Piezo-phototronic enhanced on/off ratio of GaN film
photodetector

Self-powered flexible optoelectronic sensing systems are expected
to be the core of next-generation sensor networks due to their
low weight, durability, and adaptability to different features of
surfaces.®*®® The GaN thin film-based photodetectors with the
advantages of being all-solid-state, having good chemical and
thermal stability, and long lifetime are one of the candidates for
the system.®>°°

In this work, the substrate transferring technique was
used to fabricate a flexible self-powered GaN membrane-based
metal-semiconductor-metal (MSM) UV photodetector, as shown
in Fig. 5a. Pt and Ni were utilized to form Schottky contacts with
GaN, leading to unsymmetrical photoabsorption when there is
no applied voltage, which is crucial to self-powered UV detection.
The self-powered photoswitching performance at 0 V bias is
investigated in Fig. 5b. It exhibits a stable, fast, and wide range
response to UV illumination with various intensities. It is
notable that the strain modulation effect on output currents at
the self-powered condition shows different trends under a
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Fig. 5 Self-powered GaN film photodetector. (a) Schematic diagram of a
self-powered GaN flexible film-based MSM UV photodetector. (b) Self-
powered on/off switching response under different UV light illumination.
(c) The ratio of device currents with strain and without strain under various
illumination intensities and different strain at self-powered condition. (d)
The piezo-phototronic enhancement of the UV on/off ratio under differ-
ent bias voltages with a 1% tensile strain. Reproduced with permission 84
Copyright 2015, American Chemical Society.
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variety of illumination intensities as shown in Fig. 5c. When the
illumination is not strong, the SBH increase induced by the
tensile strain reduces the leakage current which dominates in
the current decrease. When the illumination is strong enough,
more electron-hole pairs generate and they can be easily
separated by the built-in electric field brought by tensile strain,
leading to an increasing current. It begins to weaken at a higher
intensity of UV illumination, which is due to the partial screen-
ing of piezo-charge by the large amount of photoexcited carriers.
By introducing the tensile strain, the UV on/off ratio can be
enhanced as shown in Fig. 5d. A peak appears at around 0 V,
exhibiting a stronger strain-tuned UV on/off ratio in self-
powered mode.

4. Piezo-phototronic effect enhanced
performance of heterojunction
photodetectors

4.1 Si-based p-n junction photodetector

Silicon-based optoelectronic components play an important
role in information and communication technologies because of
the feasibility of integration with circuit methods.”® Tremendous
efforts have been devoted to improve the photoresponsivity and
adjustability of silicon-based nano/micro-photodetectors.’®™°
Inspired by the enhanced performance by introducing the piezo-
phototronic effect, a p-Si/ZnO nanowire hybridized photodetector
has been fabricated.

The structure design is shown in Fig. 6a. Micro-pyramids
were fabricated on the p-Si wafer, and ZnO nanowires were
grown on the substrate through the hydrothermal method.
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Fig. 6 Silicon-based p—n junction photodetector. (a) Schematic diagram
of the structure of the device. (b) /-V characteristics of the photodetector
under different UV illumination power densities (442 nm) with a photo of
the real device. (c) Relative changes of the responsivity of the photo-
detector under various illumination and strain conditions. (d) The strain-
dependent rise and fall time of the photodetector, under a power density
of 6.3 x 107> W cm~2. Reproduced with permission.®®> Copyright 2014,
American Chemical Society.
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A thin layer of Ag nanowires was spin-coated onto the ZnO
layer for better conductivity. An ITO layer and Cu layer
were deposited as the top and bottom electrode respectively.
The I-V curves under 442 nm laser illumination are presented
in Fig. 6b together with a device image taken with a camera.
To illustrate the piezo-phototronic effect on the photo-
responsivity more clearly, relative changes of photoresponsivity
R/R, (R, is the strain-free photoresponsivity) are calculated and
summarized in Fig. 6c. For each illumination density, the relative
change of R shows a similar trend, reaching a maximum value at
a strain of —0.01%. When the illumination density was 6.3 x
107> W cm 2, the rise and fall time of the device under different
compressive strains were obtained and are shown in Fig. 6d. No
significant changes of the fall time are observed, while a mini-
mum value of 101 ms for the rise time is observed at a strain of
—0.01%, corresponding to a relative change of 87%. By introdu-
cing the piezo-phototronic effect, the photoresponsivity of the
silicon-based photodetector is enhanced by 177% and the
response time is shortened to 87%.

