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ABSTRACT

Reduction in surface and interface reflectance via the integration of subwavelength nanostructures in flexible polymer pack-
aging material combined with incorporation of dielectric nanoislands into a conventional two-layer antireflection coating
has been demonstrated, analyzed and optimized. Transmittance measurements of moth-eye textured polymer packaging
sheets with different tapered pillar heights fabricated by reactive-ion etching and nanosphere lithography provide insights
into the choice of the optimum nanostructure dimensions. Detailed computational modeling and simulations elucidate the
physical nature of the antireflection performance of dielectric nanoisland structures integrated with a commercial two-layer
antireflection coating, and provide guidance for design of the nanoisland structure for optimum antireflection performance.
Measurements show that the integration of appropriately designed nanostructures in both polymer packaging material and
conventional antireflection layers enables substantial increases in external quantum efficiency (E.Q.E.) and short-circuit
current density (Jy.) over a broad range of incident angles, compared to structures with conventional bilayer antireflection
coatings and unpatterned polymer packaging sheets. A 1.1x increase in Jy., derived directly from E.Q.E. measurements, at
normal incidence, increasing to 1.67x improvement at 80° angle of incidence, suggests that such an approach is promising
for a variety of photovoltaic applications, particularly those where solar tracking is not feasible or practical. Copyright ©
2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

[I-V solar cells play a key role in photovoltaic energy har-
vesting for various space and terrestrial applications, and
are leading candidates for concentrating photovoltaic and
next-generation solar cell concepts [1-4]. Furthermore, re-
cent advances in epitaxial growth and processing of III-V
thin-film solar cells, including approaches for separation
of active device layers from epitaxial growth substrates,
have made III-V solar cells increasingly attractive for
electricity generation strategies such as concentrated

Copyright © 2014 John Wiley & Sons, Ltd.

photovoltaic (CPV) systems [5] and mobile solar devices
[6] that require very high energy conversion efficiency
and/or reduced material usage [7-13]. However, in these
photovoltaic applications, Fresnel reflection, particularly
at large angles of incidence, becomes a major factor in lim-
iting the overall energy conversion efficiency. Conven-
tional planar thin-film antireflection coatings [14] are
designed to provide excellent antireflection performance
within limited ranges of angles of incidence and wave-
lengths. Furthermore, the limited number of materials with
different refractive indices that exist in nature can constrain
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improvements in the performance of such approaches,
although nanostructured composite materials can provide
a greater range of effective refractive indices [15-18].

Strategies based on subwavelength nanostructures,
e.g. tapered moth-eye structures, that provide a graded-
refractive index between air and the substrate to reduce
Fresnel reflection in photovoltaic applications have been
of considerable interest in recent years. They can be
grouped into two categories based on their targeted mate-
rials: substrates of high and low refractive indices. Nano-
structures fabricated on materials with high refractive
indices such as Si or GaAs often require wet or dry etch-
ing of their substrates [19-22]. Although these structures
can exhibit good broadband and omnidirectional antire-
flection performance, surface and near-surface material
defects are typically introduced in etching processes, po-
tentially resulting in reduced carrier collection efficiency,
and in most cases an additional passivation layer is re-
quired to reduce photo-generated carrier recombination
at these defects. On the other hand, subwavelength
nanostructures on materials with low refractive indices
are of great interest because of their wide usage as pack-
aging materials in photovoltaic or display applications
[23-28]. However, the fabrication of subwavelength
nanostructures with sufficiently high aspect ratios and
mechanical stability on materials with low refractive indi-
ces is still challenging.

Here we report the design, fabrication and optimization
of a low-cost, large-area, multi-component, subwavelength
antireflection structure that provides broadband, omnidirec-
tional antireflection performance for a polymer-packaged
GaAs single-junction solar cell. Two key elements are in-
tegrated within the final packaged structure—a moth-eye
textured polyethylene terephthalate (PET) packaging
sheet, and Al,O3 nanoislands on a single-junction GaAs
solar cell with conventional Al,O3/TiO, bilayer antireflec-
tion coating. A rapid, large-area nanosphere lithography
process [29-31] is employed to create both the moth-eye
nanostructures on PET packaging sheets and Al,O;
nanoislands on Al,O3/TiO, antireflection coatings.
Experimental studies of moth-eye nanostructures on PET
reveal the optimal height of the nano-textured structure
which provides the best transmittance performance over
the entire wavelength range and incident angles ranging
from 0° to 75°. Numerical simulations and experimental
characterization of the Al,O3; nanoisland structures pro-
vide insights into the optimal periodicity and the physical
origin of interference effects observed for the nanoisland
structure. Finally, measurement results show that the
integration of moth-eye textured PET packaging sheets
together with Al,O3 nanoisland-coated GaAs single-
junction solar cells leads to a significant increase in
short-circuit current density (J.), as estimated from mea-
sured external quantum efficiency (E.Q.E.), ranging from
1.1x at normal incidence up to 1.67x at 80° of incidence
compared to cells with conventional Al,O3/TiO, thin-film
antireflection coating integrated with unpatterned PET
packaging sheets.
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2. EXPERIMENTAL SECTION

