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Exceeding the limit of plasmonic light trapping in textured
screen-printed solar cells using Al nanoparticles and
wrinkle-like graphene sheets

Xi Chen, Baohua Jia, Yinan Zhang and Min Gu

The solar cell market is predominantly based on textured screen-printed solar cells. Due to parasitic absorption in nanostructures, using
plasmonic processes to obtain an enhancement that exceeds 2.5% of the short-circuit photocurrent density is challenging. In this
paper, a 7.2% enhancement in the photocurrent density can be achieved through the integration of plasmonic Al nanoparticles and
wrinkle-like graphene sheets. For the first time, we experimentally achieve Al nanoparticle-enhanced solar cells. An innovative thermal
evaporation method is proposed to fabricate low-coverage Al nanoparticle arrays on solar cells. Due to the ultraviolet (UV) plasmon
resonance of Al nanoparticles, the performance enhancement of the solar cells is significantly greater than that from Ag nanoparticles.
Subsequently, we deposit wrinkle-like graphene sheets over the Al nanoparticle-enhanced solar cells. Compared with planar graphene
sheets, the bend carbon layer also exhibits a broadband light-trapping effect. Our results exceed the limit of plasmonic light trapping in

textured screen-printed silicon solar cells.

Light: Science & Applications (2013) 2, €92; doi:10.1038/Isa.2013.48; published online 2 August 2013

Keywords: Al nanoparticles; plasmonic light trapping; screen-printed solar cells; wrinkle-like graphene sheets

INTRODUCTION

Scientists have recently discovered that plasmonic effects from metal-
lic nanoparticles are capable of significantly improving solar cell per-
formance.'™* Because plasmonic nanoparticles are integrated into
photovoltaic devices with relatively low surface coverages (typically
less than 30%), light-trapping effects increase solar cell absorption and
enhance the short-circuit photocurrent density (J,.) of not only new-
generation solar cells (organic solar cells and dye-sensitized solar
cells),"* but textured screen-printed silicon solar cells'®'* which do-
minate the photovoltaic market. However, plasmonic nanostructures
suffer from parasitic absorption that cannot contribute to photocur-
rents; thus, the performance of plasmonic solar cells is limited."'®
Using plasmonic light-trapping to increase the J,. of textured
screen-printed solar cells by more than 2.5% is challenging.'*
Therefore, a novel method to exceed the J,. enhancement limit, in
which the parasitic absorption of the nanostructure must be consi-
dered, is critical.

Below the plasmon resonance of nanostructures, a negative influ-
ence named Fano effect can be generated from the destructive inter-
ference between the scattered and unscattered light, causing reduced
light absorption in solar cells at short wavelengths.'® Among plasmo-
nic materials, only the plasmon resonance of Al nanoparticles exhibits
in the ultraviolet (UV) range, where the intensity of solar irradiance is
negligible. Consequently, Al nanoparticle-enhanced photovoltaic

devices have much greater potential to avoid the Fano effect,
compared with the solar cells integrated by Ag and Au nanoparticles.
However, current research on plasmonic solar cells focuses on
Ag nanoparticle-enhanced and Au nanoparticle-enhanced solar
cells."™"'>!* Al nanoparticle-enhanced solar cells have not been rea-
lized because a method to simultaneously synthesize Al nanoparticles
and control the low surface coverage has not been developed. An Al
nanostructure is too active to be produced by a wet-chemical method
under ambient temperatures. Although it can be obtained through the
evaporation of a metal thin film onto the solar cell surface followed by
an annealing process, surface coverage less than 30% is difficult to be
achieved.'” With high coverage, the nanoparticles block a significant
amount of light, which reduces solar cell absorption.

On the other hand, to achieve the maximum J,, other light-trapping
materials should be integrated into plasmonic solar cells. Because the
materials need to be deposited on screen-printed solar cells using
conventional light-trapping structures (pyramid textures and antire-
flection coatings), the materials should be sufficiently thin to allow
conformable attachment, and the optical transmittance of the mate-
rials should be high enough to maintain solar cell absorption.
Graphene, which is a two-dimensional carbon material, exhibits extre-
mely high transmittance.'® However, due to the challenges of mor-
phology control, graphene materials with significant light-trapping
effects in solar cells have not been discovered.
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In this paper, an innovative method is presented for solving two
bottleneck issues, i.e., the fabrication of low surface coverage by Al
nanoparticles and the synthesis of a graphene light-trapping layer.
This innovative physical method is used to prepare Al nanoparticle
suspensions. After the fabrication of the low-coverage Al nanoparticle
arrays from the suspensions on the front sides of textured screen-
printed solar cells, wrinkle-like graphene sheets can be integrated in
the Al-enhanced solar cells. An improvement in the J. of 7.2% can be
achieved by light trapping from both plasmonic Al nanoparticles and
wrinkle-like graphene sheets.

