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ABSTRACT: Microfiber optic array structures are fabricated
and employed as an optical structure overlaying a front-
contact silicon solar cell. The arrays are synthesized through
light-induced self-writing in a photo-crosslinking acrylate
resin, which produces periodically spaced, high-aspect-ratio,
and vertically aligned tapered microfibers deposited on a
transparent substrate. The structure is then positioned over
and sealed onto the solar cell surface. Their fiber optic
properties enable collection of non-normal incident light,
allowing the structure to mitigate shading loss through the
redirection of incident light away from contacts and toward
the solar cell. Angle-averaged external quantum efficiency
increases nominally by 1.61%, resulting in increases in short-
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circuit current density up to 1.13 mA/cm® This work demonstrates a new approach to enhance light collection and conversion
using a scalable, straightforward, light-based additive manufacturing process.
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B INTRODUCTION

In commercial standard solar cells, a specific optical loss is due
to the shading effects owing to the metallic front contacts."”
Shading accounts for more than 10% loss based on the
fractional areal coverage by the front contacts over the solar
cell surface, and losses increase with greater incident angle.
Several approaches have been considered to mitigate contact
losses, specifically through the implementation of optical
effects via structuring of a top layer or coating the solar cell
surface to manage light propagation and transmission. Such
approaches have included nanoparticle surface coatings,’
nanostructured diffractive, diffuse, and scattering layers,4_7
gratings,8 nanotexturing,9 geometric optical structures,”
more sophisticated methods such as contact cloaking,' ™"
and even, alternatively, back-contact architectures.'* Particle
coatings can be costly, wasteful, and complicated to predict
and optimize. Diffractive and diffuse structures are wavelength-
and angle-sensitive, and light scattering provides only partial
relief from losses. Cloaking schemes drop in performance at
greater incident angles, and the complexity and cost of back-
contacts hinder their commercialization. Overall, the develop-
ment of controllable, scalable material-based light-management
solutions that are low-cost and wavelength-independent with
wide angular windows of operation remains an open issue
toward their viable integration into current solar cell
manufacturing.

An attractive approach to mitigate shading losses is to
employ broadband waveguide optics.”” This has been most
recently achieved using arrays of vertically aligned microscale
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broadband waveguides synthetically organized in polymer thin
films that are overlaid onto the solar cell or directly processed
over it.">~'" The inherent angular acceptance range of the
waveguides accepts non-normally incident light, which is
thereafter transmitted along the waveguide directly to the solar
cell to allow for increased conversion and current output at
greater incident angles. Previous waveguide arrays have been
explored in polymer blends that are organized into arrays of
vertically aligned high-refractive-index cylindrical cores sur-
rounded by a common low-refractive-index matrix.

In this work, we explore the synthesis and application of a
microfiber array for increasing light collection and conversion
in silicon solar cells. The fibers are fabricated through light-
induced self-writing'® in a photo-crosslinking acrylate system
using arrays of microscale optical beams.'”™*" One advantage
of employing a microfiber array is the significantly large
refractive index difference between the fibers and the
surrounding air, which leads to very large angular acceptance
ranges, to thereby widen the angular collection range and to
further mitigate shading loss. Owing to their large size (>10
um), the microfibers are broadband, supporting the solar
spectrum range to which silicon solar cells are responsive,
namely the visible to near-infrared. Thus far, microfiber arrays
(also referred to as micropillar arrays) have been predom-
inantly employed for their inherent surface texture properties
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in applications such as cell culture, antifoulin§, antiwetting,
anti-icing, water collection, and better adhesion.”*”*° Jun et al.
employed microfiber arrays specifically for vision optics, in
which they leveraged the optical properties of the fibers.””
Herein, this is the first time microfibers are used for light
collection in solar cells. This approach is different from
employing nanopillar arrays whose specific TE/TM optical
modes are excited to elicit energy transfer.”® Herein, optical
energy is collected and transmitted in multimodal and
multiwavelength form owing to the broadband nature of the
micron-sized microfibers.

B EXPERIMENTAL METHODS

Materials. Trimethylolpropane triacrylate (TMPTA) was pur-
chased from Sigma-Aldrich. The visible-light photoinitiator system
consisted of free-radical initiator camphorquinone (CQ) purchased
from Sigma-Aldrich and cationic initiator (4-octyloxyphenyl)-
phenyliodonium hexafluoroantimonate (OPPI) purchased from
Hampford Research Inc. All chemicals were used as received.

