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Advanced Broadband Antireflection Coatings Based
on Cellulose Microfiber Paper

Dongheon Ha, Joseph Murray, Zhigiang Fang, Liangbing Hu, and Jeremy N. Munday, Member, IEEE

Abstract—In order to absorb a significant fraction of the
incident sunlight, a solar cell must incorporate light management
techniques, including high-quality antireflection coatings. Such
coatings are typically produced via high-temperature deposition
methods that are costly. Here, we present a new technique based on
light scattering within a transparent paper that is placed on top of a
solar cell. The optical and electronic responses of both Si and GaAs
solar cells are tested with these coatings, and a broadband angle-
insensitive response is achieved. A comparison between textured
and untextured solar cells is also made, and the power conversion
efficiency is improved for untextured surfaces, while the increased
path length within the paper resulting from textured cells increases
absorption within the paper. The process is simple and inexpen-
sive, and the paper coatings are made from a recyclable material,
leading to less environmental impact.

Index Terms—Antireflection coating (ARC), cellulose fiber,
gallium arsenide, photovoltaic cells, silicon.

I. INTRODUCTION

thin-film interference effects to reduce reflection at the
top interface of a solar cell. These coatings consist of either
single or double layers of nonabsorbing materials with an index
of refraction in between those of the surrounding material (typ-
ically air or encapsulant) and the solar cell. The thickness of
the layer(s) is chosen so that the reflected light after traversing
the film is 180° out of phase with the light reflected off the first
surface. This way, the reflected fields cancel, and the light is
transmitted into the solar cell. While these coatings are used
on nearly all commercial cells, they are wavelength dependent
and are deposited using expensive processes that require ele-
vated temperatures, which increase production cost and can be
detrimental to some temperature-sensitive solar cell materials.
Recently, nanostructured materials based on metal [1]—
[11], dielectric [12]-[17], or semiconducting [18], [19] scat-
terers have been employed as alternatives to traditional ARCs.
These structures typically rely on plasmonic resonances [1]-
[11], whispering gallery modes [12], [13], [20]-[22], or
Mie scattering [18]. While many advantages exist for these

TRADITIONAL antireflection coatings (ARCs) rely on
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(c) Si solar cell with transparent paper ARC

Fig. 1. Transparent paper ARC. (a) Photograph of the transparent paper show-
ing high transmission, yet large angular scattering. (b) SEM of the cellulose
fibers that make up the transparent paper. (c) Textured monocrystalline Si solar
cell with transparent paper ARC attached.

subwavelength structures, their size often requires micro- and
nanoscale lithography or processing.

Here, we present a new ARC that is based on microscale
cellulose fibers (see Fig. 1). These fibers are constructed into
a transparent paper that is able to scatter light at large angles,
enabling increased optical path lengths and absorption within
thin-film low-index solar cells (e.g., polymer cells). For high-
index solar cells, the path length enhancement is modest but
can be improved if there is sufficient scattering at the paper—
semiconductor interface. We perform experiments on Si wafers,
textured monocrystalline Si solar cells, and GaAs solar cells,
finding that these transparent cellulose papers can act as broad-
band ARCs that work over a wide range of incidence angles.
Additionally, these transparent paper coatings are made in a
simple inexpensive process using materials that are lightweight,
flexible, and recyclable.

II. TRANSPARENT CELLULOSE PAPER

Fig. 1 shows an example of the cellulose paper applied to
a monocrystalline Si solar cell. The transparent paper is fab-
ricated using TEMPO-treated microsized wood fibers through
a papermaking technique [23], [24]. The paper has high opti-
cal transparency and also exhibits increased optical scattering
[see Figs. 1(a) and 2(b)]. The high transmittance allows most
of the incident light to propagate though the paper to reach the
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Fig. 2. Optical properties of paper coating. (a) Wavelength-dependent trans-

mission, absorption, and diffuse absorption data show that the paper has small
absorption for normally incident light; however, the absorption is increased for
diffuse illumination. (b) Scattering profile under normal illumination from a
tunable laser (blue) shows similar forward scattering performance (red) for all
wavelengths measured (from 500 to 1000 nm).

active layer. For very thin cells, the optical scattering enables
the possibility of increased path length. The normalized scatter-
ing profile of the transparent paper ARC is shown in Fig. 2(b).
The paper was illuminated from normal incidence with a tun-
able laser with wavelengths varying from A = 500 nm to A =
1100 nm in 50-nm steps. The angular dependence of the trans-
mitted signal was recorded after scattering from the paper. For
comparison, the angular spread of the incident laser is shown
(blue) in Fig. 2(b). There is significant scattering from the nor-
mal for all wavelengths considered, which illustrates that the
paper ARC has broadband scattering properties from visible to
near-infrared range.