MATERIALS AND METHODS

Al nanoparticles were synthesized by a modified thermal evaporation
method. Using thermal evaporation, Al thin films with different thick-
nesses were deposited over NaCl substrate powders. Al nanoparticles
of different diameters were synthesized by adjusting the evaporation
thicknesses of Al thin films and the annealing temperature
(Supplementary Tab. S1). After annealing, the powder was mixed with
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water by vigorous stirring, and the Al nanoparticle suspension was
obtained by centrifugation and washing. For comparison, 100 nm Ag
nanoparticles were synthesized by NaBH, reduction of silver nitrate
solutions.'® The suspension of graphene sheets was synthesized by the
chemical reduction of graphite via a modified Hummers method.*
First, graphite and NaNO; were mixed with concentrated H,SO,.
Through vigorous stirring, the reducing agent, KMnO,, was added
to the suspension. H,O, was subsequently added to the mixture at
98 C. A graphene oxide suspension was obtained after the purifica-
tion. The suspension of the graphene sheet can be prepared by the
chemical reduction of graphene oxide. NaBH, or hydrazine was added
to the graphene oxide suspension, and the mixture was heated at 100 ‘C
for 2 h. After the reaction, the graphene product was centrifuged,
washed and dried.

Low-coverage Al nanoparticle arrays and wrinkle-like graphene
sheets can be fabricated on the front sides of textured screen-printed
solar cells by placing the sample suspensions dropwise.'" The surface
coverage can be tailored by adjusting the suspension concentrations.
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Figure 1 (a) lllustration of the proposed textured Al nanoparticle/graphene-enhanced screen-printed solar cell; (b) UV-visible spectrum of 100 nm Al nanoparticle
aqueous suspension; and (¢) UV-visible spectrum of wrinkle-like graphene aqueous suspension. UV, ultraviolet.
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The single screen-printed crystalline solar cells, which were purchased
from Suntech Power Holdings Co., Ltd., were composed of p-type Si
wafers with geometries of silver finger/75 nm SiN/180 pm c-Si with
front texture and Ag/Al back contact.

The morphologies of the Al nanoparticles and wrinkle-like gra-
phene sheets were observed by a scanning electron microscope
(SEM) system (ZEISS Supra 40); a spectrometer (Perkin Elmer,
Lambda 1050) was employed to measure the optical spectra. The
reflectance (R) of the solar cells was measured with an integrating
sphere and the absorption (A) was calculated by A=100%—R. The
photovoltaic performances of the solar cells were characterized by
a simulated AM 1.5 spectrum (Oriel-Sol 3A-94023) and external
quantum efficiency (EQE) measurements (PV Measurement QEX10).

RESULTS AND DISCUSSION

The geometry of the Al nanoparticle/graphene-enhanced solar cell is
shown in Figure 1a, in which Al nanoparticles and wrinkle-like gra-
phene sheets are integrated on the front sides of solar cells to trap the
incident light into the silicon absorbing layer. As shown in Figure 1b,
the plasmon resonance of Al nanoparticles is exhibited in the UV range
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to prevent a decrease in solar cell absorption in the short wavelength
region caused by the Fano effect.'” In the absorption spectrum of the
wrinkle-like graphene sheets (Figure 1c), a characteristic sp® absorp-
tion peak is located at approximately 280 nm.>' Another peak is dis-
cernible at 840 nm,** unlike the planar graphene sheet (Supplementary
Fig. $1).” Because carbon-nanotube thin film demonstrates an
absorption peak in a wavelength range similar to electronic intermedi-
ate transition,”*** we suggest that the long-wavelength peak is attri-
buted to the bend carbon layer of the wrinkle-like graphene sheets.
Graphene light trapping can further increase the absorption of Al
nanoparticle-enhanced solar cells.

The key to fabricate low-coverage Al nanoparticle arrays is to obtain
the particle suspension first. Then the integration experiments can be
conducted by suspension deposition, and the surface coverage can be
easily controlled by adjustments of the suspension concentrations.
Figure 2a presents a schematic of the synthesis of Al nanoparticles
using an innovative physical method. The NaCl powder was employed
as the substrate during the evaporation of Al thin films because it was
stable and soluble after high-temperature treatment. Subsequently, we
used water to remove NaCl powders and obtained Al nanoparticle
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Figure 2 (a) Realization processes of Al nanoparticles for the fabrication of plasmonic solar cells, using an innovative thermal evaporation method; (b) SEM images of
Al nanoparticles (scale bar: 200 nm); (¢) Jsc enhancements of textured screen-printed solar cells integrated with Al and Ag nanoparticles of different diameters and
surface coverages; (d) EQE enhancement of screen-printed solar cells through the integration of 100 nm Al (red) and 100 nm Ag (blue) particles with 10% coverage;
(e) Absorbing cross-sections of 100 nm Al (red) and 100 nm Ag (blue) particles. EQE, external quantum efficiency; SEM, scanning electron microscope.
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Table 1 Solar cell characteristics for screen-printed solar cells, Al nanoparticle-enhanced screen-printed solar cells and Al nanoparticle/

