
www.advmat.de
www.MaterialsViews.com

R
EV

IEW
    Jian   Shi  ,     Matthew B.   Starr  ,         and   Xudong   Wang   *   

 Band Structure Engineering at Heterojunction Interfaces 
via the Piezotronic Effect  
 Engineering the electronic band structure using the piezopotential is an 
important aspect of piezotronics, which describes the coupling between 
the piezoelectric property and semiconducting behavior and functionalities. 
The time-independent band structure change under short-circuit condition 
is believed to be due to the remnant piezopotential present at the interface, 
a result of the fi nite charge-screening depth at the interface. A series of 
materials, including metals, semiconductors and electrolytes, are selected 
to investigate the interfacial band structure engineered by remnant piezopo-
tential when they are in contact with a strained piezoelectric semiconductor. 
The remnant piezopotential at the interface can switch the junction between 
Ohmic and Schottky characters, enhance charge combination/separa-
tion, regulate barrier height, and modulate reaction kinetics. The difference 
between the regular time-dependent, pulse-type piezopotential and con-
stant remnant piezopotential is also discussed in detail using a ZnO-based 
photoelectrochemical anode as an example. The piezotronic effect offers a 
new pathway for engineering the interface band structure without altering 
the interface structure or chemical composition, which is promising for 
improving the performance of many electronics, optoelectronics, and photo-
voltaic devices. 
  1. Introduction 

 The piezotronic effect describes the coupling of piezoelectric 
polarization and the intrinsic electric fi eld in a space charge 
region for the purpose of tuning charge transport behaviors of 
semiconductor materials and devices. [  1–5  ]  Semiconductors are 
technologically interesting because their electronic properties 
can be tailored from that of an insulator (10  − 9  Ohm · cm) to that 
of a good conductor (10 3  Ohm · cm). [  6  ]  Critically, these proper-
ties can be modulated from one to the other by the presence of 
an adequate electric fi eld. [  7–9  ]  Useful devices often require the 
integration of two or more materials that individually posses 
optimized properties (electron-hole mobility’s, dielectric con-
stants, indirect-direct band gaps, etc.) that are ideally suited 
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for a specifi c purpose. The interface 
between these two dissimilar materials is 
called a heterojunction, which often pos-
sesses specifi c electronic properties that 
endow the device with the majority of 
its functionality. [  10  ]  Thus, while the elec-
tronic properties of the bulk semiconduc-
tors themselves are important, so are the 
properties of the interface at which these 
dissimilar materials (and their disparate 
band structures) make contact. Hetero-
junction have found use in many modern 
devices, including: transistors, singe and 
tandem solar cells, photoelectrochem-
ical (PEC) cells, light emitting diodes 
(LEDs), quantum wells, photodetectors 
and semiconducting lasers to name but a 
few. [  6  ,  11  ,  12  ]  

 The bases of modern technology (infor-
mation processing, energy conversion and 
energy storage systems) all make use of 
how electrons fl ow through a circuit. In 
a heterojunction, the effect of an energy 
state discontinuity is profound, with the 
electronic conduction properties taking 
on a character that is exquisitely sensitive 
(exponentially dependent) to the magnitude of the disconti-
nuity. It is via this means that the electronic properties of the 
ensemble can be dominated by the electron properties of the 
interface. It then follows axiomatically that the electronic prop-
erties of the ensemble can be tailored by precise modifi cation of 
the interfacial energetics. To that end the piezoelectric potential 
could have a signifi cant infl uence on the heterostructure’s elec-
tronic properties (i.e., piezotronics), which requires either that a 
material composing the heterojunction must be piezoelectric or 
that a material within the near vicinity must be piezoelectric. It 
is thus advantageous that many of the materials used in the het-
erojunction devices listed previously are themselves piezoelec-
tric, these include AlN, GaN, ZnO, CdS, SiC etc. [  13  ]  The precise 
application of mechanical deformation to the heterostructure 
results in a piezoelectric potential which can tailor the elec-
tronic properties of the interface. The merit of this approach is 
that it allows for a device to be composed of materials which are 
still individually optimized for their specifi c bulk electronic and 
optical properties while allowing the independent optimization 
of their heterointerface. 

