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Piezoelectric-Polarization-Enhanced Photovoltaic
Performance in Depleted-Heterojunction Quantum-Dot
Solar Cells
Jian Shi, Ping Zhao, and Xudong Wang*
Colloidal quantum-dot (QD) photovoltaics (PVs) have shown a
promising future with merits of low-cost processing, tunable
spectral absorption, long-lifetime hot carriers, and multipleexciton generation by a single photon.[1–5] For instance, tailoring
the semiconductor bandgap of QDs by the quantum-size effect
enables multijunction PVs in single-junction QD solar cells
(QDSCs).[4] The ability of collecting hot carriers could theoretically raise the solar-energy-conversion efficiency of QDSCs to
as high as 66%.[4,6] However, the performance of QDSCs is seriously hampered by the charge-extraction/transport problem due
to the material and electrical discontinuity among organic molecule-capped QDs. Endeavors have been carried out to mitigate
electron-hole recombination and improve the charge-extraction
efficiency from various aspects. To alleviate charge recombination at the QD-anode interface, an ultradeep-work-function
layer,́ such as MoO3, was utilized to provide a back surface field
to repel electrons.[7] Depletion-heterojunction (DH) QDSCs
have been developed with a highest solar-energy-conversion
efficiency of 7% using p-type QDs as absorbers and n-type
wide-bandgap semiconductors as electron collectors.[8] The
built-in electric field at the p-n junction effectively facilitates the
dissociation of excitons and extraction of electrons from the QD
thin film.[9] One critical obstacle for achieving highly efficient
DH QDSCs is the divergence between their effective regions
of charge extraction (effective depletion width ≈100–50 nm)
and light absorption (≈1–2 μm thick film to fully absorb abovebandgap solar illumination).[10] Addressing this issue requires
either a wider and steeper depletion region in the QD layer
or a well-designed photomanagement structure of the chargecollecting electrode. Depletion bulk-heterojunction (DBH)
QDSCs were exploited to reduce the compromise between
light absorption and charge extraction using a porous charge
collector.[11] However the very large QD/electrode interfacial
area significantly increased the bimolecular recombination rate
and thus reduced the charge-extraction efficiency.
A great number of studies have shown that the interfacial
electronic band structure can be engineered by the permanent
polarization induced by ionic displacement (e.g., the ferroelectric or piezoelectric effect).[12–17] This is typically implemented
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via strain either from lattice mismatching or mechanical
deformation. In a heterojunction structure involving a piezoelectric semiconductor material, the appearance of a piezoelectric polarization (Ppz) will lead to a considerable change
of the free-carrier distribution in both the piezoelectric material and its adjacent semiconductor or metal contacts. Accordingly, there will be a corresponding band structure change following the charge redistribution. The combination of Ppz and
the redistribution of the free charge could effectively modulate
the performance of practical heterojunction-based devices. For
example, in wurtzite nitride-based quantum-well lasers, Ppz can
largely deform the potential profile of the superlattice structure
and affect the quantum efficiency by regulating the spatial overlapping between electrons and holes.[13] The application of Ppz
to semiconductor functionalities has recently been explored
to a much broader extent.[18–23] This interaction is denoted as
the piezotronic effect, which implements a Ppz-induced charge
redistribution to tune the interfacial band structure locally,
and thus engineer the charge-transport properties without
altering the interface structure or chemistry. Piezotronics has
demonstrated great promise in augmenting the quantum efficiency of n-ZnO/p-GaN light-emitting diodes (LEDs), gating
the nanowire-based field-effect transistor (FET), manipulating
the metal-semiconductor contact type, and optimizing the
interfacial band alignment in heterojunction systems.[20,24–26]
Introducing the piezotronic concept to PV devices could also
arbitrarily adjust the band structure at the interface, and thus
modulate their performance. This unique capability may find
great promise for improving the effectiveness of charge extraction in a QD-ZnO system. In this paper, we report the discovery
of an enhanced performance of ZnO-PbS DH QDSCs by introducing Ppz at the heterojunction interface. Comprehensive
experimental results evidence that screening Ppz can result in
an expansion of the charge depletion region in a PbS QD film,
and thus largely enhances exciton separation and charge extraction from the QDs. This strategy demonstrates a new route
toward efficiency improvement of DH QDSCs.
Flexible DH QDSCs were constructed from an n-type ZnO
thin film and p-type PbS QDs (Experimental Section). In a
typical n-ZnO/p-PbS DH structure, the band offset φbi between
the conduction bands of the ZnO and PbS serves as the driving
force to separate photoexcited electron-hole pairs (Figure 1a).
The built-in field in the depleted PbS layer (φbi,PbS) provides
the critical driving force for charge transfer through the barriers among the QDs (Figure 1b). Its magnitude and span are
essential to charge extraction from the QD layer. An additional
driving force could be expected when the interfacial charge
redistribution is induced by Ppz from strained ZnO. Under a
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Figure 1. Working principle of QDSC subject to Ppz. a) Schematic drawing of band diagrams of a depletion-heterojunction QDSC, in which ZnO
serves as the electron collector and Au as the hole collector. b) Material and electrical discontinuities occur at the interspaces of the QDs. The built-in
potential φbi,PbS in the PbS QD layer is crucial for photoexcited charge separation and electron extraction. c) The tailoring of the QDSC band diagram
when a positive Ppz appears at the ZnO/PbS interface: δ0 and δpz denote the original and Ppz-modified width of the depletion regions, respectively.
d) Schematic illustration of the change of the depletion regions in ZnO/PbS-QD assembly. e,f) The change of interface band structure (e) and depletion
region (f), when negative Ppz appears at the ZnO/PbS interface. It is worthy of note that Ppz-induced interfacial band bending also exists at the ITO/
ZnO side. However, the very short screening length of ITO (≈0.1 nm) makes the influence of charge redistribution at the ITO/ZnO interface negligible
to charge transport.

