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Doubling the Power Output of Bifacial Thin-Film
GaAs Solar Cells by Embedding Them in Luminescent

Waveguides

Xing Sheng, Ling Shen, Taehwan Kim, Lanfang Li, Xinran Wang, Ryan Dowdy,
Paul Froeter, Kazuki Shigeta, Xiuling Li, Ralph G. Nuzzo, Noel C. Giebink,*

and John A. Rogers*

Recent developments in epitaxial liftoff techniques for forming
thin, high efficiency GaAs solar cells create opportunities to
improve the economics of solar energy conversion by com-
bining highly efficient operation with the prospect of scal-
able, low cost manufacturing, especially in advanced growth
schemes that involve multiple layers in releasable stacks.l?
These cells require GaAs at thicknesses of just a few microns
or less, and can offer efficiencies as high as 28.8%.3! Efforts to
reduce costs focus on techniques to improve the utilization of
the growth chambers by accelerating the deposition rates and/
or by eliminating cycles of load/unload,!!] and on methods to
reuse the growth wafers. Additional routes involve schemes
for concentrating incident sunlight. In small-scale devices,
focusing micro-optics can be used, to achieve concentration
ratios greater than 1000x with levels of uniformity in illumi-
nation, and tolerance in acceptance angles that enable practical
modules with a world record efficiency of 33.9%./“l Luminescent
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solar concentrators (LSCs) could represent an alternative or
complementary approach, with the potential to eliminate or
reduce the need for tracking. Recent implementations provide
enhanced properties, by use of distributed arrays of small cells
that embed directly in the LSC, as initially reported with silicon
devices.>!

Thin-film GaAs microscale cells (u-cells) that combine epi-
taxial liftoff from single or multilayer epitaxial assemblies and
transfer printing to substrates of interest increase the range
of engineering design options for these and related classes of
photovoltaic materials.l'! Here, we show that such p-cells can
be used within LSCs to increase the power output by more
than a factor of two, thereby providing a potentially important
route to reducing costs while maintaining high efficiencies. An
LSC consists of a planar waveguide doped with a luminescent
dye designed to absorb incoming sunlight and then to emit
into confined modes, for subsequent capture by attached solar
cells.’-1*1 LSCs operate independent of incident angle, in prin-
ciple surpassing both the sinel"”! and ergodic limits'® due to
the down-shift in photon energy.'”l The traditional LSC design
incorporates solar cells attached to the waveguide edges; in
this geometry, the cells do not receive any direct sunlight and
instead rely entirely on waveguided luminescence. In contrast,
recently reported LSC systems that employ surface-embeded
bifacial silicon p-cells offer an inherent advantage in efficiency
because each cell generates power both from direct illumina-
tion and waveguided luminescence.l®’ More fundamentally, the
capability to absorb light through both sides of the cell increases
its occupation of optical phase space when embedded within
an LSC, leading to an increased thermodynamic concentration
limit as compared to a conventional LSC with edge-mounted
cells.[18]

Figure 1 shows devices that involve GaAs solar u-cells deliv-
ered onto LSC substrates using the techniques of transfer
printing.'1?l The cells use a GaAs based vertical junction
(Figure 1b), with lateral dimensions of 240 pm by 200 pm. The
thickness of the heavily doped n-GaAs bottom contact layer is
thinned to 300 nm to improve the yield of photons collected
from the backside. The p-cells are released from the growth
substrate by selective etching of a base layer of Al gsGagsAs
with hydrofluoric acid. Transfer printing delivers the devices
onto LSC substrates, as shown in Figure 1a. The LSC layer
consists of an wultraviolet (UV) cured polymer (NOAG6I,
Norland Products Inc.) doped with a luminescent DCM
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Figure 1. a) Schematic illustration of a GaAs p-cell transfer printed onto a luminescent solar
concentrator (LSC) layer, with a backside reflector (BSR) on the surface of a supporting glass
substrate. Upper Inset: Optical microscope image of a GaAs u-cell (200 pm x 240 pm) with four
holes to facilitate epitaxial liftoff, and metallic Ohmic contacts, printed on an LSC substrate.
b) Detailed structure of the cell, which includes a GaAs homojunction, AlGaAs window layers

and contacting layers.

dye (4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-
4H-pyran) spin cast onto a glass substrate (1 mm thick) coated
with either a specular back side reflector (BSR) of Ag (200 nm
thick) or a diffuse BSR consisting of a dense layer of TiO, par-
ticles deposited on top of the Ag film. Although issues in long
term reliability require further study, the polymer matrix mate-
rials and dyes used here are found in demanding commercial
applications in lasers and integrated optics. Alternative LSC
designs involve free-standing layers formed using a molding
process. Other dye candidates are possible, such as Red305 and
BA241.' The underlying physics and other general considera-
tions reported here are independent of the choice of dye. The
absorption and emission spectra of the polymer/DCM mate-
rial appear in Figure S1. The DCM absorbs light with wave-
lengths between 300 nm and 600 nm; emission occurs between
550 nm and 750 nm. The quantum yield is 0.83 % 0.04 for dye
concentrations throughout the range explored here. Photons re-
emitted at angles beyond the cone of total internal reflection
are trapped in waveguided modes and may be absorbed at the
backsides of the surface-mounted GaAs cells. The diffuse BSRs
function as scattering plate concentrators, enabling up to a 2n?
intensity enhancement on the cell surface,'% but do not effi-
ciently sustain luminescent concentration since waveguided
modes are not well supported in such systems.

