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ABSTRACT: Although there are numerous approaches for
fabricating solar cells, the silicon-based photovoltaics are
still the most widely used in industry and around the world.
A small increase in the efficiency of silicon-based solar cells
has a huge economic impact and practical importance. We
fabricate a silicon-based nanoheterostructure (p+-Si/p-Si/
n+-Si (and n-Si)/n-ZnO nanowire (NW) array) photovoltaic
device and demonstrate the enhanced device performance
through significantly enhanced light absorption by NW
array and effective charge carrier separation by the piezo-
phototronic effect. The strain-induced piezoelectric polar-
ization charges created at n-doped Si-ZnO interfaces can effectively modulate the corresponding band structure and
electron gas trapped in the n+-Si/n-ZnO NW nanoheterostructure and thus enhance the transport process of local charge
carriers. The efficiency of the solar cell was improved from 8.97% to 9.51% by simply applying a static compress strain. This
study indicates that the piezo-phototronic effect can enhance the performance of a large-scale silicon-based solar cell, with
great potential for industrial applications.
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For decades, the silicon-based solar cell has been
intensively investigated, owing to the commercial
applications.1−5 The use of ion implantation for selective

area doping is one of the critical technologies for advancement
of silicon-based solar cells.3,6−8 The technique offers several
advantages over conventional phosphoric trichloride (POCl3)
and in-line diffusion technologies including fewer process steps,
high-throughput manufacturing process, in situ oxidation for
superior surface passivation, precise doping control, and
advanced dopant profile engineering by varying implantation
dose, implantation energy, and implant damage annealing
recipe, etc.3,9,10 However, light absorption, electron−hole pair
separation, surface/interface recombination, and surface barrier
(induced by the Gaussian distribution of implanted ions) are
four main factors limiting the efficiency of silicon-based solar
cells.1−3,11

Antireflective coatings and light trapping are two established
ways to enhance light absorption and hence increase the
amount of photoexcited carriers in the absorption layer.11−16

Recently, nanowire (NW) arrays have revealed potential
benefits with broadband antireflective and light trapping
properties in thin-film solar cells,17−20 which eliminates the
requirement for conventional complex expensive vacuum-

deposited antireflection coatings. Meanwhile, using piezo-
electric semiconductor NWs that typically have wurtzite
structure (such as ZnO, CdS, and GaN), the piezo-phototronic
effect has been proven to be an effective approach to improve
the separation of photoinduced electron−hole pairs, suppress
the nonradiative recombination, and significantly enhance the
performance of photovoltaic (PV) devices.21−30 In these former
studies, piezo-phototronic effect is generally used to enhance
the performance of PV devices based on single NW. Upon
normal stress, owing to the noncentral symmetric crystal
structure, the piezoelectric polarization charges induced piezo-
potential in the NW at the heterojunction or interface can act
as a “gate” voltage to modulate the band structure of
heterojunction and tune the charge separation, transport,
and/or recombination in optoelectronic processes, leading to
either an enhancement or reduction of the photocur-
rent.21,22,31−34

In this article, we developed several ion-implanted
monocrystalline silicon solar cells with enhanced efficiency,
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owing to the decoration of ZnO NW arrays (Figure 1b). The
ZnO NW arrays can effectively enhance the light absorption,

and the strain-induced piezoelectric polarization charges
created at n-doped Si-ZnO interfaces effectively modulate the

Figure 1. Silicon-based nanoheterstructure solar cell layout. (a) Schematic diagrams illustrating the fabrication process of the patterned
silicon-based nanoheterostructure solar cell. (b) Schematic of the solar cell. Under illumination, photoexcited electron−hole pairs are
produced and subsequently separated at the n-ZnO nanowire/n+-Si (n-Si)/p-Si interface because of band bending and internal field. The
electrons then move to the ZnO nanowire, and holes move to the p-Si.