GaAs single junction solar cells were grow by metallorganic
chemical vapor deposition (MOCVD) at 100 Torr using
arsine (AsH3), phosphine (PHj), trimethylindium (TMI)
and trimethylgallium (TMG) as precursors with a V/III
ratio > 50. Single junction GaAs solar cells were grown on
GaAs substrates. The growth structure consisted of InGaP
window and back surface layer (BSF) layers, a 3.5-um GaAs
base layer with 2x 10'” cm ™ p-type doping and a 0.1-um
GaAs emitter with n-type doping in the range of
2x10"%cm ™,

Numerical simulations were performed using the Rsoft
Diffractmod software package (Rsoft Design Group, Inc.,
Ossining, NY, USA) and standard literature values for op-
tical constants [32]. Incident light was assumed to be in the
form of a plane wave impinging on the device surface. A
simulated absorption spectrum was computed assuming
optical absorption proportional to the square of the electric
field amplitude, and the simulated E.Q.E. was computed
assuming 100% efficiency in photo-generated carrier
collection.

Optical transmittance measurements of moth-eye tex-
tured PET sheets were performed using collimated light
from a halogen lamp spectrally resolved by a monochro-
mator based system from Optronic Laboratories with AC
lock in detection. The monochromatic light was linearly
polarized by a Glan-Thompson polarizer before reaching
the device. Devices were mounted on a rotating stage,
allowing measurements to be performed at angles of 0°
to 75° and at wavelengths ranging from 400nm to
1100 nm. Photocurrent response spectra were measured at
zero bias using the same monochromator system. The cal-
culated J,. for devices of each type under different incident
angles was derived from E.Q.E. measurements weighted
by the AM1.5G solar spectrum, given by Equation 1:

Jse = e[EQE(W) Ly 5(2)d )

where e is the electron charge magnitude, and 4/ 5(A) is
the AM1.5G photon flux intensity.

Figure 1a shows schematic diagrams of the GaAs solar
cell with a conventional Al,O3/TiO, bilayer antireflection
coating integrated with Al,O; nanoislands and moth-eye
nanostructured PET packaging layer, together with the
schematic refractive index profile. For the moth-eye nano-
structures fabricated on the PET packaging sheet, NSL was
employed in which 200-nm diameter polystyrene spheres
were deposited in a hexagonal array as a soft mask using
a Langmuir-Blodgett process [29,33,34] as shown in
Figure 1b. Subsequent reactive-ion etching creates the
moth-eye nanostructure on the PET surface, consisting of
arrays of tapered cylindrical pillars of height~400nm as
shown in Figure 1c—d. Figure le shows a scanning electron
micrograph (SEM) image of the completed moth-eye struc-
ture on a PET surface. Similarly, for the nanoisland struc-
ture fabricated directly on the cell surface, NSL was

Prog. Photovolt: Res. Appl. (2014) © 2014 John Wiley & Sons, Ltd.
DOI: 10.1002/pip



X. Li etal Subwavelength nanostructures integrated with solar cells

(b) (c) (d) (e)

FAVATRYVAYAYAVAYAVAYAN

T I T I Y VVVV e

4 YINe

PET = 1ooumI_ u u """