steady strain, the ZnO thin film produces a permanent Ppz,
which induces the redistribution of free charge carriers in ZnO,
tin-doped indium oxide (ITO), and PbS to screen Ppz. According
to Poisson’s equation:[27]

the PbS-QD assembly is augmented to be φbi,PbS + Δφpz,PbS and
the width of the depletion region in PbS under zero external
bias is expanded to:[14,27]

d 2 ϕ(x)
ρ(x)
=−
2
dx
ε0 εr

δpz,PbS =

(1)

the change of the built-in potential profile, φ(x) can be derived
based on the new charge distribution ρ(x), as shown in the top
graphs of Figure 1c,e. The maximum potential change in PbS
is located at the interface (Δφpz,PbS). In the ZnO/PbS QDSCs,
Δφpz,PbS exhibited a linear relationship with the applied strain
(≈0.13V per 0.1% strain, Supporting Information, Figure S2).
The comparable magnitude of Δφpz,PbS to the original p-n junction built-in potential (≈0.6 V) suggests a good possibility of
effective band-structure engineering.Therefore, as shown in
the bottom graphs of Figure 1c,e, the original space-chargeinduced band structure of the ZnO/PbS p-n junction (blue
dashed lines) is modulated by the extra potential generated
by the Ppz-induced charge redistribution in the PbS and ZnO
(red solid lines). When a positive Ppz appears at the ZnO/PbS
interface, both the conduction and the valence bands of the PbS
are bent further downward producing a sharper and extended
built-in field, which is preferable for sweeping excitons apart.
In this scenario, the driving force for electron extraction from
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2ε0 εr (ϕbi,PbS + ϕpz,PbS )
q NPbS,eff

(2)

where NPbS,eff is the effective carrier concentration including
contributions from interface defects and surface states. This
enlarged depletion region in the PbS QD layer is imperative for
enhanced charge extraction. Meanwhile, the positive Ppz may
also yield a shorter depletion region (δpz,ZnO) and shallower
band bending on the ZnO side. The overall change of the depletion region at the ZnO/PbS interface is schematically illustrated
in Figure 1d. Because the electron mobility in p-type discrete
PbS QDs is far worse than that in n-type ZnO, the enhancement of the electron extraction in the PbS region should be the
overwhelming effect in regulating the overall performance of
ZnO/PbS junctions. Therefore, positive Ppz at the ZnO/PbS
interface is a favorable condition for charge extraction. Similarly, when a negative Ppz appears at the interface, as shown in
Figure 1e,f, the band offset reduces to (φbi,PbS − Δφpz,PbS) and
the depletion region in the PbS shrinks (δpz,PbS < δ0,PbS). Therefore, the charge-extraction capability is jeopardized and a lower
PV efficiency is expected.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

917

www.advmat.de

COMMUNICATION

www.MaterialsViews.com

Figure 2. Strain-related performances of a QDSC. a) J–V characteristics of a ZnO/PbS QDSC collected under 0.0047 mW cm−2 illumination, when the
cell was subjected to different compressive and tensile strains. b) Plot of QDSC efficiency (open circles) and Jsc (open squares) as a function of strain.
An approximately linear relationship can be observed. c,d) J–V characteristics (c) and Jsc–strain relationships (d), when the QDSC was measured under
25 mW cm−2 light intensity. Similar trends were observed for efficiency–strain and Jsc–strain relationships though with lower slopes.