Fabrication of Micropillar Array. Photocurable resins were
prepared from a mixture of TMPTA with 1.5 wt % CQ and 2.5 wt %1
OPPI Microfiber arrays were synthesized using irradiation from a
collimated blue light-emitting diode (LED) (4, = 470 nm)
combined with a mask pattern, as described previously.'”*® The
mask pattern combined (1) a chrome-based photomask consisting of
a square array of apertures of 40 ym diameter and 200 ym spacing
and (2) a printed mask (i.e, on a transparency film) consisting of
parallel black lines of width 0.20 mm and 1.5 mm spacing. The
irradiation intensity was 10 mW/ cm?, the exposure time was 20 min,
and the resin thickness was 600 pm. After irradiation, the resin was
thoroughly washed with ethanol and water and then dried in a
vacuum oven at 45 °C overnight.

Assembly of the Photovoltaic Module. A planar multicrystal-
line silicon screen-printed solar cell (5 cm X S cm X 0.5 mm, front
contact spacing = 1.5 mm) with a short-circuit current density of 35.5
mA/cm? was used. To assemble the waveguides on a solar cell, the
substrate was turned over such that the microfibers were pointed
toward and contacted with the solar cell, and the gaps in the arrays
were aligned so as to be over the front contacts. The structure was
hermetically sealed and fixed in place with adhesive tape. Optical
microscopy images of the microfibers and the encapsulated solar cell
were captured with a digital microscope (MicroView).

Solar Cell Measurements. External quantum efficiency (EQE)
measurements were performed using a commercial measurement
system (IQE 200B, Newport Inc.). The current density—voltage
curves were measured using a solar simulator (94021A, Newport).
Angle-resolved measurements were performed as described in our
previous work."”

Ray-Tracing Simulations. Ray-tracing simulations were imple-
mented by using the Advanced System Analysis Program (ASAP).
Single-ray simulations were performed with different incident angles
and different impinging locations in order to examine their
interactions with a microfiber and a reflective metal contact. Details
of the material parameters for the solar cell and contacts can be found
elsewhere."'

B RESULTS AND DISCUSSION
Operating Principles of the Microfiber Optic Array.

Figure la shows a schematic of the microfiber array structure.
The assembly approach is to position blocks of microfiber
arrays over the silicon solar cell surface in between the front
contacts. Given their greater height relative to the protruding
contacts, via line of sight principles, non-normally incident
light rays, otherwise ill-fated to impinge on the contacts, now
interact with the top regions of the microfibers, enabling their
collection and transmission within the fibers. Figure la
schematically shows this favorable effect particularly for

(a)

Figure 1. Proposed solar cell architecture consisting of microfiber
arrays on the solar cell surface. (a) Schematic shows blocks of arrays
positioned in the spaces between the metal contacts to collect and
redirect non-normally incident light, otherwise ill-fated to hit the front
contacts. (b) Exemplary ray tracing demonstrating the general
operational principle of the waveguides, whereby a portion of light
is collected by the waveguides and directed toward the solar cell. The
red color rays show instances where light impinges on the top surface
of the microfiber, and green rays show light impinging on the fibers’
side walls. The results show how the fibers in the space between the
metal contacts redirect light that would otherwise impinge on a
contact. Solid rays show light when the structure is used. Dashed lines
show unaltered pathways when no microfiber is in place.

microfibers in proximity to a front contact. Dashed lines
indicate the unaltered light pathways if no microfiber is in
place, and the solid lines show their altered pathways with the
microfibers present. Figure 1b shows the detailed ray-tracing
simulations, revealing how light may be collected at the top or
side walls of the fibers and directed toward the solar cell (solid
lines), as opposed to hitting the front contact (dashed lines).
The range of incident angles that may be collected in this way
is represented as the solid angular range Af of incoming light
rays that satisfy the total internal reflection condition inside the
fiber. The magnitude of A@ is related to the refractive index
values of the fiber (n;) and the air surroundings (n, = 1)

according to sin(A8/2) = gt = n2% Using the refractive
index value of photocured TMPTA (1.474, ref 9), a maximum
acceptance range of 90° is possible, which is significantly larger
than what is attainable from core—cladding architectures made
from polymer blends (~30°)."'° Hence, all angles of incidence
satisfy the total internal reflection condition inside the fiber.
Hence, we are motivated to explore microfiber optic arrays
owing to the significantly large refractive index difference
between core and cladding, which can widen the angular
acceptance range of the structure.