4.2 Alloying enhanced piezopotential of the p-Si/n-Mg,Zn, ,O
photodetector

The modulation effect of the piezopotential is hindered under
high illumination intensity due to the screening effect of piezo-
charge by the large amount of photoexcited carriers. Tuning the
doping concentration of the semiconductors can enhance the
piezoelectric coefficient to reduce the screening effect.'%'*
Alloying is a feasible way to enhance the piezoelectric coeffi-
cient while maintaining the crystal structure, but it has not
been explored.

Fig. 7a and b show the plan-view SEM images of the
Mgo.05Z1¢ 050 and Mgy »0Zn0 0O thin films, respectively, which
exhibit similar grain sizes. Fig. 7c is the dependence of the
built-in potential difference (AE; — AE,) on strain under various
illumination intensities, where AE, and AE; represent the built-
in potential without and with strain. The band shift by the
piezo-phototronic effect is proportional to the strain when
the MgZnO compound contains 5% Mg content. However, the
linear trend does not appear with the higher Mg content case
(20%) when the external strain is lower than —0.3%, which
indicates that a flat band condition is reached at a —0.3% strain
(Fig. 7d). This study demonstrates that the piezopotential of
ZnO can be improved by alloying with Mg which provides an
attractive approach to enhance the piezo-phototronic effect.

4.3 Improved performance of the ZnO/spiro-MeOTAD
heterojunction photodetector

Organic/inorganic hybrid photodetectors which possess unique
properties with easy fabrication at low temperature, low cost,
and high flexibility have drawn much attention.'®*™°® 2,2’ 7,7'-
Tetrakis(N,N-di-p-methoxyphenylamine)  9,9'-spirobifluorene
(spiro-MeOTAD) is a common hole conductor with both a
non-hazardous property and efficient hole regeneration capability,
thus it can be used in photodetectors.'®

Fig. 8a shows the structure of the ZnO/spiro-MeOTAD hetero-
junction photodetector. The ZnO film was deposited on the

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Alloying enhanced piezopotential of the p-Si/n-Mg,Zn,_,O photo-
detector. Plan-view SEM images of the Mgg 05ZNng 950 (a) and Mgg 20ZN0 800
(b) thin films. (c) The changes of the built-in potential under various
illumination and strain conditions for the devices with Mgg 0sZnp9sO and
MJ0.20ZN0g00. (d) Schematic band diagram of the photodetector with
orange indicating the higher piezopotential of Mgg20Znog0O and gray
indicating the lower piezopotential of Mgg 05Zno.9sO. Reproduced with
permission.’9% Copyright 2014, Elsevier Ltd.

commercial flexible ITO/PET substrate. Spiro-MeOTAD solution
was spin-coated onto the ZnO film. The Au film was thermally
evaporated onto the as-fabricated device as the top electrode.
Fig. 8b shows the I-V curves under different strain with
1 mW cm ™2 UV illumination, and the inset is a schematic
of the testing process. The photocurrent under different
strain in the self-powered condition is shown in Fig. 8c.
The responsivity and detectivity are also investigated to
illustrate the strain modulation effect of the device, as
shown in Fig. 8d. All of the photocurrent, responsivity,
and detectivity increase gradually when the strain changes
from compressive strain to the tensile strain. This work
demonstrates that strain engineering is a feasible way to
enhance the performance of the ZnO/spiro-MeOTAD hetero-
junction photodetector.

