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ABSTRACT: Through a process of photoelectrochemical
(PEC) water splitting, we demonstrated an eﬀective strategy
for engineering the barrier height of a heterogeneous semiconductor interface by piezoelectric polarization, known as the
piezotronic eﬀect. A consistent enhancement or reduction of
photocurrent was observed when tensile or compressive strains
were applied to the ZnO anode, respectively. The photocurrent
variation is attributed to a changed barrier height at the ZnO/
ITO interface, which is a result of the remnant piezoelectric
potential across the interface due to a nonideal free charge
distribution in the ITO electrode. In our system, ∼1.5 mV
barrier height change per 0.1% applied strain was identiﬁed, and
0.21% tensile strain yielded a ∼10% improvement of the maximum PEC eﬃciency. The remnant piezopotential is dictated by the
screening length of the materials in contact with piezoelectric component. The diﬀerence between this time-independent remnant
piezopotential eﬀect and time-dependent piezoelectric eﬀect is also studied in details.
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eterojunctions are a substantial component of electronics,
optoelectronics, and electrochemical systems.1 In most
cases, the device functionality is essentially dictated by the
interfacial physics and/or chemistry.2 Interface engineering is
thus a critical category for regulating the band alignment, barrier
height, and space charge region, and thereby improving the
performance or even introducing new functionality to heterojuction-based devices.28 Among the large variety of established/
proposed strategies, ionic-displacement induced electric ﬁeld is a
promising and powerful phenomenon for engineering the heterogeneous interface electronic band structure.3,714 Mostly
associated with the ferroelectrics’ spontaneous polarization, this
phenomenon can alter the concentration and type of accumulated/depleted charges at semiconductor/electrolyte interfaces;6
modulate the barrier height between semiconductors, semiconductor and metal, and metal and ferroelectric insulator;79,13
produce internal electric ﬁeld in photovoltaic cells;15 and build
band deformation locally.13 The application of these principles to
tunnel junctions,8 photovoltaics,15 and photoelectrochemical reactions10 has demonstrated the practicality and utilization of these
eﬀects to enhance device performance.
Nevertheless, most ferroelectric materials are necessarily poor
electric conductors, which limit their applications as fundamental
building blocks in electronic and optoelectronic devices.8,9,14,16 Additionally, the existence of multiple polarization domains festooned
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across the ferroelectric/semiconductor interface complicates the
investigation and application of interface band engineering using
these materials. In these regards, semiconducting piezoelectric
materials could oﬀer a balance between piezoelectric polarization
and charge transport properties. ZnO, GaN, and other III-V
wurtzite materials are the core semiconductor components in solar
cells,17,18 lasers,1922 light emitting diodes (LEDs),2325 and photoelectrochemical (PEC) cells.2630 These materials also exhibit
appreciable piezoelectric eﬀect,7,11,21,3133 and thus make good
candidates for applying piezoelectric polarization to regulate their
semiconductor functionalities. Recently, piezoelectric polarization
in ZnO has been found to modulate the band structure of ZnOrelated heterojunctions and thus enhanced electronhole recombination in the application of LED13 and improved the eﬃciency of
photovoltaic devices.34,35 The Schottky barrier between ZnO and
metal(s) could even be reversed, and thus made ohmic, via piezoelectric polarization, which enabled applications of mechanically
switched diodes33 and memory units.7,11 The coupling of piezoelectric polarization and the intrinsic electric ﬁeld in a space charge
region for the purpose of tuning charge transport behaviors of
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Figure 1. Fundamentals of the PEC cell with piezoelectric ZnO as photoanode. (A) Schematic setup of the ZnO-based PZ-PEC half-cell for
characterizing the piezoelectric eﬀect-related water splitting reactions. (B) JV curves and dark current density of ZnO PEC cell with and without strain
applied to the ZnO thin ﬁlm. Inset is the IV curve of an as-synthesized ITO-ZnO heterojunction, showing a diode-like performance. (C) Schematic
illustration of the band lineup of the entire PEC system. The detailed band alignment of the ITO/ZnO interface is shown in the dashed ellipse. Because of
the slightly large work function of ZnO, a Schottky barrier-like nn junction is formed between ITO and ZnO, where the barrier height is denoted as
jBn.

