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ABSTRACT: The piezo-phototronic eﬀect is the tuning of
piezoelectric polarization charges at the interface to largely
enhance the eﬃciency of optoelectronic processes related to
carrier separation or recombination. Here, we demonstrated the enhanced short-circuit current density and the
conversion eﬃciency of InGaN/GaN multiple quantum well
solar cells with an external stress applied on the device. The
external-stress-induced piezoelectric charges generated at
the interfaces of InGaN and GaN compensate the
piezoelectric charges induced by lattice mismatch stress in
the InGaN wells. The energy band realignment is calculated
with a self-consistent numerical model to clarify the
enhancement mechanism of optical-generated carriers. This research not only theoretically and experimentally proves
the piezo-phototronic eﬀect modulated the quantum photovoltaic device but also provides a great promise to maximize the
use of solar energy in the current energy revolution.
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overall conversion eﬃciency from 0.09% to 0.85%; however,
further increasing the number of wells to 100 leads to a
conversion eﬃciency increase diﬃculty or even decreases it to
0.78%.12 Researchers also reported that the conversion
eﬃciency in In0.28Ga0.72N MQW solar cells (1.02%) is slightly
less than that in In0.2Ga0.8N MQW solar cells (1.06%).13
Therefore, it is necessary to develop strategies to increase the
eﬃciency of solar cells.
The piezo-phototronic eﬀect is a three-way coupling among
piezoelectricity, photonic excitation, and semiconductor transport in materials with noncentral symmetric crystal structures,
which is due to the presence of piezoelectric charges at two
materials’ interface.14−17 Using the inner crystal piezopotential
as a “gate” voltage to control electron−hole pair generation,
transport, separation, and/or recombination, the electro-optical
processes of optoelectronic devices can be eﬀectively

he III-Nitride semiconductors such as InN, AlN, GaAs,
and GaN have been intensively investigated for
optoelectronics applications owing to their favorable
physical properties.1,2 Compared with Si, Ge, and the GaAs
system, InxGa1−xN is very attractive for designing multiple
quantum well (MQW) solar cells due to the widest adjustment
of direct and tunable band gap ranging from 0.7 eV for InN up
to 3.4 eV for GaN. Moreover, the literature indicate that InGaN
alloys have a high absorption coeﬃcient (>105 cm−1 at the band
edge),3−5 which is suitable for both terrestrial and space-based
applications. Earlier theoretical calculation have indicated that
InGaN-based solar cells can be designed to exhibit a theoretical
conversion eﬃciency of greater than 50% when the In content
of the InGaN alloys is about 40%.6 However, there are several
challenges to take full advantage of the potential of InGaN
material. Growing InGaN ﬁlms with both high indium content
and enough thickness has proven to be diﬃcult, because the
lattice mismatch between GaN and InGaN will induce a high
dislocation density,7−9 leading to an inferior power conversion
eﬃciency.10,11 For example, Mukhtarova et al. investigated that
an increase in the number of wells from 5 to 40 improves the
© XXXX American Chemical Society

Received: July 13, 2017
Accepted: September 5, 2017
Published: September 5, 2017
A

DOI: 10.1021/acsnano.7b04935
ACS Nano XXXX, XXX, XXX−XXX

Article

www.acsnano.org

Article

ACS Nano

Figure 1. Structural characterization of an InGaN/GaN MQW solar cell. (a) Cross-sectional schematic of the InGaN/GaN MQW solar cell
and magniﬁed cross-sectional view of a highlighted GaN/InGaN/GaN heterostructure. Corresponding atomic structure model (b) and energy
band diagram (c). (d) High-resolution omega/2theta scans of MQW structures, showing a high crystal quality. The inset is the SEM images of
an InGaN/GaN multiple quantum well structure. (e1−e4) SEM images illustrating the fabrication process of the solar cell with a 2 × 2 mm2
mesa size. (f1, f2) Cross-sectional view of the actual device etched by ICP. The vertical depth is 5 and 1 μm, respectively. (f3, f4) Partial top
views of the electrodes.

