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Abstract
Strain-induced piezopolarization can effectively engineer the interfacial electronic properties
of a piezo-semiconductor junction, and thereby improve the performance of corresponding
electronic devices. In this work, a metal–insulator–semiconductor (Pt/Al2O3/ZnO) based self-
powered (SP) photodetector has been developed. The photodetector has sensitive response to
the light illumination without any external bias. Applying an ultrathin dielectric layer and
piezotronic effect are used as two effective strategies for interface engineering to enhance the
photoresponse properties. The dielectric layer can significantly enhance the effective Schottky
barrier height (SBH). In addition, the SBH can be actively modulated by the piezopolarization
induced built-in electric field variation under compressive strains. Thus, the photoresponse
properties of the SP photodetector are largely improved by the SBH enhancement. The
responsivity and detectivity of the SP photodetector are increased by 2.77 times and 2.78
times, respectively under a compressive strain of �1.0%. According to the Schottky junction
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principle, it can be concluded that the piezotronic effect occurs strongly at the interface and
gradually decays towards the quasi-neutral region of the junction.
& 2014 Elsevier Ltd. All rights reserved.
Introduction

Nanotechnology has been considered as a valid approach to
solve the growing threat of global energy crises. Aiming
toward highly intelligent and efficient integration, low power
consumption, extremely sensitive and rapid response, and
environmental benignity, a variety of novel nanodevices has
been demonstrated, including solar cells [1], nanogene-
rators [2-4], light-emitted-diodes (LEDs) [5], sensors [6],
and electronics [7]. For junction based semiconductor
devices, interface engineering is an effective way to improve
the performance by optimizing the crystal lattice struc-
tures, electronic band structure, barrier height, space
charge region, and surface states [8]. Recently it has
become a promising method to modify the interfacial
physical and chemical properties at the junction area
utilizing the piezotronic effect which is the coupling of
semiconductor properties and piezoelectric effects [9]. For
a strained piezoelectric semiconductor, such as ZnO, an
ionic-displacement takes place inside ZnO inducing piezo-
electric polarization that can modulate the carrier concen-
tration, barrier height and built-in electric field at the
interface [10,11]. The piezotronic effect has been used to
monitor the performances of heterojunction solar cells,
photoelectrochemical anodes, and LEDs [12-15].

On the other hand, piezoelectric nanogenerator is a direct
application of piezoelectric effect in ambient mechanical
energy harvesting, which leads to a mass of self-powered (SP)
nanodevices and nano-systems [16,17]. A series of SP nanode-
vices composed of nanogenerators and sensing units have been
developed to detect vibration [18], magnetism [19], and
photons [20]. The most effective SP device is to integrate the
powering and sensing functions in the same building block.
Based on this concept, a new type of fast and sensitive SP
photodetector was demonstrated using the built-in electric
field at the junction area of a pn junction [21,22] or a metal–
semiconductor (MS) contact [23,24] to separate the photogen-
erated electron–hole pairs (EHPs) under illumination without a
bias [23,25]. For an MS photodetector, the deep depletion
region formed in the semiconductor provides strong built-in
electric-field to separate EHPs [26,27]. Furthermore, a thin
insulator layer can be employed between semiconductor and
metal electrode forming a metal–insulator–semiconductor (MIS)
contact, where the insulator layer reduces the tunneling
current from metal to semiconductor and improves the relia-
bility and performance. The performance of a ZnO based SP
photodetector might be effectively improved by the strain-
induced piezopolarization at the ZnO–Pt interface.

In this work, an MIS based SP photodetector was devel-
oped, where the insulator layer was an Al2O3 thin film
prepared by atom layer deposition (ALD). The photore-
sponses of the SP photodetector were enhanced by the
modulation of barrier heights and built-in electric field as a
result of piezo-induced negative polarization, which was
further evidenced by the investigation of the resistance
variation at junction area under compressive strains.