semiconductor devices has recently been denoted as the piezotronic eﬀect.36,37
In this paper, we report an investigation of barrier-height
engineering of a heterogeneous semiconductor interface manifested by a PEC half-cell, where the inﬂuence of the remnant
piezoelectric polarization on the photocurrent of water splitting
was studied as a function of strain applied to the anode. The PEC
anode consists of a thin ﬁlm of piezoelectric ZnO deposited on a
transparent ITO electrode. Photocurrent was enhanced when
the ZnO anode was subjected to a tensile strain, which was
attributed to the barrier height reduction at the indium tin oxide
(ITO)ZnO interface induced by remnant piezoelectric polarization. Eﬀective barrier height change demonstrated a linear
relation with mechanical strain. This study suggests a new
pathway to engineering the interface barrier without altering
the interface structure or chemistry.
The piezoelectric PEC (PZ-PEC) anode was fabricated by
sputtering a thin ﬁlm of ZnO (∼1 μm thick) on an ITO/PET
substrate. Resistivity of the as-fabricated ZnO ﬁlm was ∼107
Ω 3 cm, which could produce appreciable piezopotential upon
deformation as well as reasonable charge conductance for water
oxidation under illumination. The device and measurement
setup is schematically shown in Figure 1A. The surfaces of
ITO, ZnO, and metal wires were sealed by epoxy and only a
2  1 mm2 working area on ZnO was left open for water oxidation
reactions. The ﬂexible PEC ﬁlm was adhered to the bottom of a
PMMA cantilever, which can be deﬂected to produce various
strains. During the measurement, 0.5 M K2SO4 aqueous solution
was used as electrolyte, saturated calomel electrode (SCE) as
reference electrode, and Pt gauze as counter electrode. A potentiostat
was employed to control and monitor the PEC process and a Xe
lamp served as illumination source.
The JV characteristic of the ZnO PZ-PEC anode was ﬁrst
measured without applying any strain (black curve in Figure 1B).
Photocurrent density (Jph) of 0.54 mA/cm2 was obtained at
applied potential of 1.5 V versus SCE under light intensity of 100
mW/cm2, demonstrating a considerable water oxidation rate.
The dark current remained at a very low level (∼5 μA/cm2)
under bias potentials between 0.5 and 1.5 V (vs SCE) indicating the high quality of the ZnO surfaces. Because the nonidealness of interfacial band lineup between ITO transparent
electrode and semiconductor electrode is a well-known issue,2
the ITO/ZnO heterojunction was characterized by measuring

the IV curve directly through the ITO/ZnO layer in air. A slight
rectifying eﬀect was observed (inset of Figure 1B) indicating the
existence of a small barrier at the ITO/ZnO interface. Based on
the reported electron aﬃnities and work functions of ITO and
ZnO,2 the equilibrium band lineups of the complete ZnO PZPEC water splitting system is schematically shown in Figure 1C,
when no illumination or external bias was applied. In this system,
the ITO is supposed to be a highly doped n-type semiconductor
and ZnO is an n-type semiconductor as well but with a much
lower free charge carrier concentration. The detailed band
alignment at the ITO/ZnO interface is shown in the dashed
ellipse of Figure 1C. The small barrier, jBn, is a likely result of the
larger work function of ZnO, corresponding to the IV characteristic shown in the inset of Figure 1B. It should be noted that
due to the much higher carrier concentration of ITO than ZnO,
the depletion region in the ITO side is much narrower compared
to the accumulation region in ZnO. Under illumination, photogenerated holes in ZnO transport through the ZnO/electrolyte
interface and oxidize water. Photogenerated electrons move
through the ITO/ZnO interface and eventually reach the
counter electrode (Pt) for water reduction. Thus, the heterojunction barrier is an obstacle that restrains the charge transfer
and lowers the PEC eﬃciency.
We herein study the piezoelectric potential produced by
straining ZnO and the possible inﬂuence on the heterojunction
barrier and eventually the PEC performance. The piezoelectric
properties of as-prepared ZnO ﬁlms were ﬁrst assessed in air
under (0.1% strain and 50 mW/cm2 illumination from a Xe
lamp. The strains were produced by bending the cantilever
forward or backward. Because of the signiﬁcantly larger thickness
of the cantilever ﬁlm (1.3 mm) than the ZnO thin ﬁlm (∼1 μm),
the strain experienced by the ZnO ﬁlm is considered homogeneous compressive or tensile. Potential measurement showed
that tensile and compressive strains produced negative and
positive polarization at the ITO/ZnO interface, respectively
(Supporting Information, Figure S1). The peak piezoelectric
potential of ∼40 mV was obtained at a strain rate of ∼0.1%/s.
The relatively small value is a consequence of depolarization
induced by photogenerated free electrons and holes in ZnO.
The JV curves were then collected when the ZnO anode was
under strain. As shown in Figure 1B, an enhanced photocurrent
(Iph) was observed when a 0.21% tensile strain was applied. At
applied potential of 1.5 V versus SCE and under light intensity of
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Figure 2. PEC performance when ZnO was under static strains. (A) Photocurrent density (Jph) of the ZnO PZ-PEC under periodic compressive strains
(0.12%) at an applied bias of 1.5 V versus SCE. The strained regions are marked with a shade of light green. Jph was collected under illumination of
100 mW/cm2. (B) Jph under periodic tensile strains when light intensity was 50 mW/cm2 and applied bias was 1.5 V versus SCE. Current spikes can be
observed at the moments of applying and releasing strain due to the lower light intensity. (C) Photocurrent density change (ΔJph) as a function of
applied strain under illumination of 100 mW/cm2. The background Jph was 540 μA/cm2 and applied bias was 1.5 V versus SCE. (D,E) Applied bias (V)
under periodic compressive (0.12%) (D) and tensile (0.12%) (E) strains measured by galvanostat. The light intensity was kept at 50 mW/cm2.
(F) Applied bias change (ΔV) as a function of applied strain under illumination of 50 mW/cm2.