Figure 2. Comparison of the performance of four kinds of solar cells with different n-ZnO nanowire array patterns. (a−d) SEM images of the
four samples with different n-ZnO nanowire array patterns grown on the top of Si p−n+ junction through photolithography and low-
temperature hydrothermal reaction. The designed patterns are defined as P1, P2, P3, and P4, respectively, from the left to the right. The SEM
images in the upper row are low magnification, and the SEM images in the lower row are high magnification. (e) Absorption spectra of the
solar cells with different n-ZnO NW array patterns, where NP denotes the compared solar cells with no pattern. (f) J−V characteristics of the
solar cells under AM 1.5G illumination. (g) The solar energy conversion efficiency of the solar cells with different designed patterns. (h) EQE
spectra of solar cells with pattern P1 (blue line) and pattern NP (dark brown line).
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corresponding band structure and electron gas trapped in n+-Si,
and thus enhance the separation of photoinduced carriers. Our
devices show an enhanced efficiency from 8.97% to 9.51% by
simply applying a static compress strain.

RESULTS AND DISCUSSION

The fabrication process of silicon-based nanoheterostructure
solar cells is shown in Figure 1a. The photovoltaic devices were
packaged into polydimethylsiloxane (PDMS) to enhance the
mechanical property and avoid cracking of NW arrays so that
the vertical pressure can be softly applied on the NW arrays
(Supporting Information Figure S1). First, four kinds of PV
devices with different ZnO NW array patterns grown on the
top of a Si p−n+ junction through photolithography and low-
temperature hydrothermal reaction were fabricated for
comparison (see Figure 2a−d and Supporting Information
Figure S2). The as-grown ZnO nanowires were ∼1 μm long
and ∼100 nm in diameter. From the absorption spectra shown
in Figure 2e, the devices with pattern P1 (ZnO NW array
completely covering the top surface of p-Si/n+-Si junction)
possess the highest absorption efficiency, and the devices with
no pattern (NP) have the smallest absorption efficiency, which
illustrates that ZnO NW arrays can effectively serve as
antireflective coating and light trapping structures and hence
effectively enhance light absorption. The J−V characteristics of
the optimal PV devices were measured under AM 1.5G
illumination (Figure 2f), which denotes that the devices with
the pattern P1 shows the best performance. The efficiency (η)
of silicon-based nanoheterostructure solar cells with pattern P1
is about 9%, which is a bit larger than even the solar cells with
no pattern, while the efficiencies of those with P2, P3, and P4
are no more than 4% (see Figure 2g). First, it is due to that it is
more sufficient to the electrical collection of photoexcited

carriers for NW arrays with larger area patterns, which means
that the devices with a larger size of top electrodes are beneficial
to the device performance. Second, although NW arrays reduce
the collecting ability of photoexcited carriers compared to the
solar cells with no pattern, the effect of enhanced light
absorption exceeds the effect of reduced carrier collection for
pattern P1, while it does not for patterns P2, P3, and P4. The
external quantum efficiency (EQE) of the devices with pattern
P1 was measured to be a bit larger than those with no pattern
(Figure 2h), illustrating an enhanced performance profits from
the modification of ZnO NW arrays. The performance of the
devices with pattern P1 under different illumination intensity
(P) is also shown in the Supporting Information (Figure S3 and
Supporting Information Note 1), in which the calculated η is
enhanced from 6.8% to 9% with the illumination intensity
increasing from 20 to 100 mW/cm2, indicating that the
photoexcited electron−hole pairs can also be sufficiently
separated at the silicon homojunction interface even under
higher illumination intensity.27,35 It is worth noting that the
performance of such p-Si/n+-Si/n-ZnO nanowire array solar
cells can be enhanced by optimizing the density, size, and
length of the ZnO nanowires, the thickness and doping level of
the silicon substrate, and the metal−semiconductor contact, etc.
To investigate the effects of the piezopotential on the

performance of the p+-Si/p-Si/n+-Si/n-ZnO nanowire array
solar cells with pattern P1, the PV devices encapsulated with
PDMS were fixed on a high-transparent acrylic by superglue in
order to bear the vertical pressures. To be noted, when pulling
the sample, a tensile pressure would be completely applied to
the PDMS but partially transmitted to the ZnO NWs. Although
the tensile pressure on the ZnO NWs is much smaller than that
on the PDMS, it still affects the performance of the devices.
The pressures shown in all figures denote the pressures on

