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Photovoltaic cells produce electric current through interactions among photons from an ambient light
source and electrons in the semiconductor layer of the cell. However, much of the light incident on
the panel is reflected or absorbed without inducing the photovoltaic effect. Transition metal-oxide nano-
particles, an inexpensive product of a process called flame synthesis, can cause scattering of light. Scat-
tering can redirect photon flux, increasing the fraction of light absorbed in the thin active layer of silicon
solar cells. This research aims to demonstrate that the application of transition metal-oxide nanorods to
the surface of silicon solar panels can enhance the power output of the panels. Several solar panels were
coated with a nanoparticle-methanol suspension, and the power outputs of the panels before and after
the treatment were compared. The results demonstrate an increase in power output of up to 5% after
the treatment. The presence of metal-oxide nanorods on the surface of the coated solar cells is confirmed
by electron microscopy.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The silicon solar cell (SSC) is used to harness solar energy via the
photovoltaic effect. The major weakness of SSCs is their low effi-
ciency (5–15% for commercially available cells) due to low utiliza-
tion of the incident photons by the silicon layer of the cell. There
has been an intensive search for methods of enhancing the power
output of SSCs. Coating the surface of the cell with nanoparticles
has proven to be a promising technique to enhance the efficiency
of the cells. Enhancement of optical absorption by SSCs coated with
silver nanoparticles was considered in [1–3]. Nishioka et al. [4]
investigated the efficiency of antireflective coating of SSCs with
gold and silver nanoparticles. Abe and Kajikawa [5] considered
optical properties of gold nanoparticles deposited on a metal sur-
face. The maximum current density increase reported in the above
references was 8%. Optimization of periodic arrays of metal nano-
particles on the surface of solar cells was studied by Mokkapati
et al. [6]. Derkacs et al. [7] investigated the effect of nanoparticle
surface concentration on electric power enhancement in solar cells.
The enhancement of the efficiency of SSCs is explained by the effect
of light scattering that leads to an increase of the optical path of the
incident light through the absorbing layer. Theoretical explanation
of the effect of nanoparticles is based on analyzing the optical dis-
persion of light by the nanoparticles (de Waele et al. [8]).
ll rights reserved.
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The most readily altered factor in optimizing the utilization of
the photovoltaic effect is the thickness of the cells. Scattering the-
ory utilizes the wave properties of light and provides a method of
increasing the effective thickness of the panel without using an
excessive amount of silicon for each panel. By distributing nano-
particles that can cause scattering across the surface of an SSC, it
is possible to redirect the incoming light from a near-perpendicular
angle of entry to a near-parallel angle with respect to the surface of
the SSC. Thus coating the surface of the solar panels with nanopar-
ticles can make it possible to increase the power output of a SSC.

Relatively little research has been done on application of transi-
tion metal-oxide nanoparticles to coat SSC surfaces as a means of
increasing their power output. The undertaken research studies
whether and to what degree transition metal-oxide nanoparticles
can increase the SSC power output. The hypothesis that directed
this experimental study states that coating the surface of the SSC
with transition metal-oxide nanoparticles will increase the overall
power output of the SSCs.
2. Materials and methods

2.1. Nanorod synthesis

Single-step flame synthesis of metal-oxide nanoparticles was
performed using transition metal probes inserted into an op-
posed-flow methane oxy-flame. The high temperature reacting
environment of the flame tends to convert the metals into a high
ower output by coating with transition metal-oxide nanorods. Appl Energy
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Fig. 1. Schematic of the experimental setup.
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Fig. 2. Power output of uncoated vs. coated solar cell with medium concentration of
tungsten oxide/methanol suspension. Bars indicate a 95% confidence interval for
measured values.
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density layer of the given transition metal-oxide nanoforms. To
identify the most promising metal-oxide nanoform, initial experi-
ments were conducted with several nanomaterials made of
Ta2O5, WO3, MoO3, and NbO2. Experimental results indicated that
of the four nanoparticle coatings, WO3 nanorods provided the larg-
est increase in power output. Thus, WO3 nanorods were selected
for an in-depth analysis.

Tungsten oxide nanorods were prepared by the flame synthesis
method as described elsewhere [9]. The counter-flow flame is sim-
ilar to the one utilized in our earlier studies on the flame synthesis
of carbon [10,11] and molybdenum oxide nanostructures [12]. This
counter-flow flame geometry provides a stable one-dimensional
reaction front formed by two opposite streams of gases: the fuel
(methane seeded with 4% of acetylene) and the oxidizer (50%
O2 + 50% N2).

The tungsten probe is a 1 mm diameter wire with a purity of
99.9% from Sigma–Aldrich Corporation. The probe is introduced
into the essentially 1-D flame radially so that the probe axis is par-
allel to the reaction front. The residence time of the probe in the
flame is close to 2 min. The flame temperature gradients reach
�2000 K/cm, and the chemical environment changes rapidly from
a hydrocarbon rich zone on the fuel side of the flame to the oxygen
rich zone on the oxidizer side. As a result, the probe position in the
flame significantly affects the synthesis processes as reported for
carbon and metal-oxide nanomaterials [9–13].