 In 2007, Wang et al. fi rst demonstrated that the piezoelec-
tric potential produced by a defl ected ZnO nanowire (NW) 
could regulate its longitudinal conductivity. [  14  ]  Following 
im 4683wileyonlinelibrary.com
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research further revealed a variety of semiconductor perform-
ance changes based upon the appearance of piezoelectric 
potential. [  15–18  ]  In this paper, we will discuss the relationships 
between piezoelectric potential and the band structure of a 
series of heterojunctions and how this effect infl uences the 
design and performance of heterojunction semiconductor 
devices.   

 2. Piezopotential in an Ideal Semiconductor 

 The direct piezoelectric effect describes a simultaneous shift 
in positive and negative charge centers within the primitive 
unit cell induced by a material deformation. The polar fi eld 
which results from the direct piezoelectric effect will naturally 
interact with charged species present in the solid, i.e., nuclei 
and electrons, both localized and delocalized, in a Coulombic 
manner. In order to better understand the repercussions of 
this interaction, principally its effects on charge carrier con-
duction throughout the solid, it is instructive to invoke band 
theory. Band theory allows the facile representation of the 
electronic structure of matter by projecting  both  the energy 
of states which the electrons  do  occupy in the solid and  can  
occupy in the solid as the ordinate and a real space dimen-
sion as the abscissa.  Figure 1   a depicts that band diagram for 
a semiconductor at 0 K in the absence of an internal electric 
fi eld.  

 In the presence of a piezoelectric fi eld, a voltage gradient will 
manifest itself in the band diagram as a slope with a magnitude 
equal to that of the voltage profi le (Figure  1 b). In the absence 
of mobile charged species and under an open-circuit condi-
tion, the piezoelectric potential remains fully unscreened and 
the magnitude of resultant voltage gradient is equal to that of 
the induced piezoelectric potential   φ    PZ  . At fi nite temperatures, 
free charge carriers will exist within the solid and their quantity 
will depend upon the temperature, band gap, and dopant con-
centration. These opposing free charges will segregate under 
the infl uence of the piezoelectric potential to opposite sides 
of the semiconducting material and in doing so establish an 
electric fi eld which is counter to that of the piezoelectric fi eld. 
This counter-piezo fi eld will compensate to varying degrees the 
fi eld remaining within the semiconducting material, acting 
most effectively to negate the fi eld present in the center of the 
material. [  19  ]    
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
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     Figure  1 .     Schematic band structure diagrams of an ideal semiconductor 
(at  T   =  0 K) without (a) and with (b) the appearance of piezoelectric 
potential ( E c  : conduction band;  E v  : valence band).  
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 3. Remnant Polarization in Strained Piezoelectric 
Materials 

 The remnant polarization in ferroelectric materials is a well 
known phenomenon and has been intensively studied for 
decades. [  20–24  ]  Similarly, a strained piezoelectric material 
can also produce a permanent polarization that induces a 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4683–4691
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     Figure  2 .     Schematic diagrams of the charge density distributions (a) and 
potential profi les (b) in ZnO and the two electrodes.  
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remnant piezopotential at the piezoelectric material-electrode 
interface under a short-circuit condition. This phenomenon 
can be understood via the same model used for ferroelectric 
materials. [  20  ,  25  ,  26  ]  

 In a simplifi ed one-dimensional model, a strained ZnO 
piezoelectric fi lm is sandwiched between two electrodes (either 
metal or semiconductor) ( Figure 2   a). At steady state when the 
two electrodes are short circuited, the piezoelectric polarization 
 P  in the ZnO fi lm creates surface charge densities  ±   σ   P , which 
induce screening charge densities +  σ    S   on the two electrodes in 
accordance with the following equation:

 
σS = d

εr (δ1 + δ2) + d
· P

  
(1)

     

where   δ   1  and   δ   2  are the charge screening lengths of the two 
electrodes, respectively,  d  the thickness of ZnO fi lm, and   ε   r  
the relative permittivity of ZnO. (Note that: for simplicity,  P  
is regarded as the remaining piezoelectric polarization after 
internal free charge compensation. Therefore, under this condi-
tion, ZnO can be roughly equivalent to a ferroelectric material 
without free charge.) The remnant polarization is the result of 
incomplete external free charge compensation due to   σ   P   >    σ   S  in 
a non-ideal electrode material (  δ    ≠  0) and is given by:

 

∣
∣ϕ(0) − ϕ(d)

∣
∣ = d

εr ε0
· (P − σS)

  
(2)

    

 This potential difference is shared between the two electrode-
ZnO interfaces and is determined by their charge screening 
lengths:

 

∣
∣ϕ1,2

∣
∣ = ∣

∣ϕ(0) − ϕ(d)
∣
∣

δ1,2

δ1 + δ2   
(3)

    

 The screening length can be determined to fi rst order by 
the Thomas-Fermi screening length approximation for degen-
erated semiconductors [  11  ]  or the Debye screening radius for 
regular semiconductors. [  27  ]  Thus, the remnant piezopotential 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 4683–4691
spatial distribution is schematically shown in Figure  2 b. A 
linear potential drop is located within the ZnO and defi ned by 
the interface potential   φ   1  and   φ   2 , which decays exponentially in 
the screening regions of the two electrodes. The potential pro-
fi le at the interface changes the band structure accordingly. The 
amplitude of the band shift is therefore dependent on the mag-
nitude of piezoelectric polarization as well as the materials used 
for surface contacts.   

 4. Interface Band Engineering by Remnant 
Piezopotential 

 The remnant piezopotential is a steady-state effect (as long 
as the strain is held) and thus will make a constant infl uence 
toward the band structure. We have shown that the remnant 
piezopotential can be determined by the electrode screening 
length. Therefore, different electrode materials can offer dif-
ferent interfacial band structure changes induced by remnant 
piezopotential. For example, in a semiconductor-piezoelectric 
material-metal (SC-P-M) system, the semiconductor electrode 
undertakes the majority portion of the remnant piezopoten-
tial due to its much longer screening length, which leads to a 
pronounced piezotronic effect at the SC-P interface. In this sec-
tion, several representative heterojunction systems, including 
metal, semiconductor, and electrolyte contacts will be discussed 
in details to reveal the interfacial band structure engineered by 
remnant piezopotential, as shown in  Figure 3   .  

 Figure  3 a shows the case of a metal-piezoelectric semicon-
ductor (M-P) interface, where a Schottky contact is present. The 
original band structure is shown by dashed lines, and the band 
structure under remnant piezopotential is sketched in solid 
lines. Situations of positive and negative remnant piezopoten-
tial at the M-P interface are illustrated in the left and right dia-
grams, respectively. As discussed in the previous section, the 
peak remnant piezopotential appears at the M-P interface. The 
potential caused by screening charges in the metal side decays 
exponentially within a very narrow region ( < 0.1 nm). [  25  ]  Thus, 
change of the electronic band at the metal side can be negated. 
Superimposing the remnant piezopotential profi le onto the 
original semiconductor band structures resolves the shifted 
band structure, as shown by the solid lines. The greatest band 
shifting exists at the interface while the band structure remains 
unchanged far from the interface. With a positive remnant pie-
zopotential at the M-P interface, the barrier height is reduced. 
A suffi ciently large remnant piezopotential (greater than the 
Schottky barrier height) can convert the Schottky barrier to 
Ohmic (left diagram in Figure  3 a). When negative remnant 
piezopotential appears at the M-P interface, the barrier height 
becomes more pronounced and a Schottky diode with higher 
threshold voltage is obtained. The piezotronic concept utilized 
for Schottky barrier engineering provides a new mechanism for 
augmentation of electronic conduction actuated by mechanical 
strain. 