Structure Fabrication and Solar Cell Encapsulation.
Figure 2a summarizes the steps to fabricate the microfiber
arrays and their marriage to a front contact silicon solar cell.
Using a casted resin over a plastic coverslip, the photomask is
responsible for creating thousands of microscale optical beams,
each of which will induce self-writing of a fiber in the resin.
The additional printed mask attenuates strips of optical beams
in the place intended to overlay the front contacts. The result
is the self-writing of blocks of microfiber arrays, with ~200 pm
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Figure 2. Fabrication of microfiber arrays for solar cell encapsulation. (a) Fabrication setup consists of a casted resin on a plastic substrate (i) and
the mask pattern (photomask + printed mask) (ii) to produce blocks of microfiber arrays and to allow space for the protrusion of the screen-
printed front contacts. The resin is irradiated from below with blue collimated LED light that induces self-writing of the microfiber arrays (iii,iv).
The sample is washed to leave the blocks of microfiber arrays adhered to the plastic substrate (v) and is then turned over and aligned and fixed to
the solar cell (vi). (b) Images of the blocks of microfiber arrays produced on the plastic substrate. (c) Microscope images of the microfiber array
structure overlaying the solar cell, offset for the purpose of clarity on its position and alignment. (d) Microscope image of the final encapsulated
structure over the solar cell. The positions of the blocks of microfiber arrays in between the front contacts can be clearly observed.

gaps in between blocks, which are extracted from the irradiated
resin after removal of the uncured monomer through washing.
The fibers are tapered, with a midlength diameter of
approximately 40 ym and an average height of 466 ym. The
diameter is large enough to support multiwavelength and
multimodal light propagation, and the tapered waveguide
profile is suitable for light guiding.’® The microfibers are
reasonably transparent, as determined in our previous work
with TMPTA microfibers,' in order to demonstrate their
effectiveness for light management. The microfiber array
structure adhered to its plastic substrate is then overturned,
laid over, and aligned over the silicon solar cell surface. Figure
2b shows the blocks of microfibers produced over the plastic
substrate (sample size 2.5 X 3.5 cm), and high magnification
optical microscopy reveals their highly ordered and vertically
aligned arrangement in each block. Figure 2c¢ shows the
structure placed and aligned over the silicon solar cell surface,
but slightly offset to visually delineate the appearance of the
overturned fibers and their appearance when overlaid on the
solar cell surface. Figure 2d shows the well-positioned
microfiber arrays in between the contacts in the encapsulated
cell. The plastic coverslip acts as the final cover layer which
completes the encapsulation. While plastic is used herein, the
microfibers may also be deposited on glass substrates as the
final cover layer."”

EQE Measurements. EQE spectra from 350 to 1100 nm
are shown in Figure 3a,b. The control with which we make
comparisons to the microfiber array (herein referred to as the
“structure”) is the same plastic substrate without microfibers
overlaid on the solar cell. The maximum EQE of the structures
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reaches 89.76% at normal incidence (89.00% for the control),
demonstrating an improvement even for normal incidence
light. While designed herein to provide enhanced performance
at non-normally incident angles, the small increase at normal
incidence may be attributed to the concentrating properties of
the waveguides as well as possible additional scattering of light
at the air—fiber interfaces, particularly when incident light
scatters off the solar cell, which can provide more opportunities
for light to return to the solar cell for further collection. With
increased angle of incidence, the drop in the EQE spectra, a
trend indicative of shading loss, is abated when the structure is
employed. In order to clearly observe this improvement, the
spectrally averaged EQE was calculated according to

Jries EQE(/l)dX -
[o(A)dn (1)

where ¢(4) is the photon flux of AM 1.5 G at a wavelength, A.
Plots of this average (total) EQE over incident angle are shown
in Figure 2¢. Overall, the structure yields a higher average EQE
than the control, which indicates that it enhances the collection
and conversion efficiency over the angular range of incidence
from 0 to 70°. The difference in the total EQE between the
structure and the control (Figure 3c, inset) shows its nominal
value being stable up to 40°, whereafter variations begin, owing
to the extreme glancing angle of incidence and complex
interactions (i.e., collection and reflection) with the structure
under these conditions.

To reveal the overall performance across all angles, the
angularly averaged EQE was calculated according to

average EQE =
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Figure 3. EQE spectra of (a) the control and (b) the structure. EQE of the structure is higher than that of the control. (c) Spectral average (total)
EQE plotted as a function of the incident angle, which shows consistently higher values for the structure over the control. EQE error bars shown are
standard deviations of three different samples measured. The inset shows nominal change in the total EQE for the structure with respect to the

control.

3 2, EQE(0)cos(0)
FQave = 2 cos(6)

where 0 is the incident angle and the cos(#) term accounts for
the reduced photon flux with increasing incident angle. This
calculated average EQE for the structure and control was 76.7
and 75.48%, respectively, yielding 1.61% improvement which
indicates that an overall angular-based performance enhance-
ment is achieved with the use of the microfiber array structure.

(2)

In terms of wavelength-specific enhancements, the largest
nominal increases in EQE are observed for shorter wavelengths
(see the Supporting Information). Up to an angle of incidence
of 40°, increases in EQE across the entire wavelength range are
observed. For angles of incidence of 50—70° nominal percent
enhancements are only observed in the short wavelength range
(less than ~550 nm). Improved EQE at shorter wavelengths,
especially at higher incident angles, may be owing to the
increased number of optical modes supported by the fiber and
the greater acceptance range (A#), both of which increase with
smaller wavelength,”” thereby allowing shorter wavelength
light to be more easily collected and transmitted through the
fibers.