Experimental sections

Growth of ZnO Nanorod arrays (NRAs)

The ZnO NRAs were grown on FTO substrates using hydrother-
mal method. The colloid seed solution was prepared by
dissolving zinc acetate [Zn(CH3COO)2 � 2H2O] in ethanol with a
concentration of 0.05 M. Several drops of colloid seed solution
were applied onto a cleaned FTO substrate to cover the entire
substrate surface. The substrate was dried at room tempera-
ture and then annealed at 350 1C in air for 30 min. The
precursor solution was prepared by dissolving Zinc nitrate
hexahydrate [Zn(NO3)2 � 6H2O] and hexamethylenetetramine
(HMTA) [(CH2)6N4] in deionized water with an equal concentra-
tion of 0.1 M. The substrate coated with ZnO seed layer was
immersed in the precursor solution at 95 1C for 6 h without
stirring.

Deposition of Al2O3 layer by atomic layer deposition
(ALD)

A home-made ALD system was applied to carry out the thin film
coating of Al2O3 on ZnO NR surface. The amount of trimethy-
laluminum and H2O vapor supply were controlled by two
solenoid valves. The target substrate was loaded in a quartz
tube and placed at the position 5 cm away from the precursor
inlet nozzle. N2 gas with 40 sccm flow rate was introduced into
the chamber to serve as the carrier gas and provide 3.3 Torr
system base pressure. During the coating process, the system
temperature was kept at 100 1C. Trimethylaluminum and H2O
was pulsed into the reaction chamber separately with a pulsing
time of 500 ms and followed by 60 s N2 purging. Therefore, one
deposition cycles involves 500 ms of H2O pulse+60 s of N2

purging+500 ms of trimethylaluminum pulse+60 s of N2 pur-
ging. After 20 cycles of deposition, the chamber was allowed to
cool down naturally under N2 flow.

Device fabrication

The Pt electrode was prepared by depositing a thin film of Ti/Pt
onto a highly conductive Si substrate. The Si substrate with a
resistivity of 0.001–0.005Ω/cm was sliced into 1.5 mm� 1.5
mm square pieces. The Si substrate was cleaned by Piranha
solution (H2SO4:H2O2=60: 1, 100 1C), SC-1 (NH4OH: H2O2: DI=1:
1: 5, 75 1C), SC-2 (HCl: H2O2: DI=1: 1: 5, 75 1C), and diluted HF
(HF: DI=1: 50) solution. The substrate was then loaded into
CHA metal evaporator for oxide free surface. The Ti/Pt (20/
130 nm) film was deposited by e-beam evaporation under the
base pressure of less than 2.1� 10�6 Torr. The evaporation rate
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was controlled in 0.5 A/s to acquire a uniform coating. The
thickness of each metal was monitored by a thickness monitor
crystal. Figure S2 in SI shows the image morphology and the
electrical property of the Pt electrode. A piece of Pt electrode
was placed on the top surface of the Al2O3-covered ZnO NRAs.
The Pt electrode and bottom FTO substrate were connected to
the external circuit with silver paste and packaged with epoxy,
as shown in Figure 1a. A 150 W Xe arc lamp serves as the light
source illuminating the FTO electrode of the device. The device
was fixed on a designed cantilever system which can apply axial
strain to the ZnO NRAs with accurately controlled amplitudes.
Results and discussions

Figure 1b shows a cross-sectional SEM image of the ZnO NRAs,
demonstrating a high density, well-aligned orientation, and
clear surfaces. The average diameter of the nanorod (NR) is
�100 nm, and the average height is �3.5 mm. Figure 1c and d
Figure 1 Structure and geometry of the NR-based photode-
tector. (a) A schematic diagram of the MIS structured photo-
detector. (b) The cross-sectional morphology of ZnO NRAs. The
average height of NRAs is about 3.5 μm. (c) and (d) TEM and
HRTEM images of an individual NR covered with a thin layer of
Al2O3 respectively. The growth direction of ZnO NR and the
thickness of the amorphous Al2O3 layer are marked in (d).
shows the TEM and the HRTEM images of an individual ZnO NR
coated with a layer of Al2O3. A uniform Al2O3 layer with a
thickness of 5 nm is observed completely covering the ZnO NR
forming a core–shell nanostructure. The corresponding top view
SEM images, XRD and EDX are shown in Figure S1 in Supporting
information (SI). The total working area of the photodetector is
determined by the size of Pt electrode, which is 0.0225 cm2.