The transmission, absorption, and diffuse absorption of the
paper was measured using an integrating sphere [see Fig. 2(a)].
High transmission and low absorption are found for normal
incidence illumination. However, diffuse illumination results
in increased absorption, especially for shorter wavelengths. As
discussed in Section IV, this increased diffuse absorption leads
to decreased performance for a textured device.

The randomly oriented fibers have an average width of
20-30 pum and a length of 0.8 mm, yielding a total average
film thickness of 40-50 pum. To create adhesion between the
transparent paper and solar cells, a droplet of polyvinyl alco-
hol (PVA) is used. The capillary interaction creates a conformal
coating even when a textured surface is used.

To determine the durability of the transparent paper ARC
under extended solar illumination, the paper was exposed to
the AM 1.5G solar spectrum for 168 h, which is equivalent to
21 days of illumination at 8 h per day. No significant degra-
dation in the optical transmissivity (averaged across the so-
lar spectrum) was observed (i.e., the change in transmission
was found to be within the noise of the experiment <1%).
While future durability studies are needed, the transparent paper
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appears to be a versatile and robust material for future commer-
cial ARCs. Additionally, glass encapsulation should be consid-
ered for long-term applications, yielding further UV protection.

III. PAPER-BASED ANTIREFLECTION COATING

To determine the effect of the transparent paper ARC on the
optical properties of a device, we attach the transparent paper
to both a flat Si wafer and to a monocrystalline textured Si
solar cell, which results in reduced reflection over all angles and
wavelengths throughout the visible spectrum (see Fig. 3). The
reflectivity is measured as a function of incident angle using
an integrating sphere and monochromatic illumination. Fig. 3
shows contour plots of the reflectivity, which are a function
of incident angle (from 10° to 55°) and wavelength (from 400
to 1000 nm). Without the transparent paper on top, the flat Si
wafer generally reflects approximately 35-45% of the incident
light [see Fig. 3(a), top]; however, the addition of the transparent
paper ARC reduces the reflection to approximately 15-25% [see
Fig. 3(a), bottom].

Because most monocrystalline Si solar cells are processed
to achieve pyramidal texturing, we also consider the effect of
our transparent paper on these devices. Before application of
the transparent paper ARC, the device’s reflectivity is reduced
[see Fig. 3(b), top] in comparison with an untextured Si wafer
[see Fig. 3(a), top]. The addition of the paper ARC to the tex-
tured Si solar cell further reduces the reflection [see Fig. 3(b),
bottom]. Thus, the transparent paper ARC is able to reduce
the reflection for both textured and untextured Si devices. This
coating technique can be applied to virtually any kind of so-
lar cell ranging from Si, which dominates the PV market, to
next-generation thin-film and/or flexible solar cells.

The transparent paper ARC also shows little dependence on
the incident angle of illumination, which reduces the need for a
mechanical tracking system to align the surface normal of the
solar cell with the incident light from the sun (see Fig. 3). We
attribute the reduced angular dependence to the surface texturing
of the transparent paper ARC, which helps light enter this ARC
even at steep angles.

An incoherent optical reflection model can be used to explain
the reduction of the reflectivity upon application of the transpar-
ent paper ARC. We used this incoherent light propagation model
rather than a coherent one because the ARC is relatively thick
(~50 pm) and slightly textured. Thus, the phase accumulated as
the light propagates through the film is not spatially uniform as
it would be for a thin flat film. The Fresnel equations based on
the incoherent light propagation are used to model the reflection
from the Si wafer with and without the transparent paper ARC.
The two components for each polarization are

ny cos 0; — ny cos O; |2
RS _ 1 i 2 t (1)
ny cos b; + no cos b,
and
2
ny cos 0; — ns cos b;
Rp = 2
P ny cos 0; + nsy cos b; 2)
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Fig. 3.

