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The authors would like to add below statement to explain the
enhancement of the solar cell using indium nitride
nanoparticles:

Semiconductor materials can downshift light that could
be useful to solar cell applications where high energy photons
will be downshifted to low energy photons. These materials
can also scatter light which has been found in previous studies
[1–3]. Also, both of these phenomena can contribute towards
the performance enhancement of a solar cells.

In this study, we reported an improvement of solar cell
performance using InN-Ps. These nanoparticles can downshift
light as shown in figure 5 of the original article. These
nanoparticles can also scatter light, which can be seen in the
reflectivity study shown in the original article as figure 9.
However, the decrease in reflectivity seems to be on the lower
end side and we believe an erroneous characterization is the
reason for this more than anything else.

In our previous study, we found a significant decrease in
reflection after coating the solar cells with InN-Ps [4]. The
optical characterization of the cells during that study was
conducted before the fabrication of silver contacts. On the
other hand, the current paper focuses on the polycrystalline
silicon solar cells which were outsourced and already had
contacts fabricated on the cells. We believe this might be the
reason that led to a rather inconclusive reflectivity study,
which failed to show the true prospect of InN-Ps in reducing
reflection. Unfortunately, we do not have any access to the

samples used for this study, but we did conduct a study
previously on c-Si HIT cells and with 230 nm InN-Ps. During
that study, reflection measurement was conducted before the
deposition of silver contact and that also showed a reduction
in reflection, as can be seen in figure C1.

We also investigated the percentage of increase in EQE
and IQE and showed it in figure C2. It shows, for a broader
wavelength range, that the percentage increase in EQE is
higher than IQE. This suggests that though InN-Ps are
downshifting light, solar cells performance improvement are
mostly due to the light scattering. A similar technique was
used before to study the effect of Si nanoparticles on solar
cells [5].

A relatively high absorption peak can be seen between
200 and 320 nm in figure 4 in the original article, and at the
same time within this region the InN-Ps coated cell shows
relatively lower reflection compared to the reference cell, as
be seen in figure 9 in the original article. This anti-reflection
property of the InN-Ps may be the reason for not seeing any
decrease in quantum efficiency, due to the absorption prop-
erty of InN-Ps within this shorter wavelength range.

To conclude, we believe downshifting of light by InN-Ps
to be possible, but scattering is playing the major role in
improving the performance of the solar cell. That is the reason
for not seeing any absorption component of InN-Ps in EQE
curve.
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Figure C1. Effect of InN-Ps on c-Si HIT solar cells. Data shows the effect of spins on the overall reflection.

Figure C2. Percentage increase in EQE and IQE due to InN-Ps.
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Abstract
In this work, we present a hybrid indium nitride particle/polycrystalline silicon solar cell based
on 230 nm size indium nitride particles (InN-Ps) obtained through laser ablation. The solar cell
performance measurements indicate that there is an absolute 1.5% increase (Δη) in the overall
solar cell efficiency due to the presence of InN-Ps. Within the spectral range 300–1100 nm,
improvements of up to 8.26% are observed in the external quantum efficiency (EQE) and
increases of up to 8.75% are observed in the internal quantum efficiency (IQE) values of the
corresponding solar cell. The enhancement in power performance is due to the down-shifting
properties of the InN-Ps. The electrical measurements are supplemented by TEM, Raman, UV/
VIS and PL spectroscopy of the InN-Ps.

Keywords: particles, solar cell, enhancement, external quantum efficiency, internal quantum
efficiency, efficiency, indium nitride

Introduction

The current capabilities of modern photovoltaic cells are
being improved by the addition of semiconductor nanoma-
terials. Nowadays, efficient and promising photovoltaic cells
are being built either based entirely on nanomaterials or by
the combination of nanomaterials and the present bulk and
thin film solar cell technology [1–5].