Figure 3. Performance and proposed mechanism of the p+-Si/p-Si/n+-Si/n-ZnO nanowire array solar cell with pattern P1 under various
vertical pressures. (a) Energy band diagram of the solar cell without stress. (b) Energy band diagram of the solar cell after applying a
compressive stress on the PV device, which shows modulation effect on the band structure of n+-Si/ZnO interface and electron gas trapped in
n+-Si/ZnO NW heterojunction by strain-induced positive polarization charges. (c) Energy band diagram of the solar cell after applying a
tensile stress on the PV device, which shows a modulation effect on the band structure of n+-Si/ZnO interface and electron gas trapped in n+-
Si/ZnO NW heterojunction by strain-induced negative polarization charges. (d−f) Vertical pressure dependence of the J−V characteristics,
the short-circuit current density, the open-circuit voltage, the fill factor, and the efficiency under AM 1.5G illumination, which indicates the
modulation of carrier transport by piezo-phototronic effect. The negative pressure means compressive strain, and positive pressure means
tensile strain. Inset: Schematic cross-section diagram of the solar cell under a vertical stress.
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PDMS but not on ZnO NWs. The J−V characteristics of the
solar cells under a variety of vertical pressures (−1000 to 300
KPa on the PDMS, where negative and positive signs,
respectively, denote compressive and tensile pressures) were
measured under AM 1.5G illumination, as shown in Figure 3d.
Specifically, the JSC, VOC, and fill factor (FF) under different
vertical pressures are extracted and plotted (Figure 3e,f). When
the compressive pressure adds up to ∼800 KPa, the JSC
increases from 27.86 to 29.03 mA/cm2, the VOC increases
from 0.6078 to 0.6101 V, and the FF increases slightly from
0.5368 to 0.5381. As a result, the solar energy conversion
efficiency is enhanced from 8.97% to 9.51% when a
compressive pressure of ∼800 KPa is applied. When the
compressive pressure further increases, however, the efficiency
begins to fall off. When the tensile pressure adds up to 300 KPa,
it can be found that the JSC decreases from 27.86 to 26.86 mA/
cm2, and the VOC decreases from 0.6078 to 0.604 V, and the FF
decreases from 0.5368 to 0.5299. As a result, the efficiency is
reduced from 8.97% to 8.44% when a 300 KPa tensile pressure
is applied. The mechanisms of piezopotential tuning the
performance of silicon-based solar cells are detailed as
following.
The ion implantation technique and the distribution of

phosphorus ion (P+) with implanted energy of 80 keV and dose
of 1015 cm−2 in the heavy-doped n+-Si solar cell are detailed in
the Supporting Information (Figure S4 and Supporting
Information Note 2), from which we can see that the
concentration of ions in the implanted depth follows a
Gaussian distribution, the maximum concentration is 1 ×
1020 cm−3, and the maximum implanted depth is about 230 nm.
The width of the built-in electric field in n-type Si can be
expressed as35
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where NA, ND, VD, εr, ε0, and q are the acceptor concentration,
the donor concentration, the contact potential difference, the
relative dielectric constant, the vacuum dielectric constant, and
the elementary charge, respectively. In general, VD = 0.75 V and
εr = 11.9 are selected for Si. For the heavy-doped solar cell with
NA = 1016 cm−3 and ND = 1018−1020 cm−3, xn is calculated to be
about several nanometers, which denotes the depletion zone is
quite narrow in n+-Si, and it mainly locates in p-Si. Hence, the
strong inner electric field in Si p−n+ junction could not affect
the energy band of n+-Si/n-ZnO junction. As the density of the
ion implanted P+ is lower at the surface than at the inner part of
n+-Si, the energy band level at the surface of n+-Si will be raised
up, and as a result there will be a surface barrier, and hence a
large portion of photoexcited electrons are trapped in the
middle of n+-Si; the energy band diagram is illustrated as shown
in Figure 3a. When a compressive pressure is applied on the
device, due to the polar c-axis orientation in NWs, piezo-
potential distributes along the ZnO NWs with positive
piezoelectric polarization charges appearing at the junction,
which can further lower the energy level of the depletion zone
between n+-Si and n-ZnO, hence the trapped electrons in n+-Si
will be released to n-ZnO (Figure 3b), which is equivalent to an
increased generation rate of photon-induced carriers. The flow
of trapped electrons results in a temporary increase of JSC and
VOC. What’s more, with the decrease of the parasitic resistance
of the device, FF will increase. Therefore, the efficiency is
calculated to increase (Figure 3f). Actually, the change in JSC,
VOC, and FF is not obvious under such strains, which is due to
the piezo-electric charges at the end of ZnO NWs that are
partially screened by the light-induced free charges.26,36−39