Transparent paper ARC reduces reflection over a wide range of incident angles and wavelengths. (a) Measurements of the reflectivity of a bare Si wafer

(top) and the same wafer after the application of the transparent paper ARC (bottom) as a function of incident angle (from 10° to 55°) and wavelength (from
400 to 1000 nm). Contour plots show that the reflectivity is reduced for all wavelengths and incident angles. (b) Measurements of the reflectivity for a textured
monocrystalline Si solar cell without (top) and with (bottom) the transparent paper ARC. Similarly, the reflection is reduced for all wavelengths and incident
angles. (c) SEM of the top surface of the textured monocrystalline Si solar cell with pyramidal structuring on the surface (top). After attachment of the transparent
paper ARC, the pyramidal structures are no longer visible and only the larger scale cellulose fibers can be seen (bottom).

where n; and ns are the refractive indexes of the two media
at the interface, and 6; and 6, are the incident and transmitted
angles from the surface normal, respectively.

As the light reaches each surface, a fraction is reflected and
the remainder is transmitted, as determined by the Fresnel equa-
tions. This process leads to an infinite sum, which is schemati-
cally shown in Fig. 4(a). To calculate the total reflectivity at the
air interface, we consider a geometric sequence, resulting in the
total reflectivity:

RroTar = RARCtoATR

+TAIR,toAR,C - RwAFERt0ARC - TARCtoATR 3)
1 — RwAFERtARC - RATRt0ARC

where R and T represent the reflectivity and transmissivity, re-
spectively, at the interface described by their subscript.

As shown in Fig. 4, the calculated reflectivity based on this
model both with [see Fig. 4(c)] and without [see Fig. 4(b)] the
transparent paper ARC agrees well with the experimental data
[see Fig. 3(a)] for nearly all wavelengths and incident angles.
The refractive index of the ARC is takentobe n = 1.47, whichis
the refractive index of the cellulose fibers making up the paper
[25] and also the PVA for attachment [26]. However, for the
largest angles, the model appears to overestimate the reflectivity
when the paper ARC is used. We attribute this result to the
texture of the paper, which reduces the angular dependence.

In the next section, we will consider the electrical perfor-
mance of a textured monocrystalline Si solar cell and compare
it with a planar GaAs solar cell, both with and without the
transparent paper ARC.

IV. OPTOELECTRONIC RESPONSE OF COATED SOLAR CELLS

In order to determine the effect of the transparent paper on a
fully processed solar cell, the paper is transferred to two different

types of devices: an untextured GaAs solar cell (M-Comm) and
a textured monocrystalline Si solar cell (SensLite). Both devices
show a significant decrease in the optical reflectivity. The flat
untextured GaAs cell also shows a significant increase in the
photocurrent as a result of the coating; however, the textured
monocrystalline Si device shows a decrease in the photocurrent.
This decrease is suspected to arise as a result of small amounts
of absorption in the paper-based ARC, which are increased by
the enhanced path length within the paper due to scattering from
the textured pyramidal surface of the monocrystalline Si solar
cell as described at the end of this section.

The GaAs solar cell’s efficiency (1) was determined under
AM 1.5G illumination using a solar simulator. Fig. 5(a) shows
the measured current density—voltage (J-V) characteristics of
the cell. The cell’s electronic properties are extracted from the
J-V curve. With the transparent paper ARC on top of the same
GaAs cell, the total power conversion efficiency is improved
by 23.9%, from 1 = 13.6% to 1 = 16.8%. 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 Vo ¢ . The external quantum efficiency
(EQE) of the GaAs solar cell was also determined and is shown
in the inset of Fig. 5(a). By attaching the transparent paper ARC,
the EQE of the GaAs solar cell is improved throughout the
entire wavelength range (from 400 to 900 nm). The electronic
properties of GaAs solar cell with and without the transparent
paper ARC are summarized in Table 1.