graphene-enhanced screen-printed solar cells

Type Vo (V) Joe (MA cm™2) FF (%) 1 (%)
Screen-printed solar cells 0.613 41.87 71.08 18.24
Al nanoparticle-enhanced screen-printed solar cells 0.615 44.52 70.71 19.36
Al nanoparticle/graphene-enhanced screen-printed solar cells 0.615 44.88 70.79 19.54

aqueous suspensions. Using the suspensions, we easily controlled the
particle surface coverage, especially coverage below 30%.

The SEM image of Al nanoparticles is shown in Figure 2b. Because
the thickness of Al thin film is 10 nm, Al nanoparticles with average
diameters of 100 nm (Supplementary Fig. S2) can be synthesized by
annealing at 400 C for 90 min. The surface coverage of the particles
was approximately 10%, which is much lower than the surface cov-
erage fabricated by other evaporation methods."”

The influence of the Al nanoparticle integration on the perfor-
mances of solar cells was investigated through the relationship
between the ], enhancements and the diameters of the Al nanoparti-
cles (Supplementary Fig. S3) under different surface coverages, as
shown in Figure 2c. For the Al nanoparticle sizes ranging from 50 to
150 nm, 10% surface coverage provides optimum photovoltaic per-
formances of the solar cells among all the three coverages. Al nano-
particles facilitate the forward scattering of the incident light into a
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Figure 3 Schematic drawings of the synthesis of (a) planar graphene sheets and (b) wrinkle-like graphene sheets; (c) SEM images of wrinkle-like graphene sheets
(scale bar: 500 nm); (d) Js. enhancements of textured screen-printed solar cells integrated with wrinkle-like (red) and planar (blue) graphene sheets with different
surface coverages; (e) EQE enhancements of screen-printed solar cells through the integration of wrinkle-like (red) and planar (blue) graphene sheets with 10%
surface coverage. EQE, external quantum efficiency; SEM, scanning electron microscope.
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distribution of angles, thus, increasing the optical path length in the
silicon absorbing layer.'* The 5% coverage is insufficient for a signifi-
cant enhancement of the ], whereas 20% surface coverage causes
blocking of the incident light, which reduces light absorption in the
crystalline silicon layer.'> Under the coverage of 10%, the optimized
particle size for the performance improvement is 100 nm, due to the
strong light absorption of the small nanoparticles and the weak for-
ward scattering of the large particles through the strong high-order
plasmon excitation.?® In this case, Jic increases by 6.3% and the energy
conversion efficiency increases considerably from 18.24% to 19.36%,
as shown in Table 1. The plasmon resonance peak of 100 nm Ag
nanoparticles is visible at a wavelength of 410 nm (Supplementary
Fig. $4). Once the Ag nanoparticles were deposited on the textured
screen-printed solar cells with 10% surface coverage, only a marginal
enhancement of ;. 0.8% was observed. The EQE enhancement curves
that are presented in Figure 2d indicate that Al nanoparticles produce
significant light scattering below 1000 nm due to their unique plas-
monic properties, whereas the Fano effect of the silver nanoparticles
causes a decrease in EQE below 400 nm.

Finite-difference time-domain software from Lumerical,?’ as
shown in Figure 2e, was employed to calculate the absorption cross-
sections, Qup, of 100 nm Al particle and 100 nm Ag particle.
Compared with the Ag particle, the Al particle exhibits significantly
lower parasitic absorption in the short wavelength region due to UV
plasmon resonance.'> However, a larger absorption cross-section is
exhibited in the long wavelength. To further enhance the light trap-
ping of solar cell absorption in the long wavelength, graphene sheets
were prepared (Figure 3a—b); the SEM image is displayed in Figure 3c.
The typical wrinkle-like feature is distinct, which is a result of the
graphite layer treatment by the strong reductant NaBH,. The
Raman spectrum of the wrinkle-like graphene sheets was also mea-
sured. A strong D band of approximately 1340 nm (Supplementary
Fig. S5) indicates that the graphene product contains many defects on
the carbon sheet formed during the NaBH, reduction,?® which causes
the sheets to wrinkle.”*>' Once the reductant was changed to a rela-
tively mild agent, hydrazine, planar graphene sheets can be synthesized
because fewer defects are generated by the hydrazine treatment than
the planar graphene sheets generated by NaBH, reduction.