However, when the compressive pressure exceeds ∼800 KPa or

Figure 4. Performance and proposed mechanism of the p+-Si/p-Si/n-Si/n-ZnO nanowire array solar cell under various vertical pressures. (a)
Energy band diagram of the solar cell without stress. (b) Energy band diagram of the solar cell after applying a compressive stress on the PV
device, which shows modulation effect on band structure of n+-Si/ZnO interface by strain-induced positive polarization charges. (c) Energy
band diagram of the solar cell after applying a tensile stress on the PV device, which shows a modulation effect on band structure of n+-Si/
ZnO hererojunction by strain-induced negative polarization charges. (d−f) Vertical pressure dependence of the J−V characteristics, the short-
circuit current density, the open-circuit voltage, the fill factor, and the efficiency under AM 1.5G illumination, which indicate the modulation
of carrier transport by piezo-phototronic effects. Inset: Schematic cross-section diagram of the solar cell under a vertical stress.
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the trapped electrons are all released, the tilted band starts to
slow down the transport of electrons due to the enhanced
piezopotential as well as the deepened triangular quantum well
in ZnO NW, thus the efficiency begins to fall off with the
further increase in compressive pressure (Figure 3f).
When a tensile stress is applied on the device, negative

piezoelectric polarization charges present at the bottom
surfaces, distributing within a thickness of 1−2 atomic layers,
which will further lift up the energy level of the depletion zone
between n+-Si and n-ZnO (Figure 3c), which greatly increased
the trapping of the photon generated electrons. Similarly
analyzing as the above, the JSC, VOC, and FF are all decreased,
hence the efficiency is reduced with the increase of tensile
pressure (Figure 3f).
As a comparison, we studied the performance of a solar cell

with low-doped n-Si (P+ implantation with energy of 40 keV
and dose of 1.5 × 1011 cm−2), that is, the fabrication process of
the two devices (low-doped n-Si solar cell and heavy-doped n+-
Si solar cell) is the same except for the doping level of n-type Si.
The efficiency of the PV device with p+-Si/p-Si/n-Si/n-ZnO
NW array nanoheterostructure was measured at only about
2.63% without stress, which is much lower than that of the
above heavy-doped n+-Si solar cell. The vertical pressure
dependence of the J−V characteristics of the solar cell was
measured under AM 1.5G illumination, as shown in Figure 4d.
With the measured pressure changing from −1000 to 300 KPa,
the JSC increased almost linearly from 8.12 to 8.62 mA/cm2, the
VOC increases almost linearly from 0.5151 to 0.5202 V, the FF
decreases slightly from 0.6 to 0.59. As a result, the calculated
efficiency is increased weakly under tensile pressures while
restrained under compressive pressures. The changing tendency
is totally different from the above heavy-doped n+-Si solar cells.
These changing tendencies are in agreement with the result
expected from the piezo-phototronic model, to be presented.
For this light-doped n-Si solar cell with an implanted energy