This journal is © The Royal Society of Chemistry 2016

Fig. 8 Self-powered ZnO/spiro-OMeTAD heterojunction UV photo-
detector. (a) Schematic diagram of the structure of the photodetector.
(b) I-V characteristics of the photodetector under tensile strain, compres-
sive strain, and strain-free conditions. The inset is a schematic of the
experimental setup. (c) Photocurrent response of the device under various
strain at self-powered condition. (d) Responsivity and detectivity under
various applied strains. Reproduced with permission.'® Copyright 2016,
American Chemical Society.

4.4 Enhanced visible and ultraviolet photodetection using the
ZnO-CdS core-shell structure

4.4.1 ZnO-CdS core-shell micro/nanowire photodetector.
Pure semiconductor materials cannot only absorb wavelengths
below their band gap for band-to-band optical absorption. The
core-shell structure is the common approach to detect wide
spectral illumination."**** The core-shell structure also
provides a direct electrical pathway for the transport process
of the photogenerated carriers which makes it a promising
choice for photodetectors and solar cells."**™*"”

A schematic configuration of a ZnO-CdS core-shell nano-
wire is shown in Fig. 9a. The ZnO wires were synthesized by the
chemical vapour deposition process, followed by the growth of
a CdS nanowires array by the hydrothermal method. Fig. 9b is a
scanning transmission electron microscopy (STEM) image of
the ZnO-CdS nanowire. The results of energy dispersive X-ray
(EDX) analysis across the nanowire along the red line in Fig. 9b
are presented in Fig. 9c. Zn is located in the core while Cd and S
distribute at the shell which proves that the ZnO nanowire is
wrapped by CdS to form the core-shell structure.

The I-V characteristics of the device under various illumination
and strain conditions are shown in Fig. 9d and e. The current of
the photodetector at a positive bias increased gradually with
applied compressive strain increasing under both green light and
UV light illumination. Fig. 9f shows the changes of the SBH at the
two ends of the wire with strains at a bias of 2 V. Both SBHs exhibit
a similar trend with the strain. The asymmetric decreasing
tendency indicates the participation of the piezopotential. The
relative changes of photoresponsivity are calculated and summarized
in Fig. 9¢. The responsivity is enhanced by more than ten-fold when
the strain is —0.4% compared to the strain-free nanowire.
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Fig. 9 A ZnO-CdS core-shell photodetector. (a) Schematic diagram of
the structure of the ZnO/CdS wire. (b) STEM image of a ZnO-CdS wire.
(c) The result of the EDX analysis. (d and e) /-V characteristics of the device
under varying compressive strain, excited by green light (d) and UV light (e).
(f) Change of the SBH of the source and drain sides under varying compressive
strain. (g) Relative responsivity under compressive strain, where R is the
responsivity without strain. Reproduced with permission.’*® Copyright 2012,
American Chemical Society.

4.4.2 Carbon fiber/ZnO-CdS double-shell microwire photo-
detector. A ZnO-CdS double-shell nanowire array was fabricated
on carbon fiber (CF) through a two-step hydrothermal method.
For better conductivity and adherence, the ITO layer I was
deposited on the CF firstly; then the ZnO and CdS nanowire
arrays were grown on the ITO layer I in succession to form the
double-shell structure. Finally, the ITO layer II was deposited as
the drain electrode and the source electrode is the CF (Fig. 10a).
The two electrodes of the device were fixed on a PS substrate
tightly by silver paste, followed by PDMS packaging to ensure that
the device was robust under repeated mechanical strain (Fig. 10b).