The tungsten oxide nanorods had diameters ranging from 20 to
50 nm and lengths of up to 50 lm. The average length was close to
10 lm. The length could be controlled by the probe residence time.
A high density layer of synthesized nanorods was observed to cov-
er the upper probe’s surface. This layer was mechanically removed
from the probe surface, weighted, and used in coating experiments.
No additional purification or filtrations steps were implemented.

2.2. Coating

Three amorphous solar cells (model AM-1815, Sanyo Inc.) were
used for the experiments. Each had an effective area of 22.3 cm2.
The nanorods were diluted in a methanol suspension to facilitate
coating of the SSCs. Before the coating, the nanorods suspensions
were sonicated to ensure that the nanorods were evenly dispersed
in methanol. Subsequently, the suspension was applied to the SSC
surface using a volumetric pipette. Early experiments in the
spreading of the methanol/nanorod suspension across the surface
of the SSC determined that a regular pattern of drops allows the
nanoparticles to spread across the surface of the SSC most evenly.
This ensured that there would not be large conglomerations of
nanoparticles that could alter the results. The coating of one solar
panel required about 0.4 mL of nanoparticle suspension. The pan-
els were allowed to dry before testing.

2.3. Power output measurements

The setup consisted of a solid frame that was entirely covered
by an ultra-opaque, non-woven black fabric that kept any addi-
tional photons from entering or leaving the box (Fig. 1). A fixed hal-
ogen light source (model Ace 1, Schott Inc.) with stabilized power
output was placed on top of the frame directly above the tested
SSC. A radiant spectrum of the selected light source was close to
the solar spectrum in a range of spectral sensitivity of the solar
cells (0.4–0.8 lm).

The SSCs were placed inside the black box and data was col-
lected every 30 s for 15 min. First, readings for the uncoated SSC
were recorded. Readings for the nanorod-coated SSCs were docu-
mented next.

Multimeters (model 420, Extech Inc.) were used to record volt-
age and current. In order to find the actual maximum power, a
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voltage–current curve was constructed. This was done by manipu-
lating the resistance of the circuit in order to find current value at
various voltages (Fig. 1). The obtained curve was interpolated and
the maximum power output was found to be P = 0.281 VOCISC,
where ISC and VOC are the short-circuit current and open-circuit
voltage of the cell. Subsequently, only the open-circuit voltage
and short-circuit current were measured.
3. Results and discussion

Three different concentrations (high, medium, and low) of WO3

nanorods were tested. A modest increase of power output was ob-
served for the medium concentration of deposited nanorods
(Fig. 2). The increase of the output power was attributed to the in-
crease of the short-circuit current. The open-circuit voltage re-
mained practically constant. The short-circuit current from a
silicon solar cell is usually nearly proportional to the number of
photons absorbed in the photovoltaic layer. This suggests that
the light scattering by the deposited nanorod layer improves effi-
ciency of the light absorption.
ower output by coating with transition metal-oxide nanorods. Appl Energy
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Table 2
Results of statistical analysis.

Concentration Test t-value p-value Statistically
significant
increase?

High Two Sample t-test 3.4 0.0016 Yes
Medium Paired t-test 78.7 1.1E-35 Yes
Low Paired t-test 12.9 7.3E-14 Yes
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Table 1 summarizes the result of the data collection providing
time-averaged values of short-circuit current ISC , open-circuit volt-
age VOC , and power P that was calculated as P ¼ 0:281 � ISCVOC

In order to establish statistical significance of these data, results
were analyzed using Student’s t-test [14], a statistical hypothesis
test in which the test-statistic is based upon a t-distribution. This
test provides an accurate test-statistic because it is not particularly
sensitive to outliers in data. The robust nature of this distribution
allows for assumed normality given a relatively large sample size
(usually defined as 30 or more samples). The collected data satis-
fies this requirement, and as a result normality could be assumed.
Due to the nature of the collected information, the high concentra-
tion data was analyzed using a two-sample t-test, while the low
and medium concentration data was analyzed using a paired t-test.
The null hypothesis tested was that power output of the uncoated
panel equals the power output of the coated panel, while the alter-
nate hypothesis was that power output of the uncoated panel is
less than the power output of a coated panel. Results of the t-test
are documented in Table 2; the alternate hypothesis is clearly
favored.

To further ensure that the power increase described in the
above results is indeed caused by the nanoparticle coating, elec-
tron microscopy was utilized in order to analyze the surface of
the SSC. Fig. 3a and b displays scanning electron microscope
images of the SSC surface after coating with high and medium con-
centrations of tungsten oxide/methanol suspension. Energy-dis-
persive X-ray spectroscopy conducted on the surface of the solar
panel indicated the presence of WO3 on the surface.