Recently performed studies have made significant
achievements, not only in improving the conversion effi-
ciencies, but also in expanding the spectral range of the
existing photovoltaic cells using nanomaterials. Among these
nanomaterials, semiconductor nanostructures act as effective
components to improve the present photovoltaic cell perfor-
mances [6–11]. Even though nanomaterial nonuniformity,
and thin film and matrix inhomogeneity cause scattering and
fluorescence loss within a photovoltaic cell, the performances
of current photovoltaic cells could be improved by the fast

luminescence properties of semiconductor nanomaterials due
to their strong confinement effects [12–14]. Furthermore, thin
films of semiconductor nanomaterials enable the separation
and transport of excitons in the films and in addition, the light
coupling efficiency and light penetration within the photo-
voltaic cells are improved [15]. Additionally, it is assumed
that, upon being coupled with standard solar cell archi-
tectures, thin layers of semiconductor nanomaterials may also
act as thin supportive antireflectance layers [15].

Due to these promising properties, various semi-
conductor nanomaterials such as CdSe quantum dots, ZnO
nanostructures and silicon nanostructures have been explored
in order to assess whether they can improve the efficiencies of
current photovoltaic cells [7–9, 15]. Despite the above men-
tioned work leading to next generation nanomaterial
enhanced photovoltaics, few reports have appeared in the
literature regarding the use of semiconductor nanomaterials as
efficiency enhancers for commercial polycrystalline silicon
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solar cells [15, 16]. Nayfeh et al reported power improve-
ments of 3–10% in the visible range upon the use of 1–3 nm
size silicon nanoparticles as additive thin films in poly-
crystalline silicon solar cells [15].

Furthermore, Alkis et al reported the synthesis of indium
nitride particles (InN-Ps) through laser ablation [17]. The
near-infrared range photoluminescence properties of InN
make this material advantageous in solar cell performance
applications [23]. Intartaglia et al further proved that it is
possible to obtain gram scale semiconductor particles through
laser ablation, which is critical for large scale energy appli-
cations [18].

In this work, we demonstrate a particle/polycrystalline
hybrid silicon solar cell that contains 230 nm size InN-Ps
obtained through laser ablation of InN. Since the synthesis of
InN-Ps requires toxic chemicals, its impact on environmen-
tally friendly applications has to be assessed [15, 16]. In the
following, the photovoltaic performance of InN-Ps enhanced
solar cells is given, along with the materials and optical
characteristics of laser synthesized InN-Ps.

Experimental details

InN-Ps in ethanol solution were obtained through the laser
ablation of a high pressure chemical vapor deposition
(HPCVD)-grown InN layer [19]. A Nd:glass femtosecond
laser was used in the laser ablation process. The repetition rate
was 1 kHz, the pulse duration was 550 fs and the pulse energy
was 200 μJ. The beam was focused on the InN film target
placed in ethanol, with a spherical lens of 200 mm focal
distance. The fluence at the target was estimated to be around
3 J cm−2. Under the laser illumination, the sample was raster-
scanned at a rate of 1 mm s−1. The overlap between many
pulses on the sample surface yields complete film removal,
thereby maximizing the overall particle density.

High resolution transmission electron microscopy (TEM)
images of the InN-Ps were obtained using an FEI-Technai
G2F30 type instrument at an operating voltage of 300 kV. The
Raman spectrum of the InN-Ps was obtained using a Witec
Alpha 300 s micro Raman spectrometer with a Nb:YAG laser
at an excitation wavelength of 532 nm. Silicon was used as
the substrate. The optical absorption spectrum of the InN-Ps
was obtained using a Varian Cary 5000 UV/Vis/NIR spec-
trometer and the photoluminescence spectrum was obtained
using a Varian spectrofluorometer. The commercial poly-
crystalline solar cell has an area of 6.38 cm2. It contains a thin
silicon nitride infrared filtering antireflectance layer on top of
an n-type silicon/p-type silicon polycrystalline junction that
contains metallic grid lines for electrical contact measure-
ments. The solar cell was obtained from the company top-
solar_china. A photo of the solar cell is shown in figure 1.

