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Paper-Based Anti-Reflection Coatings for Photovoltaics

Dongheon Ha, Zhigiang Fang, Liangbing Hu, and Jeremy N. Munday*

For a typical air-semiconductor interface, >30% of the incident
light is lost to reflection, and reducing this reflection is a key
design principle for making high-quality solar cells. To reduce
reflection, coatings are typically applied that rely on optical res-
onances (thin-film interference, plasmonics, Mie resonances,
etc.); however, due to the nature of these effects, reflectivity is
both wavelength and angle dependent, which is problematic
for photovoltaic (PV) applications. Here we show the efficiency
enhancement of a GaAs solar cell based on a new, paper-based
anti-reflection coating (ARC) that produces a broadband, angle
insensitive response, which results from the incoherent scat-
tering associated with this textured cellulose material. Further,
this ARC is inexpensive and made from an easily recyclable cel-
lulose fiber.

Light management layers are important for all solar cells
to ensure that light enters the device and that the absorption
occurs in a region of the device that leads to carrier generation
and collection. It is also advantageous to make solar cells thin,
typically on the order of the minority carrier diffusion length to
ensure carrier collection. Thus, reflective back layers are often
used to increase the optical path length of light, which can be
achieved through the use of highly reflective metal, dielectric,
or Bragg stack layers.'l Additionally, light management layers
can be used to direct the light into regions where the absorp-
tion will lead to current generation rather than non-radiative
recombination, which is likely to occur in passivating window
layers or near metal structures. These optimized light manage-
ment layers will thus depend on the type of device (e.g. absorp-
tion coefficient, carrier diffusion length, etc.), and are very
important for thin films; however, a good ARC is necessary for
all solar cells to ensure that light enters the device and enables
absorption.

Traditional methods for anti-reflection coatings generally
involve the deposition of single- or double-layer films in order
to improve transmission by interference of the reflected light.?
Because these techniques rely on interference, they are typically
optimized for a wavelength in the middle of the solar spectrum
and perform poorly at wavelengths far from the optimum or
for grazing angles of incidence. Further, these anti-reflection
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coatings are manufactured by film deposition techniques such
as chemical vapor deposition (CVD), sputtering, or evaporation,
which have many disadvantages in terms of cost and the pos-
sibility of high temperature environments that are unsuitable
for certain solar cell architectures. Thus, how cheaply and easily
these layers can be made and how effective they are is of signifi-
cant importance to future PV technologies.

One alternative to thin-film anti-reflection coatings is the use
of metal or dielectric nanostructures.’?2l The scattering prop-
erties of metal nanoparticles can be tuned by modifying their
size, shape, or the surrounding environment and can lead to
preferential forward scattering when placed on top of a high
index substrate, such as a solar cell.?)l High index dielectric
or semiconductor scattering objects can also yield improved
forward scattering via coupling to Mie resonances.*?! These
structures have shown improved anti-reflection characteristics;
however, they are generally more complicated to fabricate, as
they rely on subwavelength structures that require micro- and
nano-scale lithography.

To circumvent the aforementioned difficulties, we present the
use of an inexpensive and easy to process transparent paper for
anti-reflection coatings. The transparent paper, consisting of cel-
lulose fibers, is used to reduce the index contrast between air and
the semiconducting absorber layer, which ultimately increases
light absorption within the solar cell. Furthermore, surface tex-
turing of the cellulose leads to angle insensitive behavior over
all wavelengths under consideration. Because of the ease of this
process, the approach described here is a potential candidate for
next generation ARCs that replace the conventional coatings,
which rely on high-cost, vacuum deposition methods. Addi-
tionally, these cellulose materials are lightweight, flexible, and
recyclable. These properties have allowed for the recent use of
cellulose papers as substrates for polymer solar cells and bat-
teries.2>3% These renewable and sustainable materials have
good mechanical properties, low densities, low thermal expan-
sion, tunable optical properties, and low toxicity.l?>31-3%

The transparent paper, which is fabricated by a papermaking
technique using TEMPO-treated micro-sized wood fibers, has
excellent optical properties (see Supporting Information). The
paper used in this study not only has high optical transparency,
but it also exhibits increased optical scattering. High transmit-
tance allows most incident light to propagate though the paper
and reach the active layer, while the optical scattering enables
the possibility of increased path length. The scattering may be
important for very thin solar cells; however, this feature is of
less importance for optically thick devices, such as the one con-
sidered in this manuscript. In order to understand the stability
of this paper under extended exposure to solar irradiation, the
paper was exposed to AM 1.5G solar illumination in a solar
simulator for 168 hours. No significant degradation of the optical
properties was found (see SI); however, encapsulation in glass
with UV protection may be beneficial for long-term applications.
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Figure 1. Transparent paper attachment and removal. a) The transparent cellulose paper. b) Attachment of the transparent paper onto a GaAs solar
cell using PVA. c) The final cell with transparent paper on top. d) Detachment can be performed as need. ) SEM image of the transparent paper

showing cellulose fibers.