of 40 keV and a dose of 1.5 × 1011 cm−2, the distribution of the
density of the implanted phosphorus ions is shown in Figure
S4, Supporting Information, where we can see that the
concentration of ions in the implanted depth follows a
Gaussian distribution, the maximum concentration is 2 ×
1016 cm−3, and the maximum implanted depth is about 125 nm.
For this light-doped solar cell with NA = 1016 cm−3 and ND = 1
× 1014 to 2 × 1016 cm−3, the width of the built-in electric field
in n-Si is estimated to be xn ∼ 130 nm, which exceeded the
estimated maximum implanted depth of 125 nm. Namely, the
positive space charges in n-Si are not enough to neutralize the
negative space charges in p-Si. Therefore, the strong inner
electric field in the p-Si/n-Si junction will extend to n-Si/n-
ZnO junction (Figure 4a−c). On this occasion, there will be no
surface barrier in n-Si and hence no photon-excited electrons
being trapped in the middle of n-Si, which is different from the
former heavy-dopped case in Figure 3. Note the absolute
photon generated current here is about 1/3 of that in Figure 3e
for the heavy doping case. When the device was subjected to an
external compressive mechanical deformation, the positive
piezoelectric charge will lower the energy level of the depletion
zone between n-Si and n-ZnO NW and lift up the energy level
near the other side of n-ZnO NW with negative piezoelectric
charges (Figure 4b). As a result, the separation and transport of
photoexcited carriers are suppressed, owing to the local
trapping at the junction and the tilted band by piezo-
phototronic effect, hence JSC and VOC are all decreased.
Although FF is still increased slightly with the decrease of the

parasitic resistance, the calculated efficiency drops with the
increase of compressive pressure, as observed experimentally in
Figure 4d,e.
On the contrary, when a tensile pressure is applied on the

device (Figure 4c), the negative piezoelectric charges will lift up
the energy level of the depletion zone between n-Si and n-ZnO
and lower the energy level at the other end of n-ZnO with the
positive piezoelectric charges. The JSC and VOC are increased for
the eliminated trapping at the junction and increased the charge
separation, while FF decreases largely with the increase of the
parasitic resistance. Therefore, the calculated efficiency
increases with the increase in tensile pressure, as verified
experimentally in Figure 4f.

CONCLUSIONS

In summary, some silicon-based nanoheterostructure (p+-Si/p-
Si/n+-Si (and n-Si)/n-ZnO NW array) photovoltaic devices
with enhanced efficiency have been designed. The ZnO
nanowire arrays can significantly enhance light absorption
through light antireflection and trapping, and the strain-induced
piezoelectric polarization charges at the n+-Si/ZnO NW
interface can effectively modulate the band structure of n+-Si
(n-Si)/ZnO NW nanoheterostructure and the electron gas
trapped in n+-Si and n+-Si/n-ZnO NW heterojunction, thus
enhance the charge carrier transport. As a result, the
performance of the p+-Si/p-Si/n+-Si/n-ZnO NW array solar
cells is enhanced from 8.97% to 9.51% when subjected to a 800
KPa static compressive pressure. There is still ample
opportunity to further increase the efficiency of the silicon-
based nanoheterostructure solar cells by the piezo-phototronic
effect through using a better controlled structure and
morphology of piezoelectric semiconductor nanomaterial.
This study indicates a good method of optimizing performance
of large-scale commercial solar cells (such as polycrystalline
silicon solar cells, CIGS solar cells, and perovskite solar cells)
via the piezo-phototronic effect.