Analysis of data collected provides favorable results. Measured
values show an increase in power output of SSCs after coating with
all tested concentrations of tungsten oxide nanoparticles. The re-
sults clearly support the hypothesis: gathered data shows a defi-
Table 1
Average voltage, current and power output recorded before and after the coating.

Before coating Concentration After coating DP
(%)

VOC

(V)
ISC

(lA)
P
(lW)

VOC

(V)
ISC

(lA)
P
(lW)

6.35 2757 4925 High (0.1 mg/mL) 6.35 2770 4947 +0.5
6.48 2316 4222 Medium

(0.01 mg/mL)
6.49 2421 4422 +5

6.35 2734 4883 Low (0.001 mg/
mL)

6.34 2771 4939 +1.15

(a) 
1 µm 

Fig. 3. Scanning electron microscope images of tungsten oxide nanorods on the surfac
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nite trend toward an increase in power after coating the SSCs.
For all concentrations used, the current increase was the primary
cause of the power increase. This is not unexpected because the
electromotive force produced is generally invariant.

The low concentration coating had a positive effect of 1.15% on
the power output. This supports the proposed hypothesis, but the
relatively low increase is attributed to the fact that the concentra-
tion was most likely too low to appreciably increase the amount of
light absorbed by the panel. Coating with the diluted nanoparticles
suspension did cause the desired power increase, but only to a
small degree because of the low concentration of the deposited
nanoparticles on the surface of the SSC.

At the highest concentration, the positive effect on the power
output was even smaller suggesting that the large amounts of
tungsten oxide nanorods on the surface completely covered the
surface of the SSC and partially blocked the light from striking
the surface of the solar cell (see Fig. 3a).

On the other hand, the medium concentration suspension of
tungsten oxide nanoparticles maximized the desired scattering ef-
fect among the tested concentrations, showing an increase in
power output of 5% after coating. Fig. 2 summarizes the SSC power
output vs. time measured for this case. Note the large difference
between coated and uncoated SSC power output values, with the
95% confidence intervals of measured power output values being
a considerable distance apart. The medium concentration coating
(see Fig. 3b) thus ensured that both not many agglomerates of
nanoparticles would form and that there would be sufficient nano-
particles on the surface to induce the scattering effect.

The slight variability in actual power output values collected
can be attributed to two factors. First, there is always random var-
iation in experimental data, in this case because of the accuracy of
the multimeter used (accuracy of ±0.5%). Second, the temperature
of the apparatus may have varied by several degrees over the trials.
The slight differences in temperature over time have an effect on
the internal resistance of the SSC. Since silicon is a semiconductor,
its resistance decreases with increasing temperature. Further study
(b) 
1 µm 

e of the silicon solar cell: (a) high concentration, and (b) medium concentration.
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is required to ascertain the effect of temperature on the efficiency
of nanoparticle-coated SSCs.

It can be estimated that the prepared coatings correspond to the
nanorod densities of 1–100 nanorods per square micron. Irregular
multilayer deposits of nanorods are expected at high concentra-
tions. This is confirmed by the image shown in Fig. 3a. In this case
non-aligned nanorods pile up forming an irregular coating with a
3-D structured layer. The layer has a characteristic thickness of a
few microns. Light transfer in this dense nanorod layer is quite
complex and some losses are expected. In addition, the coating
prepared from the suspension with the high nanorod concentra-
tion cover the solar cell surface in a non-homogenous manner liv-
ing bare spots on the surface (Fig. 3a). At the medium coating
density (Fig. 3b) the nanorods in the coating are mostly parallel
to the surface. In this case the coating thickness is approximately
a few nanorod diameters. The layer is clearly transparent to the
light. Amorphous impurities present in the solution affect the coat-
ing structure and reduce its efficiency. Further optimization of the
coating can be achieved by using purified nanorod suspensions and
modifying coating methods. For example, spin-coating and electro-
spray techniques could be applied to improve coating uniformity
and to create aligned nanorod layers. Effects related to nanorods
morphology and structure, such as crystallinity, length, diameter,
and length-to-diameter ratio, are important and merit further
studies. Finally, the stability and durability of the coating have to
be addressed.

4. Conclusions

Analysis of power output between pristine SSCs and SSCs
coated with all three concentrations of tungsten oxide nanoparti-
cles showed statistically significant increases in power output of
up to 5% after coating. The absence of other factors that could in-
duce an increase in power output of the SSC after coating indicates
that the nanoparticles did indeed cause the power output to in-
crease. The experiments demonstrated that the transition metal-
oxide nanoparticles are an effective replacement for gold, silver,
and titanium nanoparticles, which have already been shown to in-
crease SSC power generation.
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