100 mW/cm2, Jph increased from ∼0.54 to ∼0.6 mA/cm2 due to
the tensile strain. The maximum eﬃciency was calculated from
the JV curves and a ∼10.2% eﬃciency increase was identiﬁed
(from 0.06 to 0.066% Figure S2 in Supporting Information).
Opposite eﬀect was observed under 0.21% compressive strain,
which induced reduced Jph (blue curve in Figure 1B) and a
∼8.5% maximum eﬃciency drop (from 0.06 to 0.055%).
It is known that the piezoelectric potential and associated
current outputs are always in the form of pulses because of the
quick balance of the polarization through external charge ﬂow.
However, in our PZ-PEC system, the strain induced Iph change
was found constant. In order to fully understand this phenomenon, Iph was measured at ﬁxed voltage as a function of strain.
Figure 2A,B presents the Jph measured by the potentiostat when a
constant strain was applied to the ZnO anode periodically, where
the applied external bias was ﬁxed as 1.5 V versus SCE. With a
compressive strain of 0.12%, Jph decreased from 542 to 509
μA/cm2 when the illumination intensity was 100 mW/cm2.
While with a tensile strain of 0.12%, Jph increased from 269 to
287 μA/cm2 under a light intensity of 50 mW/cm2. Small spikes
could be observed from the Jph proﬁles at the moment of
applying and releasing strain when the light intensity was
50 mW/cm2 (Figure 2B). Response of Jph on straining is swift and
highly reproducible. More importantly, the Jph change (ΔJph) is
independent of time. No decay was observed during a period
extending over hundreds of seconds, as long as the strain was
held (not including the initial spikes, see Supporting Information