To illustrate the effect of the insulator layer at the
interface, the performance of an MS structured junction is
tested first, as shown in Figure 2a. The black and red lines
are the dark and illuminated I–V curves, respectively. The
reverse leakage current of the dark curve was measured
�6.43 mA at �1 V. This might be a result of lowered
Schottky barrier height (SBH) at the ZnO–Pt interface,
because the polar surfaces of ZnO can adsorb a certain
amount of molecules forming an imaging-force to lower the
barrier height [28,29]. Under illumination, the I–V curve
changes to an approximately linear curve, suggesting that
the Schottky barrier was screened by the charged surface
states [30]. Figure 2b shows the I–V curve of a ZnO/Al2O3/Pt
MIS contact, where the black and red lines are dark and
illuminated curves, respectively. Under dark, the MIS junc-
tion exhibited an excellent rectifying behavior with a
reverse leakage current of 4.68� 10�4 mA at a bias of
�1 V. The Al2O3 insulator layer effectively reduced the
leakage current by 4 orders of magnitude compared to the
ZnO/Pt contact. The insert of Figure 2b shows the curves of
natural logarithm of current versus voltage, presenting a
measurable photocurrent response at reverse bias. At bias
of 71 V, the rectification ratios of the MS and MIS junction
can be calculated to be 4.04 and 794, respectively [31].

According to the Thermionic-Emission theory, the current
transport process can be described as following [32]:

J0 ¼ AnT2exp � qφb

kT

� �
; An ¼ 4πemn

nk
2

ℏ3 ; An

ZnO ¼ 32 A cm�2 K�2

 !

ð1Þ
where J0 is the current density at a fixed bias, An is the
effective Richardson constant, T is the temperature, q is
the unit electronic charge, φb is SBH, and k is the Boltzmann
constant. Thus, the effective SBH (φn

b) can be simplified
from Eq. (1) as following:

φn

b ¼ φb�φs ¼
kT
q

ln AnT2� ln
I0
A

� �
; ð2Þ

where φs is the SBH lowering induced by the surface state, and
A is the working area which is 0.0225 cm2 in this work. As a
result, the calculated φn

b of the MIS junction is 0.739 eV which is
much larger than that of the MS junction (0.47 eV). Under
illumination, the barrier height of the MIS junction is slightly
reduced by the photogenerated charges. For a SP photodetec-
tor, the photo response current is closely related to the
amplitude of the built-in electric field and the amount of
photogenerated charges. The thin insulator layer can prevent
the surface adsorption and hence increase the effective barrier
height. As a result, MIS junction is more suitable to be a SP
photodetector.

Under the illumination of 100 mW/cm2 and a bias of 0 V,
the SP photodetector exhibited a measurable current varia-
tion and a distinct photoresponse (230.98%). Figure 2c and d
shows the performance of the SP photodetector illuminated