RESULTS AND DISCUSSION
The InGaN/GaN MQWs were grown by metal−organic
chemical vapor deposition (MOCVD) on (0001)-plane
sapphire substrates, and the In content of the InGaN alloys is
25%. The cross-sectional schematic of the MQWs is shown in
Figure 1a. The corresponding atomic structure model and
energy band bending of the GaN/InGaN/GaN quantum well
are shown in Figure 1b and c, respectively. Due to its
noncentral symmetric crystal structure, the lattice mismatch
induces piezoelectric polarization charges at the InGaN/GaN
interfaces. These polarization charges lead to the formation of a
triangle-shaped potential well in the InGaN layer and then
reduce the absorption coeﬃcient. Figure 1d shows highresolution omega/2theta scans of MQW structures and SEM
images of the InGaN/GaN multiple quantum well structure.
The sharp peak is (002) from the substrate (taking the thick
GaN layer as the substrate), and the broader peak is (002) from
the InGaN/GaN MQWs at a lower angle. The distinct, periodic
satellite peak (from −3 to +2) occurring on either side of the
InGaN zero-order peak reﬂects the good crystalline quality.
The SEM images illustrate the fabrication process of the
InGaN/GaN MQW solar cell, as shown in Figure 1e1−e4.
Detailed synthesizing processes of the solar cells are found in
the Methods section. First, several 2 × 2 mm2 patterns were
etched from top to bottom through photolithography followed
by inductively coupled plasma (ICP, BCl3/Cl2 chemistry).
These patterns were fabricated for device isolation, and the
etched depth was about 5 μm (as shown in Figure 1f1), so that
the leakage current of the solar cell can be reduced to around 2
× 10−5 A. After that, a “back”-shaped area was etched down
about 1 μm to expose the n-GaN for ohmic contact formation
and deﬁne the active mesa. Circular ohmic contacts were made

modulated. This eﬀect has been applied to enhance the
sensitivity of bio/chemical sensors,18−22 the performance of
photovoltaic devices,23,24 and the light-emission eﬃciency of
light-emitting diodes (LEDs).25−27 These devices can be
eﬀectively modulated by applying an external mechanical
stress/strain, which leads to a series of optoelectronic
phenomena and scientiﬁc applications. Most piezo-phototronic
devices take a metal−semiconductor (MS) or heterojunction
structure, such as ZnO micro/nanowire devices with electric
transport characteristics improvement28 and n-ZnO/p-SnS
photocells with a conversion eﬃciency enhancement.23 With
the development of nanotechnology, the coupling between the
piezotronic/piezo-phototronic eﬀect and the quantum conﬁnement gradually becomes possible. The PL intensity modulation
of InGaN/GaN MQWs by the piezo-phototronic eﬀect has
been presented theoretically and experimentally.21,29
In this work, we present the enhancing of InGaN/GaN
MQWs’ solar cell eﬃciency by the piezo-phototronic eﬀect.
Under external stress, the short-circuit current is increased from
1.05 mA/cm2 to 1.17 mA/cm2 and the maximum conversion
eﬃciency of the solar cell is increased from 1.12% to 1.24%,
relatively enhanced by 11%. Furthermore, a self-consistent
numerical model was established to illustrate the piezophototronic eﬀect in an InGaN/GaN multiple quantum well
solar cell and oﬀered many important clariﬁcations, including
the energy band structure and the optical transition rate. In a
word, this study shows that the piezo-phototronic eﬀect oﬀers a
feasible way to increase the optical absorption of InGaN/GaN
MQW solar cells. Our piezo-phototronic eﬀect modulation is a
very simple, recoverable, high-eﬃcient technology to improve
the conversion eﬃciency, which has great potential in the
design of nitride solar cells.
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Figure 2. Performances of the InGaN/GaN MQW solar cell under diﬀerent illumination intensities. (a) Schematic diagram demonstrating the
operating principle of the InGaN/GaN MQW solar cell. (b) Room-temperature J−V characteristics of the InGaN/GaN MQW solar cell under
diﬀerent illumination intensities. (c) P−V characteristics of the solar cell under diﬀerent illumination intensities. (d) Short-circuit current
density (JSC) and open-circuit voltage (VOC) of the devices as a function of illumination intensities. (e) Solar energy conversion eﬃciency (η)
and ﬁll factor (FF) of the devices as a function of illumination intensities.