Figure S3). Thus, ΔJph is deﬁned as the diﬀerence between the
constant Jph under strain and the Jph baseline when no strain was
applied. The relationship between ΔJph and strain is found to be
approximately linear as shown in Figure 2C, where all data were
collected under light intensity of 100 mW/cm2.
In order to conﬁrm that the ΔJph is associated with the
piezoelectric eﬀect in strained ZnO, a series of control experiments was conducted by replacing ZnO with TiO2, because it
does not possess piezoelectric property but does have a similar
band structure as ZnO.26,38 TiO2 thin ﬁlms were deposited on
the same ITO/PET substrates by atomic layer deposition (ALD)
and tested under the identical experimental conditions. Applying
and releasing strain did not yield any current change to the Jph of
TiO2 PEC anode (Supporting Information Figure S4), which
ruled out any current change that was the result of the anode
shape or position change during bending and conﬁrmed the role
of piezoelectric eﬀect of ZnO on altering the PEC photocurrent.
Galvanostat measurements were conducted to demonstrate
that the piezoelectric eﬀect can also adjust the applied bias
accordingly to achieve the same PEC Jph (Figure 2D,E). Experiments were conducted under a light intensity of 50 mW/cm2. As
shown in Figure 2D, a compressive strain of 0.12% shifted the
applied bias from 1.50 V versus SCE to 1.515 V versus SCE,
suggesting that a higher bias potential was required to keep
current unchanged during compressive strain. When the PEC
anode was under tensile strain, a lower bias (from 1.50 V versus
SCE to 1.485 V versus SCE) was found suﬃcient to pull equal Jph
5589
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Figure 3. Light intensity inﬂuence to photocurrent density change
(ΔJph). ΔJph as a function of light intensity from 10 to 100 mW/cm2
under a static tensile (0.12%) (A) and compressive (0.12%) (B) strain.
Insets of (A) and (B) are the relative photocurrent density change (the
ratio between ΔJph and Jph at constant strain) under diﬀerent light
intensities. A nearly constant ΔJph/ Jph value can be observed.

(Figure 2E). Similar to ΔJph, change of the applied bias (ΔV)
exhibited a linear relationship to the strain under the same light
illumination (50 mW/cm2), as shown in Figure 2F.
The inﬂuence of light intensity to ΔJph was further investigated. Light intensities ranging from 10 to 100 mW/cm2 were
applied when the strain of the PZ-PEC was kept constant.
Figure 3A clearly shows that ΔJph increased monotonically with
the increasing light intensity, when the PZ-PEC anode was under
a constant tensile strain of 0.21%. A Jph increase of as high as
67 μA/cm2 was recorded under 100 mW/cm2 light intensity.
Because Jph also increases linearly with the light intensity, the
relative photocurrent enhancement (ΔJph/Jph) was calculated
and plotted in the inset of Figure 3A. Such a ratio appeared to be
independent to the light intensity and remained around the value
of ∼8%. Similar relationship was obtained from compressive
strains (Figure 3B). The ratio of ΔJph/Jph remained at ∼12%
under a compressive strain of 0.21% regardless of the light
intensity (inset of Figure 3B). The near constant value of ΔJph/
Jph in both cases (compressive and tensile straining) implies that
the photogenerated free charge carriers have no inﬂuence on
the ratio of photocurrent change, although they do modify
the conductivity of the ZnO ﬁlm as well as the magnitude of
piezoelectric potential pulses (Supporting Information Figure
S5C). The larger absolute value of ΔJph/Jph from compressive
strain is possibly due to the dissociation of domains in the
polycrystalline ZnO ﬁlm during tensile straining which degrades
the piezoelectric property.
The observed characteristic Jph changes can be understood
from the band structure when the ZnO PZ-PEC anode is under
strain (see Supporting Information Figure S6 for schematic band
structures).39 Experimental measurements showed that when a
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Figure 4. Jph characteristics under diﬀerent light intensities and corresponding band structure. (AC) Jph variation proﬁles recorded under
light intensity of 100, 50, and 25 mW 3 cm2, respectively, when the ZnO
PEC anode was subjected to a constant 0.21 tensile strain. Jph spikes
correspond to the piezopotential-driven charge ﬂow through the
external circuit when the piezoelectric polarization is not completely
compensated by internal photogenerated charges. They are denoted as
Jpz. The following constant Jph increase was due to interface barrier
height change and is denoted as ΔJph. Lower light intensity resulted in
larger Jpz but smaller ΔJph, thus more signiﬁcant initial Jph spikes were
recorded. (D) Schematic band structure change at the ITO/ZnO
interface under a constant tensile strain.