Figure 2 I–V characteristics of photodetectors. (a) I–V curves of a point-contact Schottky junction without insulator layer under
dark and illumination. (b) I–V curves of a Schottky junction with insulator layer. Inset is the corresponding ln I–V curve. (c) and
(d) The SP photocurrent responses of the MIS junction with different intensities of illumination at bias of 0 V. (e) The linear fitting
curve of ΔJp versus light intensity, in which the slope of curve shows the responsivity (about 0.6 mA/W cm2). (f) The energy band
diagram of the SP photodetector at zero bias.
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under different light intensities. The SP photodetector
demonstrated a constant photocurrent density (Jp) in
response to the illuminations. The photocurrent density
change (ΔJp) decreased from 0.0653 μA/cm2 under illumina-
tion of 100 mW/cm2 to 0.0197 μA/cm2 at 50 mW/cm2 [19].
Taking in the account of the time resolution of the testing
system, the actual response time and decay time would be
less than 0.1 s as measured in Figure 2d. In Figure 2e, a linear
curve of ΔJp versus light intensity is fitted revealing that
the responsivity (R) of the SP photodetector is 0.6447
0.028 μA/W. The normalized detectivity (Dn) is defined as [33]:

Dn ¼ Rffiffiffiffiffiffiffiffiffiffi
2eJd

p ð3Þ

where R is the responsivity, Jd is the dark current density.
Therefore, Dn was calculated to be 2.96� 106 cm Hz0.5 W�1.
A thermal equilibrium energy band schematic diagram at
zero bias shown in Figure 2f illustrates the photo response
process in an MIS SP photodetector. When the light illumi-
nated at the heterostructure, EHPs are generated. The
photogenerated holes drift toward the Pt electrode tunnel-
ing through the Al2O3 insulator layer, and the photogener-
ated electrons flow to the FTO electrode.

According to piezotronics theory, piezopolarization pro-
duced by the strained can make a constant influence toward
the interface electronic properties including the depletion
region and the barrier height [11,34]. The influence of
piezopolarization on the barrier height of the SP photo-
detector is assessed under a series of compressive strains in
dark. The strain is applied vertically onto the Pt electrode
along the length direction of ZnO NRs by a cantilever
system. The I–V curves in Figure 3a present that the current



Figure 3 I–V characteristics of photodetectors under strain. (a) I–V curves under a series of compressive strains. (b) Calculated SBH change
under compressive strains at different biases of 0.5 V, 0.8 V and 1 V. (c) The photoresponses at illumination of 100 mW/cm2 under different
compressive strains. (d) Detailed current density profiles of response process and recovery processes. (e) The relationship between
responsivity and strain. (f) The relationship between responsivity and SBH. (g) The schematic diagram of the devices under compressive
strain and illumination. I is the potential variation at the interface under a compressive strain. II is the band structure diagram. The blue
dash line is the original energy band structure of the ZnO in a Schottky junction; the red solid line is the band structure under negative
piezopolarization; and the black dash dot line is the Fermi level at thermal equilibrium. III illustrates a gradient piezo electric field formed in
ZnO with a negative piezopolarization at the interface, which widens the depletion region from ω0 to ωpz.
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reduced under compressive strain, suggesting that a piezo-
induced negative polarization increased the SBH. Assuming
An and T are constant under small strain, the SBH change
(Δφ) can be derived from the Eq. (2) as following [35]:

Δφ¼ φbε�φb0 ¼ � kT
q

lnðIε=I0Þ ð4Þ
where Iε and I0 are the currents measured with and without
being strained at a fixed forward bias, and φbε and φb0 are the
corresponding SBH Iε and I0, respectively. The calculated
results of Δφ at biases of 0.5 V, 0.8 V and 1 V are plotted in
Figure 3b. It demonstrates that the SBH increases linearly with
the increase of compressive strain and is independent of
external bias.



Z. Zhang et al.242
Figure 3c and d shows the photocurrent densities of the
SP photodetector under compressive strains with an inci-
dent light intensity of 100 mW/cm2. For a Schottky junction
under irradiation without an external power, the separation
of photogenerated EHPs is caused by the built-in electric
field (Ebi) which can be considered as a function of strain in
the piezoelectric semiconductor. In this work, a constant
photocurrent density (Jp-strain) was recorded under a fixed
compressive strain. The photocurrent density changes
(ΔJp-strain) increased monotonically with the compressive
strain. As shown in Figure 4b, the measured response and
recovery time under compressive strains are 0.1 s. The
Jp-strain of an MIS SP photodetector changed within 0.1 s in
both response and recovery processes. The calculated
responsivities under different strains are plotted in
Figure 3e, showing the responsivity increased from 0.64 to
1.78 mA/W. Based on Eq. (3), The detectivity of the SP
photodetector are improve from 2.88� 106 without strain to
7.99� 106 cmHz0.5 W�1 under compressive strain of �1.0%.