 Semiconductor-piezoelectric semiconductor (SC-P) het-
erojunction is another large category of solid state devices. In 
this system, the SC component can be regarded as one elec-
trode having a much larger screening length than that of a 
metal (a few tens of nanometers). As discussed in the previous 
4685wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     Schematic diagrams of the band structure change induced by remnant piezopotential 
when the electrodes are metal (a), semiconductor (b), and electrolyte (c), respectively. The 
cases of positive and negative remnant piezopotential at the interface are shown in the left- and 
right-hand-side diagrams, respectively.  
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section, electrodes possessing a long 
screening length will result in strong rem-
nant polarizations and thus a pronounced 
remnant piezopotential, which induces 
remarkable band bending at the SC-P inter-
face. Figure  3 b illustrates the effect of rem-
nant piezopotential on a p-n junction, where 
the original band structure is presented by 
the dashed lines. In the presence of rem-
nant piezopotential at the interface, the 
piezoelectric material side shows the same 
tilting result as the M-P system. However, 
due to the broadness of potential profi le on 
the p-type semiconductor’s side, the band 
structure change is prominent and cannot be 
ignored. Such interface band bending (both 
positive and negative) infl uences the carrier 
states and can either improve or reduce the 
quantum effi ciency of the heterojunction. 

 As a third case, the interface between 
electrolyte and piezoelectric semiconductor 
(El-P) is selected. Such interfaces are essen-
tial for many energy conversion and storage 
systems. [  28  ]  A main factor determining a 
semiconductor’s ability to drive oxidation or 
reduction reactions at the semiconductor/
electrolyte interfaces is the band bending 
present at the interface that either favors hole 
(upward bending) or electron transfer (down-
ward bending). Therefore, through the appli-
cation of remnant piezopotential to gain infl u-
ence over interface energetics, and thus band 
bending, one can determine the redox reac-
tion favored at the interface through strain, 
as shown in Figure  3 c. In this case, electrolyte 
is regarded as one electrode which has a very 
high density of states and electrical conduc-
tivity, as is the case for most (practical) electro-
chemical systems operating under reasonable 
electrolyte concentrations. [  27  ]  This results in a 
very small screening length in the electrolyte, 
as is the case of metal electrodes. Therefore, 
only band bending on the piezoelectric semi-
conductor side is considered. For example, as 
shown in the left diagram of Figure  3 c, original 
band bending at the El-P interface favors hole 
transfer from piezoelectric semiconductor to 
electrolyte for oxidation reactions. In the case 
of a suffi ciently large remnant piezopotential 
present at this interface, the band bending can 
be reversed to favor electron transfer towards 
solution for reduction reactions. A negative 
remnant piezopotential (right diagram in 
Figure  3 c) facilitates hole transfer and thus 
enhances the oxidation reaction. 

 Beyond the qualitative analysis, a number 
of experimental results have recently been 
shown to follow well with the interfacial band 
nheim Adv. Mater. 2012, 24, 4683–4691
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     Figure  4 .     a)  I–V  characteristics of a Ag-ZnO-Ag system under zero, compressive and tensile strains. b) Electroluminescence spectra of a p-GaN/n-ZnO 
LED subject to different strains at a bias of 9 V. c) Strain dependent open circuit voltages and short circuit currents of a polymer (P3HT-ZnO) solar 
cell. Reproduced with permission. [  29  ,  30  ,  32  ]  Copyright.  
engineering models. Using a ZnO nanowire (NW) as the piezoe-
lectric semiconductor, Zhou et al .  demonstrated a strain-induced 
 I–V  characteristic change in a Ag-ZnO-Ag system that consists 
of back-to-back Schottky barriers ( Figure 4   a). [  29  ]  This system can 
be represented by the M1-P-M2 model, where both electrodes 
are metals (approximately equal screening lengths) and thus 
both share the same magnitude but opposite sign of potential 
change at the interface. This produces the asymmetrical  I–V  
curves, which makes the utilization of the M1-P-M2 structure 
as a memory switch possible. Yang et al .  reported a dramatic 
     Figure  5 .     a,b) Piezoresponse force microscopy images of a PZT surface with alternating domain 
patterns that were poled by  + 10 V and –10 V DC voltage, respectively. c) Surface topography of 
sample (a) after photo deposition of Ag nanoparticles. d) Scanning electron microscopy image 
of sample (b) after photo deposition of Ag nanoparticles. Reproduced with permission. [  36  ]   
improvement in the emission intensity of an 
n-ZnO/p-GaN based LED diode by straining 
the ZnO microwire component (Figure  4 b). [  30  ]  
This is the case of SC-P, where the remnant 
piezopotential forms a potential dip at the 
ZnO/GaN interface, which traps electron and/
or holes and facilitates their recombination at 
the interface. Similar to LEDs, in the case of a 
GaN/InGaN quantum well laser, the quantum 
well profi le can be rectifi ed by a remnant pie-
zopotential at the well’s interface. Depending 
on the polarity of this potential, a negative or 
positive effect on the quantum effi ciency can 
be obtained. [  31  ]  One extreme case of this model 
is the condition under which one side of the 
piezoelectric semiconductor is in contact with 
an insulator (M-P-I), for instance, a polymer. 
Depending on its electrical permittivity, the 
screening length of the polymer can be fairly 
large and the depolarization fi eld within the 
piezoelectric material becomes prominent. 
The fi rst demonstration of this confi guration 
was realized in a polymer solar cell, in which 
ZnO microwires served as electron conduc-
tors and poly(3- hexylthiophene) (P3HT) was 
the photon absorber. [  32  ]  By straining the ZnO 
wires, while under photo illumination, the 
electric transport properties of the cells were 
modifi ed resulting in a strain dependant open 
circuit voltage. Meanwhile, photocurrent 
remained essentially constant (Figure  4 c).  