The I~V curves in a dark environment were measured and
the conditions under three different wavelengths of light
illumination are also presented in Fig. 10c. Fig. 10d is the
photon responsivity with the increasing excitation intensity
under blue light (480 nm) illumination. The changes of photo-
current at 2 V bias voltage under different strains are plotted in
Fig. 10e, which clearly demonstrate that the photocurrent
monotonously increases with compressive strain increasing
while tensile strain contributes to a current decrease. The
responsivity of the photodetector exhibits the same tendency
with the photocurrent under both compressive and tensile
strain conditions (Fig. 10f).

11348 | J. Mater. Chem. C, 2016, 4, 11341-11354

View Article Online

Journal of Materials Chemistry C

3 Tolayer |l s 2 Light
ZnO seed |ayer ; PDMS AT
ITO layer | / - 65«“6‘
-
Ag ; ‘;11“0
Probing pad I /£
P
Power
ZnO NWs source
c d
20f e park 10% @ a=gm= 480 NM

15] ==480nm. 7.19E-4 mwicm =3 Bias: 2V
—~ w—548nm, 1.43E-3 mW/cm?
< ol —372nm 6.:36E-5 mwicmy > o
= =
E s :
5 (=}
© o g 10

14
-5

17 1t6 1E5 164 1E3

Voltage (V) y Excitation intensity (W/cm?)
e
af ”
Bias: 2V BOF s Bias: 2V
~,
6| eQ, —o—480 nm b \Q. —9—480 nm
a) —a—548 nm 40F T —#—548 nm
r —9—372 nm —9—372nm
0\0
~

lgain7lo (WA)
ey

\'-0 20p o\ﬁ

04 02 0 02 04 04 02 0 02z 04
Strain (%) Strain (%)
Fig. 10 A CF/ZnO-CdS double-shell wire-based photodetector. (a and b)
Schematic diagrams of the photodetector structure and the experimental
setup. (c) /-V characteristics of the device excited by UV (372 nm), blue
(480 nm), and green (548 nm) light illumination. (d) Responsivity of the
device excited by blue light illumination. (e and f) Change of current and
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Fig. 11a shows a structure schematic and corresponding
energy band diagrams of a strain-free device. When the CF is
under tensile strain along the axial direction, corresponding
compressive strain is created in the ZnO nanowire, inducing
negative piezo-charge in the ZnO/CdS interface. The negative
piezo-charge makes a higher barrier at the band edge, and

Unstrained

Tensile strained
, Light

Compressive strained

' E } Light

Fig. 11 Schematic of the piezopotential distribution and the corres-
ponding energy band diagrams of the CF/ZnO-CdS wire photodetector
under (a) light illumination, (b) light illumination and tensile strain, and (c)
light illumination and compressive strain. Reproduced with permission.t*°
Copyright 2013, American Chemical Society.
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hampers the photogenerated electron transport from the
excited ZnO and traps photogenerated holes from the excited
CdS (Fig. 11b), leading to the decrease of photocurrent and
responsivity. Conversely, when compressive strain along the
wire introduces positive piezo-charge at the interface, and the
barrier height decreases (Fig. 11c), this enhances the photo-
generated electron transport from the excited ZnO, and in
the excited CdS, the trapping of photogenerated holes was
restrained, thus enhancing the performance. The direct inte-
gration of branched ZnO-CdS double-shell nanowires and CF
not only enables the 3D nanostructure array to sense the light
but also introduces a flexible substrate with good stability and
the performance can be enhanced by introducing the piezo-
phototronic effect.

4.4.3 Optical fiber/ZnO-CdS hybridized photodetector.
Systems based on optical fibers (OFs) are significant for
optical communication and many applications due to their
low transportation losses.>'**™**? A coupler between the optical
fiber and photodetector is necessary. Energy loss through the
coupling process is an inevitable obstacle for improving the
quality of information communication."**™'*> A newly designed
photodetector directly integrated with optical fiber may become
necessary.