Figure 2a shows a series of experiments designed to quan-
tify the optical losses and collection efficiencies associated with
each LSC configuration. Test structures involve specular and
diffuse BSRs deposited on glass plates (1 mm thick), each with
a 200 pm wide slit to enable passage of illuminating radiation
from the backsides. Films of polymer/DCM (DCM concentra-
tion is 0.2 wt%) spin cast on such BSR layers form LSC layers
with thicknesses of 150 pm (Experimental and simulation
results from samples with various dye concentrations and layer
thicknesses appear in Figure S4). Collimated emission from a
blue light emitting diode (center wavelength 470 nm, linewidth
29 nm) directed through the slits in the BSRs generates lumi-
nescence in the LSC. A microscope objective coupled to a CCD
spectrometer captures and records light escaping from the LSC
at various distances, L, from the center of the slit. Figure 2b
shows luminescent spectra measured at different L for both
samples. As L increases, the amount of captured light decreases
and the associated spectra exhibit a redshift. As shown in
Figure 2c, the spectrally integrated luminescence intensity is

p contact
p-GaAs
n contact
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approximately one order of magnitude lower
for the specular BSR than for the diffuse
BSR, simply because out-coupled light in the
specular case arises only from parasitic scat-
tering of luminescent photons that are reab-
/J sorbed and re-emitted. Despite the overall

difference in magnitude, the dependences of
the intensities on L in both cases are remark-
ably similar for L > 0.8 mm. This observa-
tion is not simply due to the measurement
geometry!'¥l and instead seems to imply that
the outcoupling loss coefficient of inelastic
scattering due to multiple reabsorption and
re-emission events ultimately becomes com-
parable to that of elastic scattering from the
diffuse BSR at large distances, despite the
different physical nature of these processes. The spectral red-
shift for the specular BSR case is larger than that for the dif-
fuse BSR (Figure 2d) because measured light in the specular
case involves a significant contribution from photons that have
undergone multiple re-absorption and re-emission events (and
consequently multiple opportunities for Stokes shifts), particu-
larly at large L. Modeling these experiments by 3D ray-tracing
simulations (solid lines in Figure 2c and 2d) quantitatively
reproduces the observed trends. This experimental validation
allows use of such models in isolating and understanding the
effects of individual, underlying loss processes such as dye re-
absorption and partial reflections at the BSR.

Various working LSC device configurations appear in
Figure 3a; in all cases, the substrates have sizes of 25 mm by
37 mm. The LSC layers and GaAs pi-cells use designs described
previously. A reference sample uses an undoped polymer
layer (i.e., without DCM dye) on a specular BSR. Figures 3b
and 3c display the measured and simulated external quantum
efficiency (EQE) spectra obtained for each configuration. The
EQE is defined as the ratio of the number of charge carriers
collected by the solar cell to the number of photons at a given
wavelength incident on the luminescent concentrator. As com-
pared to the reference sample, the device on the LSC film with
a specular BSR shows a large enhancement in EQE for wave-
lengths between 400 nm to 600 nm, as a result of luminescent
concentration. At wavelengths beyond the absorption edge of
the DCM (A > 600 nm), the EQE curves of the reference cell
and specular BSR LSC are nearly identical, as expected. The
case of the diffuse BSR, on the other hand, shows a broadband,
uniform increase in EQE in the spectral range from 400 nm
to 900 nm, consistent with expectation for a scattering plate.
Although this behavior leads to reductions in enhancements
associated with luminescence at short wavelengths, the absorp-
tion over the entire solar spectrum is greater than that for an
otherwise similar system that uses a specular BSR. The result
is an improved short-circuit current (I) under AM1.5G sim-
ulated solar illumination (0.1 W/cm?), as shown in Figure 3d.
The values of I for the specular (in blue) and diffuse (in black)
BSR LSCs are larger than those of the reference device by fac-
tors of 1.57x and 1.71x, respectively.

As a means to exploit diffuse scattering at long wavelengths
without sacrificing contributions from luminescence at short
wavelengths, the diffuse BSR can be separated from the LSC

etching holes
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Figure 2. a) Experimental geometry for measuring optical transport in LSCs. Here, collimated light from a blue LED (centered at 470 nm) illuminates a
slit (200 pm wide) in the BSR. Photons that escape from certain locations along the the top surface are captured by a microscope objective (numerical
aperture = 0.95, working distance = 0.21 mm, 63x magnification) and recorded with a spectrometer. b) Measured luminescent spectra at different
distances L for samples with specular and diffuse BSRs, indicating intensity decay and spectral red-shifts. To elucidate the decay in intensity and the
shift in the peak position, we only show results for L from 0.2 mm to 2.2 mm. The curves for L = 0 are not shown, because the intensities are too high.
c) Integrated luminescent intensity (from 540 nm to 750 nm) as a function of L. d) Peak wavelengths of luminescence as a function of L. The solid

lines in these plots correspond to ray tracing simulation results.