The monocrystalline Si solar cell’s efficiency was also de-
termined under AM 1.5G illumination; however, despite the
decreased reflectivity, the photocurrent was not enhanced. To
understand this surprising result, the optical properties of the
paper and the scattering at the Si interface must be carefully con-
sidered. While the paper has high transmission, we found that it



580

% f / f i Air
VAViVAY

Paper ARC

Incident Angle (%)

w/ paper ARC

Incident Angle (%)

19100 500 600 700 800 900 1000
Wavelength (nm)

Fig. 4. Incoherent light propagation model explains well the measured re-
flectivity. (a) Schematic of light propagation and reflection with the transparent
paper ARC. Angular and wavelength dependence of reflection from a Si wafer
with (c) and without (b) the paper-based ARC. Results of the model are in close
agreement with the experimental values [see Fig. 3(a)].

also absorbs approximately 2.1% of the incident light (averaged
across the solar spectrum) when placed on a glass slide and
measured using an integrating sphere. When the paper is placed
on a flat surface, the path length is only enhanced slightly due to
the texturing of the paper itself. However, when placed on top of
the textured Si, the paper leads to increased wide angle backing
scattering of the light as it is reflected off the Si surface. The
increased path length within the paper can result in nonnegligi-
ble absorption within the layer. This effect is clearly observable
in the diffuse absorption measurement [see Fig. 2(a)], which
shows increased absorption within the paper for light entering
at nonnormal incidence angles. The reflectivity is still reduced
upon the addition of the paper ARC; however, a larger fraction
of the absorption occurs in the paper when the Si layer is tex-
tured, leading to a decrease in the measured photocurrent. The
electronic properties for both the bare monocrystalline Si solar
cell and the cell with the paper ARC are shown in Table II.

In order to recover the advantageous antireflection proper-
ties of the paper when applied to a textured device, the ab-
sorption within the paper needs to be decreased. This can be
achieved either by development of papers with less absorption
or with papers that are thinner, which would decrease the opti-
cal path length. In order to calculate the expected performance
improvement with such a paper ARC, we calculate the expected
short-circuit current density increase upon application of the
paper ARC based on the experimentally determined decrease
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Fig. 5. J-V characteristics for textured (Si) and untextured (GaAs) solar cells
both with and without the transparent paper ARCs. (a) Addition of the transpar-
ent paper ARC to a GaAs solar cell resulted in a Jsc of 22.49 mA/cm?, which
is approximately 20.5% higher than that from the cell without the ARC. Due to
a slight increase in FF as well as the large enhancement in Jg ¢, there is a 23.9%
increase in the power conversion efficiency. (b) For the textured monocrystalline
Si solar cell, adding the transparent paper ARC reduced the cell’s Jg¢ and the
power conversion efficiency as a result of increased light absorption within the
transparent paper ARC layer. For a thinner or less absorbing paper, the Jgc
could be increased to 28.91 mA/cm? (compared with 28.02 mA/cm? for the de-
vice without ARC) as determined from the decrease in the measured reflectivity.
We predict that the efficiency would reach 9.39%, an improvement of 3.8%.

TABLE I
COMPARISON OF ELECTRONIC PROPERTIES BETWEEN THE BARE GAAS CELL
AND THE CELL WITH TRANSPARENT PAPER ARC

Voc (mV) Jso (mA/em?) FF (%) Efficiency (%)
Bare GaAscell  1001.940.3  18.67+0.01  72.54+0.5 13.55+0.10
With ARC 1004.0£0.5  22.49+0.01 74.4+0.2 16.79+0.03
Enhancement 0.21% 20.46% 2.62% 23.91%

in the reflectivity [see Fig. 3(b)]. Under AM 1.5G illumination,
Jsc would be increased by 0.89 mA/cm?, corresponding to a
3.2% increase in the Jgc over the bare cell. Fig. 5(b) shows
the J-V characteristic for the textured Si solar cell without pa-
per ARC, with paper ARC, and the expected J-V characteristic
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TABLE II
COMPARISON OF ELECTRONIC PROPERTIES BETWEEN THE BARE SI CELL AND
THE CELL WITH TRANSPARENT PAPER ARC

Voc (mV) Jsc FF (%) Efficiency (%)
(mA/cm?)
Bare Si 563.9+0.3 28.02+£0.02 57.3+1.0 9.05£0.20
cell
With ARC 559.8 +£0.1 26.25 +0.01 60.5 £0.1 8.90 £0.01
Lossless 568.1 +0.3 28.91 +£0.02 57.2+1.0 9.39£0.20
ARC (Pre-
dicted)
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Fig. 6.  Reflectivity of a polymer (P3HT) on glass is reduced upon the addition

of a paper ARC, showing potential application for thin film organic photovoltaic
devices. Experimental results (a) are in reasonable agreement with predictions
(b) based on a transfer matrix method (neglecting scattering).