InN-Ps were spin casted on top of this polycrystalline
silicon junction multiple times, with a spin speed of 2000 rpm
for 10 s in each step, and the solar cell’s current voltage
characteristics and spectral response were studied. For cur-
rent–voltage characteristic study, the J–V curve testing system
(Model IV5) of PV Measurement, Inc. was used. Before

measurement, the system was calibrated using a light meter to
set the intensity of the light such that the irradiance equals one
sun under AM1.5G. The spectral response of the fabricated
device was measured using a solar cell spectral response
measurement system (Model QEX7) from PV Measurement,
Inc. Before measurement, this system was also calibrated
using a silicon photodiode over the whole calibration range,
between 300 nm and 1100 nm, at room tempera-
ture (23±2 °C).

Results and discussion

The synthesized InN-Ps are spherical, without any aggrega-
tion and they have an average size of 230 nm as obtained
from TEM images (depicted in figure 2) [20]. TEM results
confirm the generation of InN-Ps through laser ablation.

The Raman spectrum of the InN-Ps is given in figure 3.
The Raman spectrum shows Raman shift peaks at 480 cm−1

and 590 cm−1 representing the E2(high) and A1(LO) Raman

Figure 1. Photo of solar cell.

Figure 2. Transmission electron microscopy (TEM) image of laser
synthesized InN-Ps with nanoparticle size distribution given in the
inset.
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modes of InN, indicating that the InN-Ps have a hexagonal
wurtzite structure (figure 3(a)) [17, 19]. In comparison with
the InN thin film Raman spectrum, the observed deviations of
the Raman peaks of the InN-Ps occur due to the formation
of InN-Ps [17]. The full-width-at-half-maximum (FWHM)
values of the E2(high) phonon peaks indicate decent crystal-
line quality. The Raman results prove that the InN-Ps have
good crystalline quality and therefore, we could conclude that
the laser ablation process does not damage the material
properties of the HPCVD-grown InN thin film [17, 19]. The
Raman spectrum of the InN thin film obtained before the laser
ablation is shown in figure 3(b).

The UV–vis-NIR absorption spectrum of the laser syn-
thesized InN-Ps is given in figure 4. The UV–vis-NIR spec-
trum shows an absorption onset beginning at around 400 nm
and minimum absorption features tailored down to 1100 nm
due to the band gap of InN [17, 19]. The UV–vis-NIR
spectrum of an InN thin film is given in the work of Alevli
et al [19]. Differences between the two spectra are due to
the formation of InN-Ps and the Moss–Burstein effect
[17, 19, 21].

The photoluminescence spectrum of the InN-Ps at an
excitation wavelength of 300 nm is given in figure 5. The PL
spectrum shows a visible range luminescence peak at 666 nm
that might arise from the indium cluster in the original films
or from the effect of laser ablation, or it might also be a
‘scattering’ peak due to the light source [19, 22, 23]. The PL
spectrum also consists of an ‘NIR’ emission peak at around
1000 nm which dominates the spectrum, arising due to the
band gap of InN [23]. Mainly, the shift from the band gap
value of InN occurs due to the Moss–Burstein effect [21].
However, in a recent study performed by Alevli et al on InN
thin films grown at different reactor pressures, they concluded
that the variation in the band gap of InN films with free carrier
concentrations above 1021 cm−3 does not vary due to the
Moss–Burstein effect [24].

Figure 6 shows the J–V characteristics of the reference
solar cell and the solar cell that contains InN-Ps under a
voltage biasing condition of −1 V to 1 V. The J–V curve
shows that there is a steady increase in J value down to the
0 V biasing condition, then the J value remains constant under
0 V to −1 V biasing conditions due to efficient collection of

Figure 3. The Raman spectrum of InN-Ps dispersed on a silicon
substrate (a), the Raman spectrum of InN thin film grown by
HPCVD (b).

Figure 4. The UV–vis-NIR spectrum of InN-Ps.

Figure 5. The PL spectrum of InN-Ps at an excitation wavelength of
300 nm at room temperature.
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charge carriers and the eventual saturation of the carrier drift
velocities with the applied bias [25]. Under 0 V to −1 V
biasing conditions, a current flux increase of 1 mA cm−2 is
observed for the solar cell that contains InN-Ps.