and the power density increased. Under air mass 1.5 (1.5 AM)
irradiation (100 mW/cm2), the eﬃciency of the devices was
found to be 1.12% with a short-circuit current density JSC =
1.05 mA/cm2, open-circuit voltage VOC = 1.9 V, and ﬁll factor
FF = 0.57. The fundamental performance characteristics of the
solar cell are plotted as functions of the illumination intensity,
as shown in Figure 2d and e. The short-circuit current (JSC), the
conversion eﬃciency (η), and the ﬁll factor (FF) exhibit a nearlinear dependency on the illumination intensity, while the
open-circuit voltage (VOC) is essentially stable with the increase
of intensity. This is because the band gap of the InGaN material
and the quality of the electrodes determine the VOC of the
device, and the photocurrent in this regime depends on the
photon ﬂux, the carriers’ lifetime, and the carriers’ generation
rate. The FF approaches 0.52 at 19 mW/cm2 and increases
slightly with illumination intensity, exceeding 0.57 at 100 mW/
cm2. The power conversion eﬃciency of the solar cell can be
expressed as η = VOC × JSC × FF/Pinc, where Pinc is the incident
irradiance per area unit. As is shown in Figure 2e, η slightly
increases with an increase in the illumination intensity from
0.8% to 1.12%, which indicates that the more optical-generated
carriers are generated under high illumination intensity.4,23

by depositing Ti/Al/Ni/Au with an e-beam and annealing at
850 °C for 30 s in a N2 atmosphere, which is shown in Figure
1f3.30 Conductive indium tin oxide (ITO) was sputtered at the
surface of p-GaN as the current spreading layer, due to its high
transparency in the visible spectral region.31 Finger electrodes
(Ni/Au 230 nm) were deposited on the ITO, as shown in
Figure 1f4. These designs could eﬀectively decrease contact
resistance or parasitic resistance of the structure, which leads to
the enhancement of carrier collection and the high ﬁll factor
(FF).
The basic operating principle of the InGaN/GaN MQW
photovoltaic cell is shown in Figure 2a. In the structure, the
electrons ﬂow from p-GaN through the MQW area toward nGaN with the sunlight incident on the device, are collected by
the contacts, and then drive an external circuit. The output
voltage of the MQW solar cell is determined by the barrier
material, which has a wider band gap, and its short-circuit
current is dominated by the width and the number of quantum
wells.32 In Figure 2b,c, the J−V characteristics and the P−V
characteristics of the InGaN/GaN MQW solar cell were
measured under diﬀerent illumination intensities at room
temperature, respectively. As the intensity ranged from 0 to 100
mW/cm−2, the current density increased approximate linearly,
C
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Figure 3. Raman spectra of InGaN/GaN MQWs with various external stress. (a) Schematic diagram of the Raman spectroscopy setup. A metal
holder with a jackscrew pinning in the back ﬁxed the sample, and external stress is applied at the sample though the rotation of a motion
controller. (b) Stress distribution of the sample induced by the applied stress calculated by COMSOL. The magnitude of the external force is
expressed in terms of the precession depth. (c) Dependence of the Raman shift on external stress. The relative Raman shift E2h phonon mode
(d) and A1 (LO) phonon mode (e) of the residual stress in the InGaN/GaN MQWs under diﬀerent precession depth.