As Fig. 12a shows, the UV/visible photodetector has been
integrated with an optical fiber directly. ZnO/CdS nanowire
heterojunctions are synthesized through a two-step hydro-
thermal method which is same as the carbon fiber ZnO/CdS
double-shell photodetector mentioned above. There are two
working modes for the device: axial and off-axial illumination
mode (Fig. 12b). For the axial illumination mode, a 325 nm
laser is focused at the end of the OF as UV stimulus. The
optoelectronic behaviour of the device under 325 nm axial
illumination mode is shown in Fig. 12c, signifying an obvious
enhancement in the photocurrent with the applied strain
increasing. The inset is the photocurrent under off-axial illu-
mination to compare with the axial mode. The current values in
the two modes are of the same order, while the excited power
density of the axial illumination is about 10% of that employed
for the off-axial mode. The relative changes of the photoresponsivity
with strain are calculated and presented in Fig. 12d. When
there is a larger external strain or stronger incident light is
applied, the relative change increases. The piezo-phototronic
effect enhanced performance under 532 nm off-axial illumina-
tion was studied in a similar manner, and the results are
summarized in Fig. 12e and f. These results demonstrate
the capability of the device in visible detection. The piezo-
phototronic effect enhanced OF/ZnO-CdS hybridized photo-
detector can be directly integrated with an optical communica-
tion system by the fiber welding technology, which provides a
possible solution to avoid energy losses.

4.5 Three-dimensional core-shell nanowire array
photodetector

Compared with the single nanowire devices, the three-dimensional
(3D) core-shell nanowire array devices possess unique advantages,
like simultaneous multichannel charge transport, large surface
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Fig. 12 A photodetector based on optical fiber ZnO-CdS hybridized
structures. (@) Schematic illustration of the optical fiber ZnO-CdS hybri-
dized structure. (b) Schematic demonstration of the axial illumination and
off-axial illumination mode. (c) Strain-dependent photocurrent of the
device in the axial illumination mode (325 nm) with the schematic
experimental setup. The bottom right is the I-strain curve in the off-axial
illumination mode (325 nm). (e) I-strain curve in the off-axial illumination
mode (532 nm). (d and f) Relative changes of responsivity of the device
operating in axial illumination (d) and off-axial illumination (f) modes under
different illumination and strain conditions. Reproduced with permission.*?®
Copyright 2015, Wiley-VCH.

area, and increased light absorption."”” "' Type-II hetero-
structures can extend the photoresponse spectral range to the
longer wavelength which is dominated by the lower band gap
component. Both the ZnO/ZnS and CdSe/ZnTe core-shell nano-
wires which have type II alignment exhibit an efficient broad
band UV/visible photoresponse.'**"** The piezoelectric effect
of ZnO and CdSe makes the two types of core-shell structures
excellent candidates for piezo-phototronic effect devices.

Fig. 13a shows the structure of the 3D photodetector. The
ZnO/ZnS core-shell structure was fabricated through a two-step
method. First, the ZnO nanowire array was synthesized on the
substrate through the chemical vapor deposition process and
then the shell materials were deposited on the ZnO array
through the pulsed laser deposition system. A polyester grating
coated with a thin layer of Ag was positioned on the top of the
core-shell nanowire array as the top electrode. The SEM images
of the ZnO nanowire array and the fabricated ZnO/ZnS
core-shell nanowire array are shown in Fig. 13b. Few ZnS
particles were deposited on the surface of the nanowire array.
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Copyright 2015, American Chemical Society.

The photocurrent of the ZnO/ZnS core-shell device under UV,
blue, and green illumination and various strain conditions is
summarized in Fig. 13c. Fig. 13d shows the relative change of
the responsivity of the device under different illumination and
strain conditions. Both the photocurrent and responsivity
increase monotonously with the compressive strain enhancing.
This work expands the application of the piezo-phototronic
effect to a 3D core-shell nanowire array photodetector.