 The piezotronic concept also applies to fer-
roelectric materials, when their semiconductor 
functionality is of the major concern. For 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 4683–4691
example, using the remnant ferroelectric polarization in place of 
strain-induced piezoelectric potential, spatially dependent photo 
deposition of Ag has been achieved on ferroelectric material, 
i.e., BaTiO 3  or PZT (lead zirconate titanate). [  33–35  ]  The photo 
deposition of Ag was observed on polarization domains orien-
tated with the electric fi eld vector pointing towards the semicon-
ductor-electrolyte interface, while absence of Ag deposition was 
observed on domains exhibiting the opposite polarization. [  36  ]  
 Figures   5 a and  5 b show the polarization patterns on a PZT sur-
face and Figures  5 c and  5 d illustrate that the deposition of Ag 
4687wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 follows well with such patterns. However, these ferroelectric 

materials may not be ideal choices for electrochemical electrodes 
because of their low conductivity and high permittivity; whereas 
piezoelectric semiconductors, whose conductivities can be much 
higher, offer a balance between piezoelectric polarization and 
charge transport properties and could serve as good candidates 
in the design of piezo-enhanced electrode materials.    

 5. A Quantitative Study of Interface Barrier Height 
Engineering 

 We recently demonstrated th remnant piezopotential-induced 
interface barrier height change using a ZnO-based PEC anode 
fabricated by sputtering a thin fi lm of ZnO ( ∼ 1  μ m thick) on an 
ITO/PET substrate. [  37  ]  The variation in interfacial band lineup 
between an ITO transparent electrode and a semiconductor 
electrode is a well-known issue. Based on the reported electron 
affi nities and work functions of ITO and ZnO, [  10  ]  the equilib-
rium band lineups of the complete ZnO PZ-PEC water splitting 
system is schematically shown in  Figure 6   a. The larger work 
function of ZnO resulted in a small barrier,   φ   Bn  at the inter-
face, which was evidenced by  I–V  characterization. Figures  6 b 
and  6 c present the photocurrent density ( J  ph ) measured by the 
potentiostat when a constant strain was applied to the ZnO 
anode periodically, where the applied external bias was fi xed 
as 1.5 V versus SCE. With a compressive strain of  − 0.12%,  J  ph  
decreased from 542  μ A/cm 2  to 509  μ A/cm 2  during an illumi-
nation intensity of 100 mW/cm 2 . While with a tensile strain of 
0.12%,  J  ph  increased from 269  μ A/cm 2  to 287  μ A/cm 2  under an 
illumination intensity of 50 mW/cm 2 . The response of  J  ph  upon 
straining was swift and highly reproducible. More importantly, 
the  J  ph  change ( Δ  J  ph ) was 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). 
 Δ  J  ph  is thus defi ned as the difference between the constant  J  ph  
under strain and the  J  ph  base line when no strain was applied.  