METHODS
Fabrication Processes of the Solar Cells. First, two (001)

monocrystal p-type Si wafers with a resistance of 1 Ω·cm,
concentration of 1016 cm−3, and thickness of 500 μm were prepared.
Phosphorus ion (P+) implantation with an energy of 80 keV and a
dose of 1 × 1015 cm−2 was then carried out for heavy-doped n+-Si in
one of the p-type Si wafer at room temperature. P+ implantation with
energy of 40 keV and dose of 1.5 × 1011 cm−2 was carried out for low-
doped n-Si in the other p-type Si wafer at room temperature. Then the
back of the two p-type Si wafers was implanted with boron ion (B+)
with an energy of 80 keV and a dose of 1 × 1015 cm−2 for heavy-doped
p+-Si. These implantations were all processed in an ion implanter with
type of HVE 400 kV. Then, the ion implanted monocrystalline silicon
wafers were cut into squares of 1 cm × 1 cm and annealed at 900 °C
for 30 s to repair the lattice damage and activate impurities in a rapid
thermal processing (RTP) system. In order to remove the native oxide
layer (SiO2), the annealed samples were dipped in hydrofluoric acid
with a mass fraction of 5% for 5 min, then ultrasonically cleaned by
alcohol, acetone, and deionized water in sequence, and then dried with
a nitrogen gun. The ZnO seed layer was deposited on the n+-Si (or n-
Si) by radio frequency (RF) magnetron sputtering (Denton Discovery
635, 40 sccm Ar, 100 W, 15 min) at room temperature. Au
nanoparticles were deposited on the ZnO seed layer by a Sputter
Coater/Cressington/Auto108 (20 mA, 10 s) at room temperature.
And the Al bottom electrode was then deposited on the p+-Si by direct
current (DC) magnetron sputtering (Denton Discovery 635, 40 sccm
Ar, 100 W, 10 min) at room temperature. The samples were then
annealed in nitrogen at 300 °C for 3 min for ohmic contact. For
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samples with patterns of P2, P3, and P4 (not including P1), a
lithography process was used for different patterns to provide for the
upcoming nanowire growth. In concrete terms, a SUN-9i negative
photoresist of 1.5 μm was first spin-coated on the ZnO seed layer and
then processed in turn with prebaking (110 °C, 90 s), exposure (5 s),
postbaking (135 °C, 60 s), and development (30 s). Then, all the
samples were placed into a mixed nutrient solutions (30 mM/L
Zn(NO3)2 and 30 mM/L hexamethylenetetramine (HMTA)) at 80
°C for 3 h for the growth of ZnO nanowire arrays. To improve the
mechanical property of the nanowires with pattern P1, the as-
synthesized ZnO nanowire arrays were then spin-coated by poly-
(methyl methacrylate) (PMMA), followed by Ar plasma etching to
expose the heads of the nanowires. A kind of PV device with no
pattern (NP) was fabricated with an Al bottom electrode. Then, the
ITO top electrode (40 sccm Ar, 100 W, 50 min) was then deposited
on the top of the devices for all the samples by RF magnetron
sputtering at room temperature. Two Cu wires were, respectively,
attached on the ITO top electrode and the Al bottom electrode by
silver-epoxy adhesive. Then, the devices were completely encapsulated
with PDMS with thickness of ∼1 mm on the top electrode and ∼200
μm on the bottom electrode. In order to bear the vertical pressures,
the PV devices with a pattern P1 were fixed on a high-transparent
acrylic with superglue. A tension gauge was finally fixed on the bottom
of the device with superglue.
Characterization and Measurement. The detailed microscopic

structural and morphological characterizations were carried out with a
HITACHI SU8020 field-emission scanning electron microscope
(FESEM). The absorption spectra were obtained with an UV−vis-
NIR spectrophotometer (SHIMADZU UV3600). The solar cells were
irradiated using a solar simulator (Model 94023A, Newport) with an
AM 1.5G spectrum distribution calibrated against a NREL reference
cell to accurately simulate full-sun intensity (100 mW/cm2). The EQE
spectra were measured by a quantum efficiency measurement system
(QEPVSI-b, Newport). A digital push and pull tester (HP-300) was
applied to provide vertical pressures. The J−V characteristics of the
devices were recorded by an electrochemical workstation (CHI660E).
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