TTHHHTTTY ) " @) - 0
Epoxy pj,0,

n 321

Figure 1. a) Schematic diagram of a polymer-packaged GaAs solar cell coated with conventional Al,O5/TiO, bilayer antireflection coat-
ing with Al,O3 nanoislands and integrated with double-side moth-eye textured PET packaging sheet by space-grade encapsulant, to-
gether with the vertical refractive index profile. b)-d) Schematic diagrams of process flow for fabricating moth-eye structure on PET

substrate. e) SEM image of the completed moth-eye structure on PET substrate. f)-h) Schematic diagram of process flow for fabricat-
ing Al,O3 nanoislands structure on Al,O5/TiO, bilayer antireflection coating. i) SEM image of the completed nanoislands structure.
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Figure 2. a), b) Transmittance measurements for planar and double-side moth-eye textured PET packaging sheet of various texturing

depths with TE/TM-polarized incident light. The measurements were performed for wavelengths ranging from 400 nm to 1100 nm,

with incident angles varying from 0° to 75°. c¢), d) Transmittance measurements for unpatterned and double-side moth-eye textured
PET packaging sheet of various etching time at 0° and 75° incident angle under TE-polarized illumination, respectively.
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employed in which 1000-nm diameter polystyrene spheres
were deposited as shown in Figure 1f. Al,O3 (500 nm) was
then deposited by e-beam evaporation (Figure 1g),
followed by a lift-off process to remove the polystyrene
spheres (Figure 1h), resulting in a hexagonal array of
Al,O3 nanoislands of height ~150nm. An SEM image of
the completed nanoisland structure is shown in Figure 1i.
The PET packaging sheet is attached to the cell substrate
using a space-grade encapsulant (Dow Corning 93-500).

3. RESULTS AND DISCUSSION

Figure 2a shows the optical transmittance measured as a
function of angle of incidence and wavelength for an
unpatterned PET sheet and for a double-side moth-eye tex-
tured PET sheet with D;=200nm, and with different
heights, H;, of 300 nm to 600 nm under TE-polarized illu-
mination. All moth-eye textured PET sheets show signifi-
cantly improved transmittance characteristics compared to
that of the unpatterned PET sheet at wavelengths ranging
from 400nm to 1100nm and at incident angles from 0°
to 75°. Similar transmittance measurements were carried
out with the same set of structures of each type with TM-
polarized incident light as shown in Figure 2b. In these
cases, the planar PET sheet shows slightly lower transmit-
tance compared to moth-eye textured PET sheets at inci-
dent angles < 60°, and slightly higher transmittance at
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incident angles > 60°. In principle, an optimal graded-
refractive index structure will yield the best performance
[35-38]; however, the optimal structures often require
large ratios of height to diameter to assure a sufficiently
smooth, gradual change in refractive index, [28] which is
extremely challenging in terms of fabrication. We therefore
compare the transmittance characteristics of these moth-
eye structures within a physically attainable range of
heights. Figure 2c¢ shows the comparison of measured
transmittance characteristics for unpatterned and double-
side moth-eye textured nanostructures on PET sheets with
different H; at 0°. All moth-eye structures show ~5% im-
provement in transmittance compared with unpatterned
PET sheet. Figure 2d shows the measured transmittance
of double side moth-eye textured nanostructures with dif-
ferent H; at 75° incident angle. Within these structures,
H;=400nm shows the best performance, with ~40%
(~2x) enhancement in transmittance compared to that of
the unpatterned PET substrate at 600-nm wavelength.
The transmittance spectra of structures with H;=300,
500 and 600 nm also show enhancement, but of less mag-
nitude than that of the structure with H; =400 nm, suggest-
ing that the antireflection performance saturates at a certain
height of the moth-eye nanostructure.