Figure 3g is a schematic diagram of the electronic band
structure under compressive strain and illumination. When a
compressive strain is applied vertically onto the Pt electrode
along the length direction of a ZnO NR, a piezoelectric field is
generated inside the ZnO NR with a negative polarization
formed at the ZnO/Pt interface. This strain-induced polariza-
tion could modulate the depletion region in ZnO, the insulator
layer, and the contact surface of Pt electrode. Because the
mobility and the carrier concentration in Pt are much greater
than ZnO and Al2O3, the influence of piezopotential in Pt
electrode occurs at the interface and decays rapidly. Due to
the extremely small thickness of the Al2O3 layer, the potential
reduction across Al2O3 is negligible [36]. Figure 3g I shows the
potential variation at the interface in the presence of piezo-
polarization. In Figure 3g II, the blue dash line is the original
energy band structure of ZnO, the red solid line is the band
structure with negative piezopolarization, and the black dash
dot line is the Fermi level at thermal equilibrium. Under
compressive strain, the depletion region is widened from ω0 to
ωpz by the negative piezopolarization. Such piezopolarization-
enhanced built-in filed and widened depletion region is
favorable for photogenerated EHP separation, and thus rapid
response and higher sensitivity are obtained.
Figure 4 Resistance characterization. (a) Total resistance as a fun
circuit of a Schottky junction. (b) A schematic diagram illustrating t
carrier concentration (III), and the depletion region (IV) induced by
According to Fowler theory, the photoresponse at zero bias
is related to the intensity of incident light and the SBH [37]:

Rnp
ðhv�qφBÞ2
ðqφn

B�hvÞ1=2
; for qφBohv; ð5Þ

where Rn is the photoresponsivity, hυ is the intensity of
incident light, φB is the theoretical SBH, φB is the effective
SBH that can be enhanced by piezopotential. At a fixed
incident light intensity (hυ=Eυ), and assuming the theoretical
SBH to be the difference between the work function of Pt
and the Fermi level of ZnO, Rn can be simply related to φB,
which corresponds to the piezopotential induced by the
strain. As shown in Figure 3f shown, the photoresponsivity
increased monotonically with the barrier height.

To analyze the impact of piezotronic effect of ZnO, the
relationship between resistance variation and applied vol-
tage was measured by AC impedance characterization.
Compared to a pn junction of which the impedance is
dominated by the diffusion capacitance of the injected
minority carriers, a Schottky junction can be equivalent to a
series resistance (Rs) in connection to a pair of parallelly
connected junction resistance (Rj) and junction capacitor
(Cj), as shown in the inset of Figure 4a. At low frequencies,
the capacitance in equivalent can be viewed as an open
circuit. The variation of the total resistance (Rs+Rj) with
applied bias across the junction under compressive strains is
shown in Figure 4a. According to the Schottky junction
theory, the total current, which consists of both thermionic
emission and tunneling, can be modified as

I¼ Is exp
qVb� IRs

nkT

� �
�1

� �
ð6Þ

where Is is the saturation current obtained by extrapolating
the current from log-linear plot to V=0, and n is the ideality
factor. From Eq. (6), the differential resistance in the forward-
bias region is dependent on the bias or current, given by

dV
dI

¼ nkTþqIRs

qI
ð7Þ

This equation shows that the differential resistance of the
diode at low bias is inversely proportional to the current
(=nkT/qI). At high current when IRs âª¢ nkT/q, the
ction of applied bias across the junction. Inset is the equivalent
he relationship between the electric field (I), potential (II), the
the piezopolarization under compressive strains.
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differential resistance would saturate to the value of Rs [32].
Based on the junction theory, Rs can be described as following
[38]