In addition to the ease of fabrication, the paper can be easily
attached (or removed) from the solar cell (Figure 1). During the
attachment process, polyvinyl alcohol (PVA) is used to ensure
adhesion, and the paper can be detached by mechanical peeling
from the cell. The surface of the transparent paper was imaged
by scanning electron microscopy (SEM). We find that randomly
oriented, micro-sized wood fibers with an average length of
0.8 mm, width of 27 pm, and a total film thickness of 40-50 pm
were produced during the process.

Addition of the transparent paper ARC to a GaAs solar cell
(M-Comm) results in reduced reflection over all angles and
wavelengths throughout the visible spectrum (Figure 2). The
reflectivity is measured as a function of incident angle using
an integrating sphere and monochromatic light. Figure 2
shows contour plots of the reflectivity as a function of incident
angle (10° to 55°) and wavelength (400 to 900 nm). Without the
transparent paper, the GaAs solar cell generally reflects approxi-
mately 35-45% of the incident light (Figure 2a); however, the
addition of the transparent paper ARC reduces the reflection to
approximately 15-25%. While a commercially available GaAs
cell was used as a proof-of-principle demonstration, this coating
technique can be applied to virtually any solar cell architecture
ranging from Si, which dominates the PV market, to new thin
film and/or flexible technologies.

The angular dependence of the reflectivity is also interesting
to consider if one wishes to avoid the need for mechanical
tracking elements to align the surface normal of the solar cell
with the incident light from the sun. The angular dependence
of the reflectivity is also reduced when the transparent paper
ARC is used (Figure 2a,c). We believe that this reduced angular
dependence is due to the surface texturing of the paper, which
increases the likelihood of light entering the ARC, even at steep
angles.

The reduction of the reflectivity can be explained using an
incoherent reflection model and agrees well with the experi-
mental data (Figure 2). The transparent paper consists of
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cellulose fibers (with refractive index n = 1.47),*% which is

very similar to that of PVA.I*l Because PVA is soaked into the
transparent paper when processed, the refractive index of the
mixture (transparent paper and PVA) is very similar to that of
either the cellulose fibers or PVA alone. To better understand
the enhancement in absorptivity, we consider an incoherent
light propagation model based on the Fresnel equations with
two different layers: the mixture of the transparent paper and
PVA with a refractive index of =1.47 and the GaAs absorbing
layer.*sl An incoherent model is used because of the texturing
and the thickness of the layer rather than a coherent model,
which would be appropriate for thin, flat films. At each incident
angle, the reflectivity is calculated for each polarization and is
given by

2
1, c0s6; — n, cos0,

R =l
! ny cos6; + n, cos6, (1)

and

2
n, cos6, — n, coso;

R. =
s n, cos6, + n, coso, (2)

for P- and S-polarized incident illumination, respectively, where
n, and n, are the refractive indices of the two media at the inter-
face and 6;and 6, are the incident and transmitted angles from the
surface normal. The slight polarization of our illumination source
was determined and used to weight the calculated value of the
reflectivity (see Supporting Information). Because there are mul-
tiple reflections as the rays travel through the film, a geometric
series is calculated to determine the total reflection. Figure 2
shows that this incoherent model explains our data well. The cal-
culation shows a slight increase in the reflectivity around 430 nm
for samples both with and without the transparent paper ARC,
which is not observed in the experiment. This feature is inde-
pendent of the ARC and is likely due to a difference in the GaAs
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Figure 2. Transparent paper ARC reduces reflection over a wide range of incident angles and wavelengths. For the bare GaAs cell, contour plots of
a) measured and b) calculated reflectivity as a function of incident angle (from 10° to 55°) and wavelength (from 400 nm to 900 nm) are in close
agreement. The addition of a transparent paper ARC greatly reduces the measured reflection (c) over all angles and wavelengths. Calculations using
an incoherent reflection model accurately predict the expected reduction of the reflectivity (d). Differences between the experiment and the calculations
near A =430 nm are predominately due to differences in the optical properties of the GaAs used and are independent of the paper ARC.

index of refraction between that of Ref*? and of our actual 50— o Experiment
sample. = Planar calculation
Figure 3 shows a comparison between the measured and cal- 45~
culated reflectivity for incident illumination of A = 550 nm for
the GaAs cell both with and without the transparent paper ARC. 4| BareGaAs
The calculated reflectivity is in excellent agreement with the 9
experimental data without the ARC; however, for large angles, > 351
the experimental data for the cell with ARC has reduced reflec- 2
tion when compared to the incoherent calculation assuming a :7)_, 30  GaAs with
flat interface. This can be attributed to the texturing of the cel- &
. . paper ARC
lulose fibers in the transparent paper, which allows for a more 25 __//
uniform reduction in the reflectivity. © © %9 0 6 6 45 6 o o
The addition of the transparent paper ARC also improves the 201
external quantum efficiency (EQE) of the solar cell measured
at zero bias (Figure 4). EQE is the ratio of collected electron- T A A A A A
hole pairs to the number of incident photons. Improved EQE is 10 20 30 40 50 60
observed over the entire wavelength range from 400 to 900 nm. Incident angle (°)