tensile strain was applied to the ZnO ﬁlm, the surface in contact
with ITO appeared negative and the other side appeared positive
(Supporting Information Figure S2). The piezoelectric potential
induces a linear tilt of the bands and Fermi level along the
thickness direction of the ZnO ﬁlm. This band bending causes
immediate free charge redistribution inside the ZnO ﬁlm and
results in a recovery of band ﬂatness. Thus, the measured
piezoelectric potential (Vpz) represents the amplitude of the
surface Fermi level shifting after internal free charge screening.
The Vpz will quickly drop to zero due to charge transport through
the external circuit driven by the piezopotential. Therefore the
measured Vpz’s are always in the form of pulses. Vpz is directly
proportional to the amplitude of strain (Supporting Information
Figure S5A) and decreases with the increasing of incident light
intensity (Supporting Information Figure S5B,C). When the
ZnO anode was under illumination and an external bias, Jph
ﬂowed from ITO through ZnO to the electrolyte. The straininduced Vpz created an instantaneous piezocurrent (Jpz) with the
same direction as Jph. Therefore, a quick increasing of current
density (Jph + Jpz) was observed (as marked in Figure 4AC). Jpz
drops together with Vpz, resulting in a positive current pulse
when a tensile strain is applied. When Vpz dropped back to zero
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due to Jpz, the piezo-PEC system reached a steady state, although
the anode was still under tension.
At the steady state, the piezopotential is completely screened
outside of the ITO space charge region and no more piezocurrent can be induced (Jpz = 0). However, due to the nonideal
interface of ITO/ZnO and ZnO/electrolyte (i.e., ﬁnite screening
length), there always exists a remnant polarization at both
interfaces. This situation is equivalent to the well-known remnant internal electric ﬁeld of ferroelectric materials in a shortcircuit condition.8,40 The remnant negative piezoelectric charges
at the ITO/ZnO interface moves up the conduction band of ZnO
locally, as shown in Figure 4B, where the amplitude of the
interface band shift is denoted as Δjpz. Similar eﬀect can also be
induced in ITO. But due to the very narrow depletion layer of
ITO, band shifting on the ITO side is ignored here. Thus, the
barrier height between ITO and ZnO is reduced to j0Bn = jBn 
Δjpz, which results in an increase of thermionic current through
the interface. Likewise, bending of the valence band of ZnO at the
electrolyte side could also be reduced due to the remnant positive
piezoelectric charges. However, due to the ohmic-like contact
between ZnO and electrolyte, a slight change on the interface
band bending would contribute trivial in suppressing or augmenting eﬀective charge transportation, especially when the
original driving force on hole transfer is huge. Consequently, a
constant photocurrent increase (ΔJph) is observed when a tensile
strain is maintained in the piezo-PEC anode.
It is important to note that ΔJph is induced by the piezoelectric
polarization but via a diﬀerent mechanism from that of the Jpz pulses.
ΔJph is determined by the interfacial barrier height change due to the
remnant polarization, which is a result of the local charge distribution
at the interface after the piezopotential-induced charge redistribution
reaches equilibrium. This phenomenon is related to the strain and
interfacial material property but is independent of the concentration
of free charge carriers inside ZnO. Therefore, the relative current
change (or ΔJph/Jph as shown in Figure 3) remains a constant under
various incident light intensities. However, Jpz is directly related to
the apparent piezoelectric potential Vpz, and thus the incident light
intensity dictates the amplitude of Jpz. Under low light intensity, the
piezocurrent is more prominent than the constant photocurrent
change (ΔJph < Jpz), thus an initial current spike was observed
corresponding to Jpz (Figure 4A,B). Under high light intensity, the
piezocurrent immerges into the constant photocurrent change
(ΔJph > Jpz), thus a square current curve was obtained (Figure 4C).
The same mechanism applies to the case of compressive strain
where Jpz had opposite direction as Jph. Thus negative current
peaks were produced. When steady state was reached under a
constant compressive strain, the remnant piezopotential at ITO/
ZnO interface was positive and thus enlarged the ITO/ZnO
barrier height, reducing Jph.
We have shown that the remnant polarization of a piezoelectric semiconductor material is important in regulating its
electronic performance. For a Schokky barrier-like heterojunction, the JV characteristic is governed by equation1
"
# 


qðjBn þ Δjpz Þ
qV
2
J ¼ C0 T exp
1
ð1Þ
exp
nkT
kT
where C0 is a constant, q is the elementary charge, k is the
Boltzmann constant, T is temperature, n is ideality factor, V is the
applied potential, jBn is the original barrier height, and Δjpz if
the eﬀective barrier height change by remnant polarization. This
equation shows that even if the remnant polarization-induced
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Figure 5. Barrier height change (Δjpz) as a function of strain.
(A) Δjpz determined from experimental results (blue squares) gives a
barrier height change of 1.5 mV per 0.1% applied strain. Calculated
relationship (red line) shows a smaller changing rate (1.14 mV per
0.1% applied strain) possibly due to the deviation of screen lengths
estimation. (B,C) Schematic diagrams of the charge density distributions
(B) and potential proﬁles (C) in ZnO, ITO, and electrolyte solution.