The performance of the ZnO/PbS QDSCs was characterized
as a function of strain to investigate the influence of Ppz. The
dark-current density of the cell was found to be ≈−100 nA cm−2
under reverse bias, indicating a good diode property. It has
been shown that, under illumination, photoexcited carriers can
be trapped at the interfacial defects/states, which reduces the
width of the depletion region and impedes charge extraction.[28]
Therefore, in order to manifest the influence of Ppz to the
greatest extent possible and avoid unnecessary screening effects
from defects or surface states, the QDSCs were first characterized under very low light intensity. Under the illumination of
a 0.0047 mW cm−2 simulated solar spectrum, an appreciable
Jph change was discovered. Figure 2a shows the Jph–V curves
of the QDSC under different strains. A linear relationship was
identified from the plot of Jsc versus strain (open squares in
Figure 2b), where Jsc exhibited a 0.02 μA cm−2 (or 1.1%) increase
per 0.01% strain drop. Because compressive and tensile strains
generated positive and negative Ppz at the ZnO/PbS interface,
respectively (Supporting Information, Figure S2), the observed
Jsc changes were consistent with the modulation model
presented in Figure 1.
The solar-energy-conversion efficiencies were calculated from
the J–V curves and plotted as a function of strain (open circles
in Figure 2b). Under zero strain, the efficiency of the QDSC was
≈3.1%. An efficiency of ≈4.0% was obtained at a compressive
strain of −0.25%, corresponding to an improvement of ≈30%.
The efficiency also exhibited an approximately linear relationship with strain within the testing range (−0.25%–0.15%),
918
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where a 1.2% efficiency enhancement per 0.01% strain drop
was identified.
The QDSC was further tested under a higher illumination
flux to investigate the effectiveness of Ppz modulation when the
screening effect became significant. Figure 2c shows the strainrelated J–V curves of the QDSC under 25 mW cm−2 illumination.
Jsc and the efficiency of the QDSC exhibit the same changing
trends as those obtained under weak illumination, whereas
the percentages of Jsc and the efficiency change per 0.01%
strain were only 0.51% and 0.55%, respectively (Figure 2d).
This observation demonstrates that a pronounced screening
effect from trapped photoexctied charges could diminish the
Ppz-modulated interfacial depletion-region variation, and thus
reduce the degree of PV performance change. It is important
to note that the photoexcited charges themselves do not screen
Ppz. What screens Ppz are the charged surface or bulk trap
states formed under a high flux of the photocurrent due to the
slow charge-transfer kinetics on these defective states.[28] This
phenomenon is similar to the light-intensity-dependent PV
performance observed in many SC systems, where higher efficiency is typically obtained at low illumination intensity.[29–31]
This is because the high density of charged surface and trap
states resulting from a high illumination intensity often
reduces the effective depletion region in a PbS absorber, facilitates electron-hole recommendation, and therefore jeopardizes
the quantum efficiency of QDSCs. At low illumination intensity
(such as 0.0047 mW cm−2, that used in our experiments), the
surface and trap states are rarely charged due to the low flux
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of photocurrent, and thus their impedance to charge extraction
and transport is minimized. This light-intensity dependence of
the PV performance could be largely or even completely suppressed by improving the quality of the QDs and the QD-ZnO
interfaces.[32] Similarly, this strategy also applies to minimizing
the light-intensity influence on the observed Ppz modulation,
and thus maximizing the Ppz-induced efficiency gain of PV systems under high light intensity.
To obtain a more quantitative understanding of the depletion
region under the influence of Ppz, electrochemical impedance
spectroscopy (EIS) was applied to analyze the internal electrical
parameters of the QDSC (Supporting Information, Figure S3).
In the low-frequency range, the QDSC can be fitted to a simple
RC circuit (R and C are in parallel) to model the impedance of
the PbS/ZnO interface, where R is the series resistance, and