Figure 4. Performances of the solar cell with various external applied strains. (a) J−V characteristics of an InGaN/GaN MQW solar cell under
AM 1.5G illumination at diﬀerent external applied strains. (b) P−V characteristics of the solar cell at diﬀerent external applied strains. (c)
External strain dependence of the short-circuit current density (JSC) and the open-circuit voltage (VOC). (d) External strain dependence of the
solar energy conversion eﬃciency (η) and the ﬁll factor (FF).

strain in III−V alloy systems.33 The experimental setup
presented in Figure 3a is carried out to investigate the

Due to the dependency of the phonon frequencies on strain,
Raman spectroscopy is a standard technique to investigate the
D
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Figure 5. (a) Mechanism of the InGaN/GaN MQW solar cell modulated by the piezo-phototronic eﬀect. The dashed line and solid line
indicate the schematic band diagram of the InGaN/GaN MQW structure with and without strain/pressure, respectively. (b1) Calculated
energy band proﬁles of the GaN/InGaN/GaN heterostructure from top to bottom under strain-free and various straining conditions. (b2)
Enlarged Ev at the GaN/InGaN heterojunction interface as labeled in (b1) with a green rectangle. (b3) Enlarged Ec at the InGaN/GaN
heterojunction interface as labeled in (b1) with a red rectangle. (c) Electron wave function distribution with and without strain (dark line).
The inset shows the shifting peak position. (d) Hole wave function distribution with and without strain (dark line). The inset shows the
shifting peak position. (e) Normalized square of the spatial overlap of the electron−hole wave functions and the normalized experimental
conversion eﬃciency of the solar cell under strain-free and various straining conditions.

the residual stress in InGaN quantum wells on the precession
depth. The compressive residual stress of InGaN decreases
from 5.30 GPa to 4.73 GPa as the precession depth increases
from 0 μm to 44 μm. This reveals that the external stress partly
compensates the internal stress induced by lattice mismatch in
the InGaN epilayer,38 and the external applied strain in InGaN
increases to 0.134% based on the linear elasticity theory.29,36
Figure 4 shows the performance of the InGaN/GaN MQW
solar cell modulated by the piezo-phototronic eﬀect. The J−V
characteristics of the solar cell are measured by a solar simulator
under AM 1.5 G illumination conditions, as shown in Figure 4a.
As the external applied strains increased, the current density of
the solar cell was enhanced. The P−V curves for the device
under diﬀerent strains are shown in Figure 4b, the voltage
relative to the maximum power point is essentially constant,
while the power increases with an increase in the external strain
from 0.000% to 0.134%. To investigate the JSC modulated by
the piezo-phototronic eﬀect more clearly, we extracted and
plotted the JSC and the VOC under external strains through
varying the precession depth as shown in Figure 4c. The opencircuit voltage (VOC) of the solar cell is nearly identical under
diﬀerent external strains, which is because piezoelectric charges
were conﬁned at the interfaces and thus did not change the
quasi-Fermi level splitting through the solar cell. But the shortcircuit current density (JSC) was enhanced signiﬁcantly from
1.05 mA/cm2 to 1.17 mA/cm2, which is related to the
enhanced optical absorption. Increasing the optical absorption
is the most important issue for the InGaN/GaN solar cell.

Raman shift of the sample under diﬀerent external stress. The
sample is ﬁxed on a plate by a jig, with a jackscrew pinning
locked at the back. The external stress is applied on the device
along the c-axis direction through a mechanical rotation
instrument. The precession depth of the jackscrew reﬂects
the magnitude of the external stress. The stress distribution of
the sample induced by the applied stress was calculated by
COMSOL 4.3a, as shown in Figure 3b, and the stress was
symmetrically distributed in the photovoltaic device with a
maximum value of 0.15 GPa at the center of the device. Figure
3c shows the Raman spectra of the sample with and without
strain obtained at room temperature. As the precession depth
increased, both the E2h mode of GaN and A1(LO) mode of
InGaN shift toward the short wavenumber. The residual
compressive stress in wz-GaN was obtained by the relative shift
of the E2h phonon mode typically,34−36 and the relation
between the biaxial stress and these relative Raman active
phonon modes was described as Δω = ω − ω0 = Kbiax
Ph σxx,
where ω is the measured peak position, ω0 is 567.5 cm−1 as the
biax
standard value for bulk GaN,37 KPh
denotes the stress
coeﬃcient assuming biaxial stress in the c plane, and σxx is
the residual stress expressed in GPa. In Figure 3d, the Raman
shift of the E2h mode of GaN on sapphire and the residual stress
in GaN are calculated and plotted as a function of the applied
stress (precession depth), and it is noticed that the E2h mode
shifts from 568.4 cm−1 to 567.7 cm−1, which corresponds to the
compressive residual stress from 0.35 GPa to 0.07 GPa. Figure
3e shows the dependence of the A1(LO) mode of InGaN and
E
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MQW solar cell can be enhanced by the piezo-phototronic
eﬀect.