 For a Schottky barrier-like heterojunction, the  J–V  character-
istic is governed by: [  6  ] 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Figure  6 .     a) Schematic illustration of the band lineup of the ZnO PEC sys
the dashed ellipse. b,c) Photocurrent density ( J  ph ) of the ZnO PZ-PEC und
c) at an applied bias of 1.5 V versus SCE. d)  Δ   φ   pz  determined from experime
 
J = C0T 2 exp

[−q ϕBn + �ϕpz

)

kT

] [

exp
(

q V

nkT

)

− 1

]

  
(4)

   

where  C  0  is a constant,  q  elementary charge,  k  Boltzmann con-
stant,  T  temperature,  n  ideality factor,  V  applied potential,   φ   Bn  
original barrier height, and  Δ   φ   pz  effective barrier height change 
by remnant piezopotential. This equation shows that even if 
the remnant piezopotential-induced barrier height change is 
small, the variation in current can still be signifi cant. Using the 
 Δ  J  ph / J  ph  data obtained from PEC measurements,  Δ   φ   pz  was cal-
culated as a function of strain and represented by the squares 
in Figure  6 d. The relation between  Δ   φ   pz  and strain appeared to 
be linear, with a barrier height decrease of  ∼ 1.5 mV per 0.1% 
strain applied. This relationship corresponds to a  ∼ 6% PEC effi -
ciency enhancement per 0.1% strain. 

 The strain and barrier height change relationship can also be 
estimated using Equations ( 1 )–( 3 ). In the case where ITO and 
electrolyte are the two short-circuited electrodes in contact with 
a ZnO fi lm, the interfacial barrier height change  Δ   φ   pz  is given 
by:

 
�ϕpz = ϕ1 = δIT Od

ε0

[

εr

(

δIT O + δel ectr ol yte

) + d
]d31 Eε

  
(5)

   

where  d  31 ,  E  and   ε   are the piezoelectric coeffi cient, 
Young’s modulus and strain of the ZnO anode. Based 
on Thomas-Fermi screening length approximation,   δ   ITO  
and   δ   electrolyte  were calculated to be 0.14 nm and 0.25 nm, 
respectively. [  27  ,  38  ]  Calculation revealed a linear relation-
ship between  Δ   φ   pz  and strain (solid curve in Figure  6 d) 
with a slope ( − 1.14 mV/0.1%) slightly smaller than the 
experimental result ( − 1.5 mV/0.1%), which was likely 
due to deviation in the screening length estimation. This 
analysis further demonstrated that the remnant polarization 
and barrier height change is dependent on the materials used 
and their interfacial properties. A more pronounced barrier 
height change is expected at the interface of ZnO and other 
semiconductor materials that have longer screening length 
than ITO.   
mbH & Co. KGaA, Weinheim
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     Figure  7 .     Band structure of the ZnO/ITO PEC anode for explaining the strain-induced photocurrent change. a) Middle diagram: Schematic band 
diagram of the ZnO/ITO PEC system when an external bias is applied between working electrode (ZnO/ITO) and counter electrode (Pt gauze). No 
strain is applied to the ZnO anode. Top and bottom graphs show the piezoelectric potential induced instantaneous band tilting in ZnO when the ZnO 
fi lm is subject to tensile and compressive strain, respectively. b,c) Band alignment of the working ZnO/ITO anode during tensile (b) and compressive 
(c) strains. Left diagrams illustrate the transient band structure immediately after straining, where no charge screening is assumed to occur through the 
external circuit. The conduction and valence bands inside ZnO are the superposition of space charge-induced band shifting and instant polarization-
induced band bending. Right diagrams are the steady-state band alignment after charge redistribution is completed, while ZnO is still under strain for 
the ITO/ZnO (top) and ZnO/electrolyte (bottom) interfaces. The remnant piezopotential at the heterogeneous interface shifts the bands from their 
original position (dashed curves) to a new position (solid lines), and thus changes the interface barrier height.  
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 6. Distinguishing the Effects of Piezopotential 
and Remnant Piezopotential 