if there were no loss in the paper. The expected J-V curve is
obtained by adding 0.89 mA/cm? to the photogenerated current
measured from the device without the paper ARC. In the same
way, we can estimate the expected EQE of the device with the
addition of a lossless transparent paper ARC on the textured Si
solar cell. As shown in the inset of Fig. 5(b), the lossless trans-
parent paper ARC applied to the textured Si solar cell would
also improve EQE throughout the entire wavelength range for
the solar cell (from 400 to 1100 nm). However, the enhancement
is not remarkable compared with the GaAs solar cell because the
textured bare Si solar cell already has good optical absorptivity
at near normal incidence as shown in Fig. 3(b). Thus, adding
this transparent paper ARC is not able to bring as large of an
enhancement in EQE, when compared with the untextured cell
at normal incidence.

Due to the difference in the refractive index between the pa-
per ARC and the GaAs or Si substrate, it is difficult to reduce
reflection below ~15% without grading the index or increas-
ing the scattering at the interface. For a lower index substrate
(e.g., P3HT, a common polymer solar cell material), the paper
ARC can have improved performance due to a more optimal
index contrast. To further investigate this idea, we performed
reflection measurements on P3HT with and without the paper
ARC (see Fig. 6). To prepare the sample, a droplet of the P3BHT
solution was spun onto glass, and a thickness of ~60 nm was
achieved, as determined by ellipsometry. This paper ARC effec-

tively reduces light reflection throughout the entire wavelength
range of interest for this polymer (from 400 to 700 nm). In
this range, the solar spectrum-weighted light reflection was re-
duced from 17.0% to 13.7% with the addition of the paper ARC,
corresponding to an ~20% overall reduction. To determine how
much the reduced reflection depends on the index contrast alone,
the reflection was calculated under the simplifying assumption
of no scattering using the well-known matrix transfer method
[27] where the P3HT was treated as a coherent layer and the
paper and glass were treated as incoherent layers. The glass was
assumed to have an index of 1.5, the paper, an index of 1.47,
and the P3HT, an index derived from [28]. Despite the small
discrepancy in the magnitude between the experiment and cal-
culation, it is clear that the paper ARC can perform well even
on a lower index substrate. The difference between the experi-
ment and calculation is likely due to the difference between the
refractive indices of the P3HT layer in the calculations and the
experiments and due to scattering by the paper, which is not
included in the calculation. For shorter wavelengths (from 400
to 450 nm), the effect of the paper ARC is not significant in the
calculation. In this wavelengths range, the refractive index of
P3HT is slightly lower than the paper ARC, and thus, the grad-
ual index contrast from air to the polymer is not obtained. For
this reason, light reflection becomes slightly larger. By contrast,
the decreased reflection measured experimentally in this range
is likely due to light scattering within the paper ARC.

While additional improvement is needed for these paper-
based coatings to surpass the normal incidence performance
of interference-based coatings, there are many advantages to
the cellulose paper ARCs. From a manufacturing point of view,
this room temperature fabrication process has the potential to
reduce manufacturing costs. From an optical point of view, the
angular independence of the paper-based ARC gives additional
competitiveness to this technique, as it reduces the need for solar
tracking. As a roadmap to ultralow reflectivity, future designs
could consist of multiple paper layers with different packing
densities to create graded index ARCs that could match or ex-
ceed the performance of traditional double-layer interference
coatings.

V. CONCLUSION

In conclusion, we have observed improved optical response
from solar cells using a novel transparent paper-based antire-
flection coating. The paper leads to a significant decrease in the
reflectivity independent of incident illumination angle for both
textured and untextured cells. An increase in the power conver-
sion efficiency for the untextured cells is also observed; however,
cells with surface texturing have reduced power conversion ef-
ficiencies due to an increase in the absorption within the paper
ARC resulting from an increased path length within the coating.
This study also shows the need for testing beyond simple reflec-
tion measurements to determine the effects of potential ARCs.
Despite drawbacks on devices with textured surfaces, this new
type of ARC offers a simple, earth abundant material option
and a room-temperature deposition process, making this tech-
nique an excellent candidate for planar solar cell technologies.
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Additionally, thinner transparent papers could provide superior
performance for textured devices by further reducing the loss
within the paper.
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