People have taken great eﬀorts to optimize the MOCVD
epitaxy technology to grow high-quality InGaN/GaN MQWs
with a higher In content and more quantum wells. However,
when the number of quantum wells is larger than 40, the
conversion eﬃciency increases with diﬃculty or even decreases
to 0.78%;12 moreover, the high In-content (In0.28Ga0.72N)
MQW solar cells exhibit lower conversion eﬃciency than that
in In0.2Ga0.8N MQW solar cells.13 In our sample, the maximum
conversion eﬃciency of the InGaN/GaN MQW solar cell
increases from 1.12% to 1.24%, enhanced by 11% under a
0.134% external strain. As shown in Figure 4d, the FF decreases
a bit from 57.3% to 56.7%. When the external strain exceeds
0.117%, the eﬃciency starts to decrease slightly, which is
probably due to more signiﬁcant lattice scattering. The
performances of the solar cell before and after applying the
strain are shown in Figure S1 (Supporting Information). It
indicates that our piezo-phototronic eﬀect modulation is a very
simple and highly eﬃcient technology to improve the
performance of the InGaN/GaN MQW solar cell, which has
great potential in nitride solar cells.
The piezo-phototronic eﬀect provides a solution to improve
the conversion eﬃciency of the InGaN/GaN MQW solar cells,
and the mechanism is discussed below. When an external stress
is applied on the InGaN/GaN multiple quantum wells, as
shown in Figure 5a, the external-stress-induced piezoelectric
charges will be generated at the interfaces of the barrier and
well. These charges partly compensate the charges induced by
the internal stress in the InGaN wells.29,39 Therefore, the
optical transition is modiﬁed by the external stress. To
quantitively evaluate the piezo-phototronic eﬀect in the
InGaN/GaN MQW solar cell, a self-consistent numerical
model was established to calculate the energy band structure
and the transition rate in an InGaN/GaN multiple quantum
well solar cell. The calculated energy band proﬁles of the GaN/
InGaN/GaN heterostructure under strain-free and straining
conditions are shown in Figure 5b1, and the detailed band
diagrams at each interface are shown in Figure 5b2 and b3. It
becomes obvious that, as the external strain increases, Ev of the
GaN/InGaN heterojunction interface decreases while Ec of the
InGaN/GaN heterojunction interface trends upward. For the
quantum well structure, the lattice-mismatch-induced stress
between the quantum barrier and the well is partly
compensated by the external stress. Moreover, the electron
and hole wave function distributions of the structure with and
without strain (dark line) are plotted in Figure 5c and d, and
the insets show the shifted peak position, which clearly shows
that both the electron and the hole wave function move toward
the well. Therefore, the optical absorption in the quantum well
is enhanced, resulting in more optical-generated carriers. The
optical absorption coeﬃcient is proportional to the square of
the spatial overlap of electron−hole wave functions, Ie−h,n (n =
0, 1, 2, 3, 4, 0 corresponds to the device under no strain and 1−
4 correspond to the device under diﬀerent external strains).40
The square of the overlap under diﬀerent strains relative to
Ie−h,0 is extracted and plotted in Figure 5e, showing that the
spatial overlap increases with the increase of the strains. The
variation of the Ie−h,n/Ie−h,0 under higher strain is also
calculated, which is shown in Figure S2 (Supporting
Information). Meanwhile, the relative changes of experimental
conversion eﬃciency for the MQW solar cell ηn/η0 (n = 0, 1, 2,
3, 4) are displayed, which agree with the calculated results of
the spatial overlap of electron−hole wave functions. This
suggests that the conversion eﬃciency of the InGaN/GaN