The textured screen-printed solar cells incorporated into the
wrinkle-like graphene sheets clearly demonstrate a significant
enhancement in J,. compared with those integrated by the planar
sheets, as shown in Figure 3d. An optimized surface coverage of
10% was produced by the balance between light trapping and light
blocking. These improvements in /. are further validated by the EQE
measurement in Figure 3e. It has been demonstrated that the planar
sheets can substantially trap short-wavelength light. Because the
refractive index of the graphene sheets is lower than that of the SiN
layer below 600 nm (Supplementary Fig. S6), an extra antireflection
mechanism is available, which causes an increase in the EQE of this
wavelength range. In contrast, the EQE results indicate that the incid-
ent light from the wrinkle-like sheets, for both short and long wave-
lengths, is trapped inside the crystalline silicon layer and contributes to
the J,. enhancement. An additional enhancement of approximately
850-1100 nm in long wavelengths can be achieved by the wrinkle-like
sheets. We attribute the light scattering of the wrinkle structure to this
enhancement. As illustrated in Supplementary Fig. S7, the wrinkle-like
sheet can be used to achieve substantial angle scattering, which was not
observed in the planar sheet.

Based on the optimized Al nanoparticle-enhanced solar cells,
an additional improvement in performance was achieved by the
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Figure 4 (a) EQE curves for screen-printed solar cells (black) and Al nanopar-
ticle/graphene-enhanced screen-printed solar cells (red). The surface coverage
for Al nanoparticles and graphene sheets was 10%; (b) The absorption enhance-
ment of screen-printed solar cells through the integration of 100 nm Al nanopar-
ticles and wrinkle-like graphene sheets (red, compared with bare cells), the
absorption enhancement of screen-printed solar cells through the integration
of 100 nm Al nanopatrticles (purple, compared with bare cells), and the absorp-
tion enhancement of Al nanoparticle-enhanced screen-printed solar cells
through the integration of wrinkle-like graphene sheets (blue, compared with
Al-enhanced cells). EQE, external quantum efficiency.

integration of the wrinkle-like graphene sheets. In this study, Al nano-
particles and wrinkle-like sheets were incorporated on the front sides
of the textured screen-printed solar cells (Supplementary Fig. S8). As
presented in Table 1, 19.54% conversion efficiency can be achieved
with 10% coverage of the graphene sheets, which corresponds to a
7.2% enhancement of J,. compared with solar cells without Al nano-
particles and graphene sheets. This achievement demonstrates that tex-
tured Al nanoparticle/graphene-enhanced screen-printed solar cells can
exceed the light-trapping limits of plasmonic photovoltaic devices.
The increase in EQE for the Al nanoparticle/graphene-enhanced
solar cell is demonstrated in Figure 4a. The results clearly demonstrate
a substantial improvement in broadband EQE by the integration of Al
nanoparticles and wrinkle-like graphene sheets, which is consistent
with the all-band absorption enhancement between 300 nm and
1200 nm, as shown in Figure 4b. The textured solar cell with Al nano-
particles exhibits a significantly increased broadband absorption
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between 300 nm and 1100 nm, which is caused by the effective light
trapping of Al nanoparticles. The integration of wrinkle-like graphene
sheets can further increase cell absorption near the wavelengths of 500,
900 and 1100 nm, which provide all-band absorption enhancements
in the solar cells.

CONCLUSIONS

For the first time, Al nanoparticle-enhanced single crystalline silicon
solar cells were experimentally fabricated using an innovative and
modified thermal evaporation method. A maximum gain of 6.3% in
the J, was achieved for the textured screen-printed solar cells, due to
the broadband absorption enhancement from the light scattering of Al
nanoparticles. We determined that wrinkle-like graphene sheets syn-
thesized by the wet chemical method exhibit absorption peaks at long
wavelength ranges due to the bend carbon layers. A photocurrent
enhancement is generated from the integration of the graphene sheets
in the Al nanoparticle-enhanced solar cells. This method increased the
Jscof the textured screen-printed solar cells by 7.2% compared with the
Jic of the solar cell without Al nanoparticles and graphene sheets. The
realization of Al nanoparticle/graphene-enhanced solar cells provides
a pathway to exceed the limit of plasmonic light trapping with para-
sitic absorption and to fabricate the screen-printed solar cell with
19.54% conversion efficiency. Future investigations will focus on tai-
loring the wavelengths of light trapping materials to achieve enhanced
solar cell performance.
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