The moth-eye patterns fabricated in the PET sheets pro-
vide a gradual transition in refractive index from air to the
PET packaging material. Additional measures are required
to reduce reflectance at the interface between the epoxy
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Figure 3. a) Schematic diagrams of GaAs solar cells coated with conventional Al,O5/TiO, bilayer antireflection coating with and with-
out Al,O3 nanoislands structure. b) (Top) Simulated cell absorption at normal incidence for incident wavelengths from 300 nm to
850 nm with the nanosphere diameter D, ranging from 0 nm to 1500 nm while keeping the height of the nanoislands H, = D,/2. (Bot-
tom) Simulated cell absorption at 80° incidence for incident wavelengths from 300 nm to 850 nm with the nanosphere diameter D,
varying from Onm to 1500 nm while keeping the height of the nanoislands H,=D,/2. (Inset) Simulated transmittance of Al,O3
nanoislands structure at 80° incidence for incident wavelengths from 300 nm to 850 nm with the nanosphere diameter, D, varying
from 0 nm to 1500 nm while keeping the height of the nanoislands H. = D,/2. The incident light was polarized as 45° in order to include
the same amount of TE and TM polarizations simultaneously. ¢) E.Q.E. measurements for GaAs cells with and without Al,O3 nanoislands.
The measurements were performed for wavelengths ranging from 300 nm to 920 nm, with incident angles varying from 0° to 80°.
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and the Al,O5 thin-film antireflection layers. We employ
Al,O5 nanoislands for this purpose, examining first the ef-
fects of the nanoisland structure without PET packaging
sheets. Figure 3a shows schematic diagrams of the GaAs
single-junction solar cell deposited with conventional
Al O3/TiO, thin-film bilayer antireflection coating with
(i) and without (ii) the additional Al,Oz nanoisland struc-
ture [30,31]. Figure 3b shows the numerically simulated
absorption of structure (i) as a function of wavelength
and periodicity (D) for #=0° and 80°. The height of the
Al,O3 nanoislands, H», is assumed to be D,/2 for an ideal
structure. For 6 =0°, we observe that the overall absorption
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remains close to 100%, except for two minima from
310nm to 330 nm and 370 nm to 420 nm that are present
for all values of D,. These absorption dips result from
Fabry—Perot interference associated with the underlying
Al,O5/TiO, bilayer antireflection coating, and they play a
less significant role in the cell’s photovoltaic performance
since the E.Q.E. of the GaAs cell at these wavelengths is
low. The overall antireflection performance of the Al,O3
nanoisland structure is similar to that of a standard bilayer
antireflection coating since the antireflection performance
of the bilayer structure is optimized at smaller angles of
incidence.
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Figure 4. a) Schematic diagrams of various integrated structures under comparison: (i) GaAs solar cell without Al,O3 nanoislands in-
tegrated with unpatterned PET packaging sheet; (ii) GaAs solar cell with Al,O3 nanoislands integrated with unpatterned PET packaging

sheet; (i) GaAs solar cell without Al,O3 nanoislands integrated witl

h moth-eye patterned PET packaging sheet and (iv) GaAs solar cell

with Al,O3 nanoislands integrated with moth-eye patterned PET packaging sheet. b) E.Q.E. measurements for devices of each config-
uration at wavelengths from 300 nm to 920 nm, with incident angles varying from 0° to 80°. ¢) Calculated Js for devices of each con-
figuration, derived from E.Q.E. measurements weighted by AM1.5G solar spectrum. d) Calculated ratio for Js. of integrated device (iv)

over that of integrated structures (i), (i) and (i

Prog. Photovolt: Res. Appl. (2014) © 2014 John Wiley & Sons, Ltd.
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For 0=280°, the influence of the Al,0O3 nanoisland struc-
ture becomes more prominent. The maximum absorption is
observed for D, >500nm due to the enhanced transmit-
tance from the graded-index profile of Al,O3 nanoislands.
In addition to absorption dips (from 310nm to 330 nm
and 370 nm to 420 nm) resulting from the interference of
the bilayer antireflection coating, we observe straight inter-
ference lines in the simulated contour map. Similar inter-
ference lines are observed in the numerically simulated
transmittance for Al,O; nanoislands on bulk Al,O; (as
shown in the inset) for =80°, with interference line posi-
tions very close to those observed in the simulated absorp-
tion of structure (i) for #=80°. These observations reveal
that the physical origin of the interference at 8=280° is
from the Fabry—Perot resonances of the Al,O3 nanoisland
structure at certain combinations of height and wavelength.
From these simulations, we conclude that for optimized
antireflection performance at large incident angles, the
diameter/height of the Al,O; nanoisland structure can be
chosen in the range 500 nm < D, < 1200 nm, since even
taller nanoisland structures can only provide a limited de-
gree of improvement, but can be more challenging in terms
of fabrication. Figure 3c shows the measured E.Q.E. of
structure (i) with D, =1000 nm (solid lines), and structure
(ii) (dashed lines) at different 8. For =0° to 60°, the mea-
sured E.Q.E. of structures (i) and (ii) are similar because
the bilayer antireflection coating can provide reasonably
good performance for 6 < 60°. For 0=80°, the measured
E.Q.E. of structure (ii) is higher than that of (i) but with
less significant enhancement compared with simulated re-
sults due to limitations on the values of H, that can be
achieved in the fabrication process.