CONCLUSIONS
In summary, the piezo-phototronic eﬀect enhancement of the
conversion eﬃciency of an InGaN/GaN multiple quantum well
solar cell was observed. Under 0.134% applied strain, the
maximum conversion eﬃciency of the solar cell is increased by
11%, and the short-circuit current is increased from 1.05 mA/
cm2 to 1.17 mA/cm2. The physical mechanism was proposed
and conﬁrmed via a self-consistent numerical model, and the
theoretical simulation agreed very well with the experimental
measurement. The external stress partly compensates the
internal stress induced by the lattice mismatch, which ﬂattens
the energy band diagram to increase the spatial overlap of
electron−hole wave functions and ﬁnally increases the optical
absorption. This study provides a scientiﬁc and convenient
scheme for improving the performance of InGaN/GaN MQW
solar cells and holds great promise to maximize the use of solar
energy.
METHODS
Fabrication Processes of the Solar Cells. The InGaN/GaN
MQW heterostructure, as shown schematically, was grown on a
(0001)-patterned sapphire substrate by a MOCVD system. The layer
structures consist of 2 μm thick n-type GaN, a nine-period InGaN/
GaN (3/13 nm) MQW absorption layer, and a 0.2 μm p-type GaN
layer. The predominant electroluminescence emission peak was
estimated to occur around 450 nm, corresponding to the
In0.25Ga0.75N/GaN MQWs (Eg ∼2.75 eV). The inﬂuence of the
MQW structures on the performance of the piezo-phototronicmodulated InGaN solar cells has been investigated by a self-consistent
numerical model, as is shown in Figure S3 (Supporting Information).
In the device fabrication, a 1.5 μm thick SiO2 layer was deposited by
plasma-enhanced chemical vapor deposition (PECVD) as an etching
mask, and a 2 × 2 mm2 mesa etch was done with an inductively
coupled plasma reactive ion etching (ICP-RIE) system until n-GaN
was exposed. The remaining SiO2 sacriﬁcial layer was removed from
the p-GaN by immersing them in a hydrogen ﬂuoride (HF) solution
and then treated under a power of 300 W O2 plasma in a reactive ion
etching to form an immaculate surface, which facilitates achieving an
excellent uniformity for the photoresist spin-coating on the plate. In
the coating process, the AZ4620 photoresist was ﬁrst applied to the
device surface by dropper and then high-speed rotated with a speed of
2500 r/min. The thickness of the photoresist was about 3 μm. A mesa
region was etched down to n-type GaN about 1 μm deep, so that a Ti/
Al/Ni/Au (20/120/45/55 nm) n-contact could be deposited by ebeam evaporation using optical lithography and a lift-oﬀ technique. In
order to form an ohmic contact, the samples were annealed at 850 °C
for 30 s in a rapid thermal annealing machine under a nitrogen (N2)
atmosphere. A 200 nm thick ITO layer was deposited by RF
magnetron sputtering on p-GaN as a current spreading layer, followed
by annealing in air at 550 °C for 10 min. Finally, Ni/Au (30 nm/200
nm) metal grids were deposited for p-type contacts using dc
magnetron sputtering at room temperature.
Optical and Electrical Characterization. The XRD measurement was performed using the Bede D1 system. The microscopic
structure was characterized with a Hitachi SU8020 ﬁeld-emission
scanning electron microscope. The Raman measurements were carried
out with a micro-Raman spectrometer (LabRam HR Evolution) at
room temperature, and the emission wavelength of the laser was 532
nm, with a beam spot size of 1 μm. The solar cells were irradiated
using a microprobe station, a solar simulator (model PT-SUN2S,
Pharos Technology) with a spectrum distribution of AM 1.5 G, and a
Keithley 2450 source meter. The system was calibrated against a
standard silicon solar cell to accurately simulate 1 sun intensity (100
F

DOI: 10.1021/acsnano.7b04935
ACS Nano XXXX, XXX, XXX−XXX

Article

ACS Nano
mW/cm2). The current−voltage characteristics were measured with
the Keithley 2450 source meter.
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