 The band structure change induced by remnant piezopotential 
is a static effect, which can lead to a constant current change. 
It is fundamentally different from the time-dependant current 
or voltage pulses produced by the direct piezoelectric effect. 
Electronic band theory is thus adopted to distinguish these two 
effects and fully understand the observed  J  ph  charecteristics 
when the ZnO PEC anode is under strain. Before the analysis, 
two basic aspects should be clarifi ed.  First, the band structure of 
the PEC cell when a DC bias is applied between the Pt cathode and 
the PEC anode through the ITO  (center diagram of  Figure 7   a). 
Due to the non-zero free charge concentration in ZnO under 
illumination, a portion of the applied potential drops in the 
depletion region of ZnO at the ITO/ZnO and ZnO/electrolyte 
interfaces.  Second, the band structure of a ZnO thin fi lm under 
strain  (top and bottom diagrams of Figure  7 a for negative and 
positive piezopotential on ITO side, respectively). As discussed 
earlier, the piezoelectric potential induces a linear tilt of the 
bands and Fermi level along the thickness direction of the 
ZnO fi lm. This band bending causes immediate free charge 
redistribution inside the ZnO fi lm and results in a recovery of 
band fl atness. Thus, the measured piezoelectric potential ( V  pz ) 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 4683–4691
represents the amplitude of the surface Fermi level shifting 
after internal free charge screening.  

 Superimposing the piezopotential-induced band tilting 
with the original biased band structure reveals the transient 
band structure during the application of strain (left graph of 
Figures  7 b and  7 c for negative and positive piezopotential on ITO 
side, respectively). The transient stage is defi ned as the imagi-
nary moment when the piezopotential-driven external charge 
transport has not yet occurred but the internal charge redistri-
bution is completed. This situation is rationalized because of 
the small thickness of the ZnO fi lm and the large impedance 
of the external circuit between the two ZnO surfaces. At this 
stage, the bulk conduction band and the Fermi level of ITO 
remain fl at following the band edge of ZnO and the shifting 
amplitude is  V  pz . This is the maximum voltage that can be 
measured. It should be noted that the initial ITO/ZnO inter-
face band bending does not change at this moment because 
no charge redistribution has occurred across the interface. The 
 V  pz  will quickly drop to zero due to charge transport through 
the external circuit driven by the piezopotential as indicated 
by the arrow of  e ’ pz . Therefore the measured  V  pz ’s are always 
in the form of pulses.  V  pz  is directly proportional to the ampli-
tude of strain and decreases with the increasing incident light 
intensity. 
4689wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  8 .     a–c)  J  ph  variation profi les recorded under light intensity of 
100, 50, and 25 mW · cm  − 2 , respectively, when the ZnO PEC anode was 
subjected to a constant 0.21% tensile strain.  J  ph  spikes correspond to 
the piezopotential-driven charge fl ow through the external circuit when 
the piezoelectric polarization is not completely compensated by internal 
photogenerated charges. They are denoted as  J  pz . The following constant 
 J  ph  increase was due to interface barrier height change and is denoted 
as  Δ  J  ph .  
 The piezoelectric-effect-related current change can now be 
understood using negative piezopotential as an example (ten-
sile strain applied). As shown in the left diagram of Figure  7 b, 
under illumination and an external bias,  J  ph  fl ows from ITO 
through ZnO to the electrolyte. The strain-induced  V  pz  creates 
an instantaneous piezocurrent ( J  pz ) with the same direction as 
 J  ph . Therefore, a quick increasing of current density ( J  ph   +   J  pz ) 
is observed (as marked in Figures  8 a–c).  J  pz  drops together with 
 V  pz , resulting in a positive current pulse when a tensile strain 
is applied. When the Fermi level of ITO moves back to its orig-
inal position due to  J  pz , it is assumed the piezo-PEC system has 
reached a steady-state stage, although the anode is still under 
mechanical tension.  

 At the steady-state, the piezopotential is completely 
screened outside of the ITO space charge region and no more 
piezocurrent can be induced ( J  pz   =  0). However, due to the non-
ideal interface of ITO/ZnO and ZnO/electrolyte (i.e., fi nite 
screening length), there always exists a remnant polarization 
at both interfaces. The remnant negative piezopotential at the 
ITO/ZnO interface locally moves up the conduction band of 
ZnO, as shown in the top-right diagram of Figure  7 b, where the 
amplitude of the interface band shift is denoted as  Δ   φ   pz . A sim-
ilar effect can also be induced in ITO. However, 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   φ ’  Bn   =    φ   Bn   −   Δ   φ   pz , which results in an increase 
of thermionic current density through the interface. Likewise, 
bending of the valance 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 
contributes a trivial suppression to the effective charge transfer, 
especially when the original driving force on hole transfer is 
large. Consequently, a constant  Δ  J  ph  is observed when a tensile 
strain is maintained in the ZnO PEC anode. 