The enhancement in EQE throughout the entire wavelength Figure 3. Measured (circles) and calculated (lines) reflectivity for both

range without any sp.eciﬁc resonances i.s anothe]{ indica.tor the bare GaAs cell (blue) and the GaAs cell with the transparent paper
that the enhancement is not based on a simple anti-reflection  ARC (red) for 2 = 550 nm. For the cell with the paper ARC, the reflectivity
effect but on the combination of the index contrast and surface s both reduced and angle independent.
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Figure 4. Quantum efficiency measurements for both structures.
a) External quantum efficiency for the cell with the paper ARC (red) is
improved over the entire wavelength range when compared to the bare
GaAs cell (blue). b) Internal quantum efficiency is unchanged upon the
addition of the ARC, showing no detrimental effect on carrier collection.
Both EQE and IQE are measured on multiple regions (dotted and solid
lines) of the cell and show no significant deviations.

texturing. The internal quantum efficiency (IQE) can be cal-
culated by dividing the EQE by the absorptivity of the cell. As
shown in Figure 4b, the IQE of the two different solar cells are
almost identical over the entire wavelength range, showing that
the process had no detrimental effects on the device’s carrier
collection.

The solar cell's efficiency is determined under AM 1.5G illu-
mination using a solar simulator. Figure 5 shows the measured
current density-voltage (J-V) characteristics of the cell. The cell's
electronic properties, which are extracted from the J-V curve,
are given in Table 1. With the transparent paper ARC on top of
the GaAs cell, the total power conversion efficiency is improved
by 23.8%, from 1 = 13.56% to 1 = 16.79%. The improvement
is predominantly due to an increase in the short-circuit current
density, Jsc (20.5%). A modest improvement in the fill factor,
FF (2.6%) is also obtained; however, there is almost no change
in the open-circuit voltage, V. Because PVA has been used for
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Figure 5. Current density vs. voltage characteristic for both the bare GaAs
cell (blue) and the GaAs cell with the paper ARC (red). The addition of the
paper ARC resulted in a 20.5% improvement in the short current density
and a =23.9% improvement in the power conversion efficiency.

attachment of the transparent paper to the GaAs cell, the elec-
trical characteristics of the cell with PVA alone is also measured
to see if the PVA affects the properties of the solar cell. There is
almost no change in V¢ and a slight increase in the efficiency
(5.6%), mostly arising from the enhancement in the photocur-
rent due to the thin PVA layer acting as a poor quality ARC. We
thus conclude that the PVA has minimal effect on the solar cell
and can be used as a suitable attachment material.

In conclusion, we have developed a novel, transparent paper-
based anti-reflection coating that improves solar cell efficien-
cies, for all angles of incident illumination, using a simple,
earth abundant material and a room-temperature deposition
process. The paper leads to a significant decrease in the light
reflectivity and an improvement in the cell's power conversion
efficiency. Due to a combination of index contrast and surface
texturing, there is reduced reflection for all wavelengths, which
is nearly independent of the incident angle. This approach
leads to a large increase in Jsc, as well as a large increase in 7.
Because the transparent paper can be made with an easy, inex-
pensive and scalable process, this type of light scattering ARC
is an excellent candidate for future solar technologies.

Table 1. Comparison of electrical properties between the bare GaAs
cell and the GaAs cell with transparent paper ARC. Data represent the
average of 7 measurements, and the uncertainties correspond to the
standard deviation of the mean.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Voc Jsc FF Efficiency
[mV] [mA cm™] [%] [%]
Bare GaAs cell 1001.9+0.3 18.67+0.01 725+0.5 13.55+0.10
GaAs cell with paper 1004.0+0.5 22.49+0.01 744+0.2 16.79%£0.03
ARC
Enhancement from the 0.21 20.46 2.62 23.91

bare GaAs cell [%]
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Experimental Section

Fabrication of Transparent Paper: 0.45 g TEMPO-oxidized bleached
sulfate softwood pulp was dispersed into deionized water with a
concentration of 0.1% by weight using a magnetic stirrer. The solution
was stirred for 5 minutes to get homogeneous suspension. The prepared
pulp was then poured into a Buchner funnel with a filter membrane
(Durpore Membrane, PVDF, 0.65 pm) to fabricate transparent paper by
vacuum filtration. The film and filter membrane were placed between a
stack of regular filter papers and dried under mechanical pressure.

Attachment of Transparent Paper to the GaAs Cell: The transparent
paper was cut into a rectangle with an area of 1 cm x 1 cm for attachment
to the cell. To improve cohesive strength between the transparent paper
and the GaAs cell, 300 pL of polyvinyl alcohol (PVA) solution (5% by
weight) was used as a binder, and the trimmed transparent paper was
carefully placed on the PVA-covered cell to assure that the transparent
paper covered the entire active area. The laminated sample was then
dried at room temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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