Figure 4a shows schematic diagrams of the full set of
different integrated structures we compare experimentally,
including (i) GaAs cell without Al,O3 nanoislands inte-
grated with unpatterned PET packaging sheet; (i) GaAs
cell with Al,O3 nanoislands integrated with unpatterned
PET packaging sheet; (iii) double-side moth-eye textured
PET packaging sheet integrated with GaAs cell with con-
ventional Al,O3/TiO, bilayer antireflection coating; and
(iv) the double-side moth-eye textured PET packaging
sheet integrated with GaAs single-junction solar cell with
the Al,O3 nanoisland structure. Measured E.Q.E. of de-
vices of each type under incident angles from 0° to 80° is
shown in Figure 4b. Substantially enhanced E.Q.E. can
be observed for structures (ii), (iii) and (iv), particularly
at large incident angles (incident angles > 70°), compared
to the unpatterned cell (i).

Figure 4c shows the calculated normalized J,. for de-
vices of each configuration under different incident angles,
derived from E.Q.E. measurements weighted by the
AM1.5G solar spectrum. Note that, in this plot, the illumi-
nation intensity does not vary with incident angle, so that
the “cosine law” decrease in current density does not oc-
cur. This allows the influence of the PET moth-eye and
Al,O5 nanoisland structures on optical reflectance to be
more easily observed. First, we observe that configuration
(ii), compared with the unpatterned cell (i), shows very
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similar Jg. values at small incident angles and improved
Jye values particularly at large incident angles, which is
consistent with our numerical simulation results as shown
in Figure 4c. Further inspection shows that a significant
improvement in J;. is obtained with structure (ii) compared
to structure (i) at large incident angles, due to the graded
transition in refractive index at the epoxy—Al,O5 interface
that is achieved. Next, we compare structure (iii) with
structures (ii) and (i), and observe improved Jy. over the
entire range of incident angles (0°-80°) due to the moth-
eye nanostructured PET packaging sheet surface, which
significantly reduces interface reflectance between air and
the polymer packaging layer. Finally, we observe that
structure (iv) with both types of integrated nanostructures
shows even larger improvement in J,. compared to other
structures over the entire range of incident angles, which
demonstrates the superior photovoltaic performance of
our integrated optical nanostructures that effectively re-
duce reflectance at all the key interfaces in the fully pack-
aged structure via optimization of the refractive index
profile. Figure 4d shows the calculated ratio of the Jy. of
the cell with both Al,O5; nanoislands and moth-eye tex-
tured PET packaging sheet over cells with other configura-
tions. A 1.1° increase in Jy,. at normal incidence, increasing
to 1.67° at 80° angle of incidence, was achieved by the
nanostructured cell (iv) compared to the cell without opti-
cal nanostructures (i), which shows the great promise for
this approach in boosting the energy conversion efficiency
over a wide range of incident angles for various photovol-
taic systems.

4. CONCLUSION

We have demonstrated and analyzed a broadband, omnidi-
rectional antireflection approach for solar cells integrated
with polymer packaging based on creating moth-eye tex-
tures on polymer (PET) packaging sheets combined with
Al,O5 nanoisland structures, which shows significant en-
hancement in calculated J,. values derived from E.Q.E.
measurements under normal and off-normal incident con-
ditions compared to the conventional cell without optical
nanostructures, using a low-cost, high-throughput NSL
process. Transmittance measurements of moth-eye pat-
terned PET packaging sheets with nanosphere periods of
200 nm and with different tapered pillar heights show that
the nano-patterned PET sheet with pillar heights of
400nm provides the optimum transmittance characteris-
tics, maintaining >90% transmittance within wavelengths
from 400nm to 1050nm under normal incidence and
>70% transmittance within wavelengths from 500 nm to
900nm at an incident angle of 80°. Detailed numerical
simulations provide insights into the choice of dimensions
for Al,O3 nanoislands, which are in good agreement with
experimental measurement results. Finally, E.Q.E. mea-
surements of the cell with Al,O; nanoislands integrated
with a moth-eye textured PET packaging sheet and control
cells with different antireflection configurations were

Prog. Photovolt: Res. Appl. (2014) © 2014 John Wiley & Sons, Ltd.
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performed. The combination of these approaches yields
~10% increase in J,. at normal incidence and up to ~67%
increase at an incident angle of 80° compared to the control
cell without optical nanostructures, based on measure-
ments of E.Q.E. combined with the AMI1.5G solar
spectrum. We conclude that such an approach is an eco-
nomical, viable and highly promising antireflection strat-
egy for various photovoltaic applications, particularly for
those in concentrated PV and mobile solar systems where
sufficiently high energy harvesting efficiency over a broad-
band of wavelengths and a wide range of incident angles is
particularly desirable.
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