barrier height change is small, the variation in current can still be
signiﬁcant. Using the ΔJph/Jph data obtained from PZ-PEC
measurements, Δjpz was calculated as a function of strain and
plotted in Figure 5A. The relation between Δjpz and strain
appeared to be linear, with a barrier height decrease of ∼1.5 mV
per 0.1% strain applied.
Approaches for calculating the depolarization ﬁeld in ferroelectric materials were employed here to quantitatively understand the relationship between strain and Δjpz.8,40 In our model,
ZnO was regarded as a piezoelectric ﬁlm sandwiched between
two electrodes, ITO and electrolyte (Figure 5B). At steady state,
the piezoelectric polarization P in ZnO ﬁlm creates surface
charge densities (σP, which induce screening charge densities
-σS on the two electrodes following equation:
σS ¼

d
P
εr ðδ1 þ δ2 Þ þ d

ð2Þ

where δ1 and δ2 are the charge screening length of ITO and
electrolyte, respectively, d is the thickness of ZnO ﬁlm, and εr is
the relative permittivity of ZnO (8.5). On the basis of ThomasFermi screening length approximation, δ1 and δ2 were calculated
to be 0.14 and 0.25 nm, respectively.41,42 The remnant polarization is due to σP > σS in a nonideal electrode material (δ 6¼ 0),
which induces a linear electric potential distribution in ZnO
j(x) = j1  (x/(εrε0)(P  σS), and an exponential potential
decay in the screening regions of the two electrodes, as shown in
Figure 5C. The interface barrier height change Δjpz is equivalent
to the remnant potential at the ITO/ZnO interface j1. For
simplicity, the ITO/ZnO/electrolyte is assumed to be short-circuited
5591
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and Δjpz is therefore given by
Δjpz ¼ j1 ¼

δ1 d
d31 Eε
ε0 ½εr ðδ1 þ δ2 Þ þ d

ð3Þ

where d31, E, and ε are the piezoelectric coeﬃcient, Young’s
modulus and strain of the ZnO anode. Calculation revealed a
linear relationship between Δjpz and strain with a slope (1.14
mV/0.1%) slightly smaller than the experimental result (1.5
mV/0.1%) (Figure 5A), which is likely due to deviation of the
screen length estimation. This analysis further demonstrated that
the remnant polarization and barrier height change is dependent
on the materials used and their interface properties. The small
absolute value of barrier height change and the corresponding
small eﬃciency improvement is due to the metal-like behavior of
ITO, which leaves a very small space of improvement. A more
pronounced barrier height change would be possible at the
interface of ZnO and other semiconductor materials that have
longer screening length than ITO.
In summary, we have demonstrated a strain-related photocurrent variation using a ZnO-based PZ-PEC anode. The
photocurrent increased/decreased by a ﬁxed amount when the
PZ-PEC anode was under a constant tensile/compressive strain,
respectively. The relative photocurrent change is found linearly
related to the applied strain but independent to the incident light
intensity. The constant photocurrent change is explained by the
remnant polarization at the ZnO/ITO interface under strain, which
resulted in a slight variation of barrier height. This phenomenon
is diﬀerent from the piezopotential-drvien current ﬂow, although
it is also resulted from the piezoelectric eﬀect. From our ZnO/
ITO anode system, the barrier height change was found to be
small (∼1.5 mV at 0.1% strain), but the resulted photocurrent
change could be signiﬁcant (5.6%) due to the exponential
dependence of current on barrier height. The remnant polarization is dependent upon both material and interface properties
and a larger barrier height change can be expected for other
semiconductor-piezoelectric material interfaces. Our system
showed a ∼10% maximum eﬃciency increase under 0.21%
tensile strain and the improvement could be much larger for
systems that hold higher remnant piezopotential. This discovery
could render a new pathway for engineering the interface barrier,
which is promising for improving the eﬃciency of many electronics, optoelectronics, and photovoltaic devices.
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