Adv. Mater. 2013, 25, 916–921

VOC =

nkT
ln
e



J SC
J0

COMMUNICATION

Figure 3. Depletion-region characterization. a) Electrochemical impedance spectroscopy measurements of the QDSC under reverse bias and
strain. Applying a reverse bias of −0.2 V was found to give a similar
impedance spectrum as that obtained under zero bias but with a −0.10%
strain. b) Computed change of width of depletion region as a function of
strain (built-in potentials are collected from Figure S2 in the Supporting
Information) and measured efficiency change versus strain. A strong
correlation can be identified between these two sets of data.

C is the specific capacitance of the depletion region.[33] The
observed low impedance demonstrates a well-defined interface
of the QDSC. Therefore, Nyquist plots under reverse bias can
be applied to quantify the C and the width of depletion region
(C = εjunction/δjunction, Supporting Information, S3).
Figure 3a shows the impedance spectra of the ZnO/PbS
interface. When only a −0.10% strain (corresponding to
≈−0.25 V Δφpz,PbS, as obtained from Figure S2 in the Supporting
Information) was applied to the QDSC, the impedance spectrum exhibited a shape very close to that obtained under −0.2 V
reverse bias. This result proves that strain-induced polarization and externally applied bias can equivalently modulate the
depletion region at the PbS/ZnO interface. With this evidence,
the change of the depletion region in PbS was calculated based
on the piezoelectric potential measured under different strains
(Supporting Information, S3). Figure 3b plots the percentage of
the calculated depletion-region change together with the measured efficiency change (collected from Figure 2b) as functions
of strain. It clearly shows that cell efficiency has a strong correlation with the width of the depletion region, suggesting that
performance change of the QDSC was mainly a result of the
Ppz-induced depletion-region variation in PbS.
To verify further this conclusion, a control experiment was
conducted, where the thickness of ZnO layer was increased
from 200 nm to 920 nm. The thicker ZnO layer generated a
higher Ppz at the interface (Supporting Information, Figure S4)
but retarded electron diffusion. As expected, the 920 nm ZnO
film yielded a much lower PV efficiency (under 0.0047 mW cm−2
illumination) compared with the 200 nm ZnO-based QDSCs
(Supporting Information, Figure S5). However, the efficiency
change per unit strain drop was significantly larger since a
much higher Ppz could be produced by the 920 nm ZnO film
under the same strain. A PV efficiency increase of 144% was
observed at a compressive strain of −0.25%, which was more
than three times higher than that obtained from the 200 nm
ZnO devices.
In order to fully reveal the Ppz-modulated QDSC performance change, open-circuit voltage (Voc) was further investigated.
Under weak illumination (0.0047 mW cm−2), where significant
Jsc change was observed, the change of Voc (ΔVoc) exhibited
an approximately linear relationship with strain (≈0.9 mV per
0.01% strain, black squares in Figure 4a). The strain-related Voc
changes were constant, rather than the piezopotential spikes as
those obtained from typical piezoelectric devices (Supporting
Information, Figure S6). The change of Voc could first be attributed to Jsc variation via Equation 3:[27,34]


(3)

where n is the ideality factor and Jo is dark-current density. The
prefactor nkT/e was found to be ≈40 mV (with n = 1.55) from the
J–V characteristics under different light intensities (Supporting
Information, Figure S7), in which the Voc change was merely
a result of Jsc. Based on Equation 3, ΔVoc was calculated using
Jsc obtained from the J–V characteristics shown in Figure 2a.
The calculated ΔVoc also exhibited a linear relationship with
strain, but with a smaller slope (≈0.5 mV per 0.01% strain, open
circles in Figure 4a) compared with the measured ones. This
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Figure 4. Investigation of Voc change in response to Ppz. a) ΔVoc and
strain relationships measured under weak illumination (0.0047 mW cm−2)
(squares), strong illumination (100 mW cm−2) (triangles), and calculated
based on ΔJsc measured under weak illumination (circles). Linear relationships could be identified from all these three sets of data, where the
slopes are 0.9 mV ΔVoc per 0.01% strain change, 0.5 mV ΔVoc per 0.01%
strain change, and 0.5 mV ΔVoc per 0.01% strain change, respectively.
b) A schematic drawing of ITO-ZnO-PbS band diagram illustrating the
contribution from the remnant piezopotential to ΔVoc.