Rs ¼
1
A

Z w0

wf

ρðxÞdxþ 1
A

Z xε

w0

ρðxÞdxþRc; ð8Þ

where wf and w0 is the space charge boundaries at forward
and zero bias respectively; xϵ is the electrode contact
boundary. The third term Rc is the resistance which is
independent to the depletion region. The first term on the
right hand represents the large fraction of the depletion layer
at zero bias which will be collapsed under a higher forward
bias, and the second term represents the resistance in quasi-
neutral region. Therefore, the total resistance decreases
rapidly with positive bias until the Rs dominates the effect
of Rj. Typical values of Rs can be obtained from the right end
of the curves in Figure 4a. The small changes in Rs under
different compressive strains indicate that the device perfor-
mances are barely affected by the variations of carrier
concentration in ZnO. Meanwhile, the total resistances
increased significantly at zero bias as the compressive strain
increased. When the forward bias is close to zero, Rj, which is
determined by the carrier concentration in the depletion
region, plays a more important role in total resistance than Rs.

The schematic diagram in Figure 4b illustrates the relation-
ship between the electric field (I), potential (II), the carrier
concentration (III), and the depletion region (IV) induced by the
piezopolarization under compressive strain. Under compressive
strains, an electric field is induced by the piezopolarization
generated inside ZnO. The negative polarization repels the
electrons in ZnO away from the junction area yielding a
reduced carrier concentration in the space charge region and
an expanded depletion region. The built-in electric field varies
with the redistribution of free charge carriers and thus
modulates the SBH. In semiconductor materials, the resistivity
can be described as following [32]

ρðxÞ ¼
1

neμe
; ð9Þ

where n is the carrier concentration, μe is electron mobility, and
e is unit electron charge. In ZnO NRs, μe and e are constants.
Therefore, the resistivity is opposite proportion to the carrier
concentration. Based on the data shown in Figure 4a, the
smaller change of total resistance at forward bias and the
dramatically increased junction resistance at zero bias suggest
that the effect of piezopolarization is mostly implemented at
the interface rather than inside the ZnO NRs. This result also
evidences that the piezotronic effect is an effective approach
for interface engineering in a MIS Schottky device.

Conclusions

In summary, a Pt/Al2O3/ZnO based MIS heterostructure SP
photodetector was developed. The photodetector exhibited
sensitive photoresponse to different light intensity without an
external bias. The piezotronic modulation and introducing an
insulating layer were applied to engineer the interface and
enhance the photoresponse properties. By depositing a �5 nm
Al2O3 insulator layer at the interface, the effective SBH was
increased to 0.739 eV. The responsivity and detectivity of the SP
photodetector were found to be 0.644 μA/W and 2.92� 106 cm
Hz0.5 W�1, respectively. The response and recovery time were
less than 100 ms. When compressive strain was applied to the
device, the piezopolarization modulated the built-in electric
field at the interface and changed the SBH. As a result, the
photoresponse properties of the SP photodetector were sig-
nificantly improved. The responsivity and detectivity were
raised to 1.78 mA/W and 7.99� 107 cm Hz0.5 W�1, respectively
under compressive strain of �1.0%. Based on the Schottky
junction theory, it can be concluded that the piezotronic effect
has the strongest influence on the interface and gradually
decays towards the quasi-neutral region of the junction. This
study further evidences that the piezotronic principle can be an
effective approach for interface engineering to optimize the
performance of Schottky junction-based electronic devices.
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The corresponding top view SEM images, XRD and EDX of the
ZnO nanorod array covered with Al2O3, and the performance
of the Pt electrode.
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