Table 1 shows the results of the solar cell measurements,
including the Voc and Jsc values, efficiencies and fill factors
obtained from the corresponding cells. The initial power
conversion efficiency (η) of the solar cell that is used in this
work is 12.5%. As seen from the table, a 0.68 mA cm−2

increase in the Jsc value leads to an absolute 1.5% increase
(Δη) in the overall cell efficiency for the cell that contains
InN-Ps.

In addition to solar cell measurements, figure 7 and
figure 8 show the external and internal quantum efficiencies
of the corresponding solar cells.

Figure 7 and figure 8 demonstrate that, under 300 nm
light illumination, there is a 6.4% increase in EQE and a 6.5%
increase in IQE for the cell that contains InN-Ps. The result of
this increase could be explained by the visible and NIR
absorption of the InN-Ps and the consequent down-shifting
effect [17, 21, 27, 28]. Furthermore, for the cell that contains
InN-Ps, a sharp increase is observed in the EQE and IQE
values within the 300–500 nm range that could also be
attributed to InN-Ps.

On the other hand, for both cells, the EQE and IQE
values follow almost a linear trend within the 500–900 nm
range with sharp falls in EQE and IQE values between 900 to
1100 nm due to the silicon band edge [25].

Moreover, by comparison of the EQE/IQE ratios for the
reference cell and the cell that contains InN-Ps, an average
improvement of 1% is observed in terms of the cell’s ability
to absorb sunlight within the 300–1100 nm range.

Figure 9 demonstrates the reflectivity values of the reg-
ular cell and the cell with InN-Ps within the 300–1100 nm
range. It is seen that the reflectance of the solar cell decreases
slightly between 300 and 400 nm which might be due to the
down-shifting or due to the antireflectance properties of the
InN-Ps. However, beyond 400 nm, no change is observed in
the reflectivity curve, indicating that coating of the solar cell’s
surface with InN-Ps does not give a rise in antireflectance
[28]. Therefore, we strongly believe that the increase in power
performance efficiency of the solar cell is due to InN-Ps
down-shifting properties [28].

Figure 10 demonstrates the ΔEQE and ΔIQE values
within the 300–1100 nm wavelength range for the cell that
contains InN-Ps.

Figure 6. The J–V curve of the solar cells under a voltage biasing
condition of 1 V to −1 V.

Table 1. Solar cell efficiency parameters.

VOC (V) JSC (mA cm−2) Efficiency (%) Fill Factor

Reference Cell 0.62 34.38 12.50 59.04
Cell with InN-Ps 0.61 35.06 13.98 64.96

Figure 7. The external quantum efficiency of the reference solar cell
and the cell that contains InN-Ps within the range 300–1100 nm.

Figure 8. The internal quantum efficiency of the reference solar cell
and the cell that contains InN-Ps, within the range 300–1100 nm.
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ΔEQE and ΔIQE values are obtained in comparison
with the reference solar cell and they represent the percentage
amount of quantum efficiency increment. According to
figure 9, the ΔEQE and ΔIQE values are lower from 300 to
400 nm, compared to 400 to 600 nm. Peaks are observed
around 600 nm and ΔEQE and ΔIQE values are observed to
fall within the 600–1100 nm range, resembling the UV–vis-
NIR spectrum of InN-Ps. However, the UV–vis-NIR
absorption values of semiconductor particles shift due to the
surrounding medium, which accounts for the difference
between ΔEQE and ΔIQE, and the UV–vis-NIR absorption
curves [26].

Conclusion

In this study, a proof of concept polycrystalline silicon solar
cell that is spin coated with InN-Ps has been demonstrated.
The absolute increase in efficiency (Δη) of the solar cell is
observed to be 1.5% due to the presence of InN-Ps. InN-Ps’
ability to enhance the efficiency of a commercial solar cell is
confirmed by the EQE and IQE spectra. The observed
enhancement in power performance is due to InN-Ps’ down-
shifting properties. Solar measurement results are supported
by the materials and optical characteristics of the InN-Ps. The
ability of laser ablation to provide good quality semi-
conductor particles in large quantities could lead to the fab-
rication of highly efficient and low cost photovoltaic cells that
are of critical importance for today’s energy industry.
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