 The above analysis clearly shows that  Δ  J  ph  is induced by the 
piezoelectric polarization, an entirely different mechanism 
from that of the  J  pz  pulses.  Δ  J  ph  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 equi-
librium. This phenomenon is related to the strain and interfa-
cial material properties but is independent of the free charge 
carriers inside ZnO (at low concentrations). However,  J  pz  is 
directly related to the apparent piezoelectric potential  V  pz , and 
thus the incident light intensity dictates the amplitude of  J  pz . 
Under low light intensity, the piezocurrent is more prominent 
than the constant photocurrent change ( Δ  J  ph   <   J  pz ), thus an ini-
tial current spike was observed corresponding to  J  pz  ( Figure 8   b 
and c). Under high light intensity, the piezocurrent merges into 
a constant photocurrent change ( Δ  J  ph   >   J  pz ), thus a square cur-
rent curve was obtained (Figure  8 a).   

 7. Perspective 

 In the absence of an external electric fi eld, the polarization den-
sity, which is used in piezotronics as the active agent for inter-
face engineering, depends directly upon the linear piezoelectric 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
coeffi cient and the strain tensor. A more pronounced effect on 
interface energetics can thus be obtained by utilizing: 1) mate-
rials which are capable of sustaining large strains without 
failure and/or 2) making use of a subclass of piezoelectrics, 
ferroelectrics, which have pronounced piezoelectric coeffi cients 
( > 100 pC/N) and attractive semiconductor functionality. The 
fi rst case results in a more rugged piezoelectric component 
capable of enduring substantial strain. However, because these 
materials must themselves either compose the heterointerface 
of interest or be within the immediate vicinity of said interface, 
in order to avoid device failure, extreme care must be taken 
to mediate the additional strain supported by the other mate-
rials composing the device. A design where peripheral, robust, 
strained piezoelectric fi lms sandwich an active semiconductor 
heterojunction located within a neutral strain axis is a conceiv-
able architecture for enhancing piezotronic performance. A key 
challenge facing the second case, the integration of high per-
formance ferroelectric materials into heterojunction devices, is 
the low conductivity these materials often exhibit in conjunc-
tion with their pronounced piezoelectric coeffi cients. In devices 
whose functionality depends upon the transport of charge 
carriers, this impediment cannot be overstated. A peripheral 
approach like the one states previously, where the ferroelectric 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4683–4691
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fi lm itself does not take part in the active heterojunction, can 
again be used. Alternatively, GaN and many other III–V Wur-
tzite materials are the core semiconductor components in solar 
cells, lasers, LEDs, and PEC cells. These materials also exhibit 
appreciable piezoelectric effect, and thus make good candidates 
for applying piezoelectric polarization to regulate their semicon-
ductor functionalities.   

 8. Conclusion 

 The remnant piezopotential has been used to improve inter-
facial properties and enhance performance in heterojunction 
devices, which is a signifi cant aspect of the piezotronic effect. 
From calculations to proof-of-principle demonstrations, remnant 
piezopotentials have been used to create local potential wells 
for enhanced LED quantum effi ciency, improved performance 
in GaN/InGaN quantum well lasers, leveraged to form electro-
mechanical memory diodes, and used to increase open circuit 
voltage and photocurrent extraction in polymeric solar cells and 
PECs, respectively. The good qualitative agreement between the 
PEC experiments and theory allowed a quantitative evaluation 
and verifi cation of order-of-magnitude results expected from 
theory. The use of piezopotential has been shown, through use 
of an analog ferroelectric’s remnant polarization, to modulate 
reacting kinetics at semiconductor/solution interfaces and thus 
act as a mechanism for addressing the realm of spatially selec-
tive catalytic properties. In general, this effect renders a new 
pathway for engineering the interfacial band structure without 
altering the interface structure or chemical composition, which 
is promising for improving the performance of many elec-
tronics, optoelectronics, and photovoltaic devices.  
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