J—V Measurement and Solar Cell Efficiency. The
current density against voltage (J—V) curves as well as plots of
the short-circuit current density (Jsc) and solar cell efficiency
are shown in Figure 4. Jc also shows a characteristic drop with
increased incident angle associated with shading. However, Jsc
shows enhancements over the entire range of incident angles
investigated when the structure is employed (Figure 4c).
Nominal increases to Jgc were in the range of 0.36—1.13 mA/
cm?; or in terms of percentages, increases over the control were
1.6—4.8% (greatest % increase at 70°). The solar cell efficiency
plot shows a trend of increase in nominal enhancement in
efficiency up to 40° with a drop for SO and 60° (yet still
positive) and then a strong enhancement at the largest incident
angle, 70°. Importantly, increases in efliciency are observed
over the entire angular range, with nominal enhancements in
the range of 0.10—0.56% (greatest at 70°). The variation in the
magnitude of the enhancement shows a similar trend over
incident angle as Jsc (insets of Figure 4c,d). The results
indicate that the structure enables the collection and
conversion of more light and sustains a greater solar cell
efficiency and current output over the entire angular range. In
order to clearly reveal the enhancement in solar cell efficiency,
the angularly averaged solar cell efficiency was determined
according to
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Figure 4. J—V curves of the (a) control and (b) structure. (c) Plots of
Jsc as a function of the angle, extracted from the J—V curves, which
shows an enhancement over the entire angular incidence range. (d)
Solar cell efficiency as a function of the angle of incidence, which also
shows enhancement over the entire range. Y-axis error bars shown in
(c,d) are standard deviations of three different samples measured.
Insets of (c,d) show percent increases for the structure with respect to
the control.
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29 cos(6)

where #7(6) is the solar cell efficiency herein as a function of the
incident angle, 6. The calculated efficiency values were 14.86
and 14.61% for the structure and the control, respectively, and
hence the structure improves efficiency by 1.71%.

Trends in the increase of the solar cell efficiency and current
output can be understood in terms of the interactions of light
with the microfibers. From 0 to 40°, as the shading effect of the
solar cell increases, the capability of the microfibers to mitigate
this loss through collecting and redirecting light becomes more
pronounced. However, at even greater angles (50—60°), it is
possible that the strong refractive index difference between the
pillars and air (An = 0.474) leads to strong reflection/
scattering of light off the microfiber walls, which might not be
as efficient for collection, hence a slight drop in performance
(yet an improvement is still attained). At a very large incident
angle of 70°, this scattering is favorable over the otherwise
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significant shading loss, resulting in a large nominal increase in
the efliciency. Importantly, all performance enhancements are
greater than achieved for a uniform resin encapsulant,' as well
as for a waveguide array produced from polymer blends,"”
namely a microfiber embedded in the matrix of another
polymer, indicating that the strong refractive index difference
achieved with the fiber—air interface is favorable. Trends in the
differences in the total EQE, Jsc, and power conversion
efficiency do not necessarily correlate owing to the different
conditions of the EQE and Jso/# measurements. What can be
stated is that the total EQE is sustained up to 40°, and the Jg/
n increases owing to the pronounced favorable effect of the
pillars with increased angle of incidence.

Based on the lineal fraction of the microfibers and line of
sight principles, the microfibers would only capture one-fifth of
the light owing to the ~40 ym diameter, spaced 200 ym apart,
which is a sparse density of fibers in the array. The lineal
fraction dependence is confirmed by the fact that the shading
loss is around 10%, so the structures could recover maximally
2% of this lost light. Comparing with the experimental gain of
1.71%, the results are quite close to the upper limit, indicating
that this microfiber array structure is an efficient approach to
recover shading losses, even at very large incident angles, and
that there are opportunities for further enhancement via array
design. Denser micropillar arrays as well as nonsquare
arrangements will be explored in structural optimization
studies to determine the best fiber spacing to maximize
performance enhancement, which will be reported in the
future.

B CONCLUSIONS

To achieve wide-angle light capture to recover light lost from
shading, a top-coating consisting of blocks of microfiber arrays
were fabricated, and encapsulated solar cells were tested for
performance enhancement. Owing to the collecting and light-
guiding capabilities of the microfibers, the arrays enable the
capture and redirection of light toward the solar cell that would
otherwise be lost owing to it hitting the front contacts.
Enhancements in the EQE, short-circuit current density, and
solar cell efficiency are observed. The practical implication of
this work is that with this structural approach, solar cell
efficiency and current output can be enhanced over a large
angular range. This has the potential to translate to greater
energy conversion as the sun travels its varying diurnal
trajectories during the day as well as over the course of seasons.
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