discrepancy suggests that an additional effect, such as the remnant piezopotential at the ITO/ZnO interface, may contribute
to ΔVoc as well.
The role of the remnant piezopotential in ΔVoc was illustrated
by characterizing the QDSC under strong illumination (100 mW
cm−2), which could significantly increase the density of charged
surface states (or the effective charge-carrier concentration,
NPbS,eff) at the ZnO/PbS interface, and curtail the Ppz-induced
expansion of the depletion region (Supporting Information,
Figure S8). The density of charged surface states was quantitatively higher than the Ppz that appeared on the strained ZnO surface, and a complete screening of Ppz resulted. Therefore, Jsc of
the QDSC measured under 100 mW cm−2 was nearly non-responsive to Ppz, whilst small changes of Voc during straining were
still obtained (≈0.5 mV per 0.01% strain, triangles in Figure 4a).
Under this situation, the Voc change was not related to Jsc and
was solely contributed by the remnant piezopotential at the
920
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ITO/ZnO interface, Δφpz,r. This was the same case as the piezopotential-induced Voc variation observed from ZnO-polymer
SCs.[34] This effect can be understood by the band alignment
of ITO, ZnO, and PbS under compressive strain (Figure 4b).
In the open-circuit state, the piezopotentials on both sides of
ZnO will be partially screened by the redistributions of holes
in PbS and free electrons in ITO electrodes. The finite carrier
concentration and density of states, however, could result in a
considerable unscreened remnant potential (Δφpz,r) at the ITO/
ZnO interface, which shifts the electron quasi Fermi level in
the ITO electrode accordingly. This remnant piezopotential is
only related to the physical properties of the materials that form
the heterojunctions and always exists regardless of the incident
light intensity. Adding this effect (≈0.5 mV per 0.01% strain)
to the calculated ΔVoc–ε relationship under low light intensity (≈0.5 mV per 0.01% strain) can approximately recover the
experimentally determined result (≈0.9 mV per 0.01% strain),
evidencing the combined two contributions to ΔVoc.
In summary, we report a novel strategy to modulate the
interfacial band structure of ZnO/PbS QDSCs by Ppz. The
enhancement of Jsc and efficiency was mostly due to the expansion of the depletion region in PbS, as a result of Ppz-induced
charge redistribution at the ZnO/PbS interface. The change
of Voc was less significant and consisted of two components:
photocurrent-related quasi Fermi level shifting and the remnant piezopotential at the ZnO/ITO interface. The PV performance became less responsive to Ppz under a higher illumination
intensity due to the compensation from trapped photoexcited
charges at the interface. The illumination-intensity-dependent
Ppz enhancement shares the same mechanism as illuminationintensity-dependent PV performance. Therefore, prominent
enhancement could be expected under strong illumination
when the interface defects are minimized and fast chargetransfer kinetics are achieved. This situation is highly desirable
for PV-device development, and can be realized by carefully
designing and fabricating high-quality interfaces. The piezotronic modulation strategy endows new insights for improving
the PV efficiency of QDSCs and sheds light on engineering
the electrical-transport properties of heterojunction devices by
introducing Ppz.

Experimental Section
Materials: (0001)-oriented texture ZnO film was deposited in a radiofrequency (RF) sputtering system. Prior to deposition, the as-received
ITO/poly(ethylene terephthalate) (PET) substrate (from Multek; the ITO
layer was 200 nm thick and the PET was 75 μm thick) was cleaned by
acetone, ethanol, and deionized (DI) water in sequence and dried by N2.
A 2 inch × 2 inch substrate was used for ZnO sputtering at a pressure of
1.5 × 10−3 Torr under Ar (50 sccm) and O2 (15 sccm) flow. The RF power
for sputtering was kept at 80 W. Deposition was paused every 30 min
for a 30 min period to prevent overheating the substrate. The total
deposition time was 250 min for a thickness of ≈1 μm. The as-received
PbS QDs were p-type and their surfaces were capped with oleic acid.
Before processing, all of the QDs were subjected to five rounds of
intensive precipitation and centrifugation with acetone and 1-butanol or
methanol. Then, the QDs were dispersed in hexane at 25 mg mL−1 for
the dip-coating.
Device Fabrication: As-received, either two different sizes of a p-type
PbS QDs (Test Kit from Evident Technologies) mixture (with absorption
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