5. Piezo-phototronic effect enhanced
photodetector array

Tremendous efforts have been devoted to making highly photo-
responsive large-scale photodetectors, as there is a rapidly
growing demand for good-performance photosensing devices.
A fast response time and adequate spatial resolution are
pursued.”***¥ Developing nanowire photodetectors into an
integrated array configuration is proposed as a promising
solution. The structure design of the proposed UV photodetec-
tor array is presented in Fig. 14a, and the inset is an optical
image of the as-fabricated device. Each device consists of
32 x 40 pixels which are made up of ZnO NWs. The ZnO
nanowire array was grown on the ITO layers through the
hydrothermal method. Each nanowire bunch is a pixel of the
UV photodetector array. Then the space among the nanowire
bunches was filled with SU-8 photoresist. An ITO/Au electrode
layer was deposited, crossing equally with the bottom electrode
layer. The photoresponse of a single pixel under various
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Copyright 2015, Wiley-VCH.

illumination intensities is shown in Fig. 14b. A 62 ms response
time was obtained at the rising edge with the UV illumination
intensity of 3.949 mW cm™>. Fig. 14c shows the photorespon-
sivity of a single pixel under different UV illumination. To
characterise all the pixels in the photodetector array at the
same time, a multichannel testing system was employed
(Fig. 14d). The illumination is applied on the device through
a mask on which there is a C-shape to let the light go through,
and when the light intensity increases, a clear C-shape output is
derived.

External strain was introduced to optimize the UV sensing
performance of the photodetector array. A strain modulation
process was carried out on a single pixel first. The corres-
ponding I-V curves are summarized in Fig. 15a under no
illumination. When 1.38 mW cm > UV illumination was
applied, the output currents of the entire device were measured
both strain-free (Fig. 15b) and under 40.83 MPa pressure
(Fig. 15¢). Clearly, the UV sensing performance was enhanced
by the piezo-phototronic effect, and a clearer C-shape output
(Fig. 15c) was presented by the device indicating the higher
photoresponsivity and sensitivity. Furthermore, with the help
of 40.83 MPa pressure, the illumination distribution was suc-
cessfully imaged by the photodetector array when the illumina-
tion intensity is 1.38 mW cm ™2, which could only be achieved
with at least 3.95 mW cm ™ at strain-free conditions (Fig. 14d).
When we subtracted the data in Fig. 15b from Fig. 15c, the
C-shape became more obvious (Fig. 15d). The enhancement of
the total photocurrent by applying strain is summarized in
Fig. 15e, together with the image of the illumination distribution
under different strain. This work provides a feasible method to
fabricate high-performance large-scale photodetectors through
integrating NW photodetectors into an array configuration. The
piezo-phototronic effect enhanced UV photodetector array device

This journal is © The Royal Society of Chemistry 2016
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of the UV illumination with an excited light intensity of 1.38 mW cm™2 at
strain-free (b) and 40.38 MPa pressure (c) conditions. (d) Photocurrent
difference between the strain-free (b) and strain (c) conditions. (e) The
applied pressure dependence of the enhancement factor E together with
the corresponding image of illumination distribution at an excited light
intensity of 1.38 mW cm™2. Reproduced with permission.>® Copyright
2015, Wiley-VCH.

may have prospective applications in multifunctional opto-
electronics, adaptive optical systems, and optical communication.

6. Summary and outlook

In summary, we have presented the recent progresses in wurtzite
structured material photodetector design and performance
enhanced by the piezo-phototronic effect. By introducing the
piezopotential upon straining, the optoelectronic processes are
modulated. Newly found fundamental phenomena and recently
developed device performance as a result of the piezo-phototronic
effect have been demonstrated, from a single nanowire device to
photodetector arrays for illumination imaging. The material
investigation has been carried out for both organic materials
and alloys, significantly improving the understanding of piezo-
phototronics. It is promising that this technology will bring
revolution to energy harvesting, human electronics interfacing
display, multifunctional systems, and so on.
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