layer by an air gap,®!3l as shown at the bottom of Figure 3a. The
presence of an air gap allows the structure to act as an efficient
waveguide for photons that have a propagation angle larger
than the critical angle for total internal reflection. The meas-
ured and calculated values of EQE appear in Figure 3b and 3c
(in red), respectively. The results indicate that this configuration
(in red) achieves a 2.21x increase in I, and a 2.32Xx increase
in power conversion efficiency compared to the reference cell.
The enhancement in this case exceeds that of the specular BSR
case because of reductions in waveguide losses and increased
absorption of incident light by the dye (via increased optical
path length). Simulations capture these effects, although with
some discrepancy at longer wavelengths where the calculated
enhancement is lower than the experimentally measured
values. From the standpoint of thermodynamics, the EQE for
the case of the air-gap BSR design is expected (and predicted)
to be lower in this long wavelength range than that of an other-
wise similar LSC without the air gap due to decoupling of the
BSR from the waveguide. This decoupling prevents the sorts
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of trapping effects that can otherwise lead to increased optical
pathlengths and consequent absorption.['®l That this is not the
case in our data likely indicates that there are some areas in our
structure where the LSC film touches the BSR directly, leading
to an incomplete air gap.

The experimental and simulation results demonstrate the
effectiveness of using a combination of luminescent concen-
tration and scattering to improve the power output of bifacial
GaAs p-cells, when embedded directly in the surface of the LSC
waveguide. The results also indicate, however, that additional
improvement can be achieved by increasing the performance
of the p-cells. In particular, as shown in Figure S3, for designs
used here, the quantum efficiency is significantly lower for light
incident from the back sides of the cells than from their front
sides, due largely to parasitic absorption in the n-GaAs contact
layer. The simulations of Figure 3 account for this non-ideal
behavior by disregarding the absorption in the contact layer,
which represents nearly half of the light absorbed by the cell.
Recovering this contribution can be achieved either directly by
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Figure 3. a) Schematic illustrations of GaAs u-cells embedded on the surfaces of different LSCs. b) Measured EQE spectra. c) Simulated EQE spectra.
d) Measured current-voltage (I-V) characteristics under AM1.5G illumination. Substrates: PU/ specular BSR (green triangle), LSC/ specular BSR (blue
square), LSC/ diffuse BSR (black diamond), LSC/ air gap/ diffuse BSR (red circle).

improving the quantum vyield for back side illumination or by
embedding cells with the existing designs at the bottom of the
LSC layer so that all light is absorbed through the front side.
Figure 4a shows the total light absorbed by the cell as a func-
tion of illumination area, through a plot of the concentration
ratio (CR) at 480 nm for the specular and diffuse LSC cases
(without an air gap) of Figure 3. The CR is defined here as the
ratio of the total number of photons absorbed by the GaAs cell
(through both front and back surfaces) when incorporated in
the LSC as compared to that absorbed by a free-standing cell
at normal incidence. The CR thus represents the enhancement
in EQE relative to the reference cell at A = 480 nm for the ideal
case where the internal quantum yield is the same for both
front and back side illumination. The LSC with the specular
BSR exhibits a CR that saturates slowly with increasing area,
reaching a value of 7.1x, which is more than two times larger
than that shown in Figure 3. In contrast, the LSC with the dif-
fuse BSR saturates much more rapidly and reaches a reduced
R (2.7x), consistent with expected behavior of a scattering
plate concentrator.
Figure 4b simulates the effects of dye concentration and
LSC layer thickness on CR for an LSC with a specular BSR at

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

an incident wavelength of 480 nm. The results indicate that
a maximum CR of 12.3x is possible at an optimum dye con-
centration (¢ = 0.12 wt%) and LSC thickness (t = 80 um). This
combination reflects a balance between several competing fac-
tors. On one hand, increases in dye concentration and LSC
thickness increase the absorption. On the other, reductions in
the concentration reduce self-absorption, and decreases in the
thickness improve the probability of collecting luminescence
within the waveguide (i.e. the cell occupies a larger portion
of the optical phase space in the guide). To reveal the overall
LSC performance, Figure 4c shows calculated flux gain (power
increase factor compared to a bare cell without LSC) and cost
per watt as a function of geometric gain (the ratio of the overall
LSC area to the GaAs cell area) in an array integrated with an
optimized LSC layer (¢ = 0.12 wt% andt = 80 pm), on a diffuse
BSR separated by an air gap. With optimized designs, indi-
vidual GaAs p-cells can be expected to reach efficiencies of 20%
and ideal bifacial performance;l:32% we assume that the cost of
the LSC and BSR is negligible compared to that of the cells. As
the geometric gain increases, the flux gain and module cost per
watt increase and decrease, respectively, due to the additional
power generated through luminescent concentration. When

Adv. Energy Mater. 2013, 3, 991-996
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Figure 4. a) Calculated optical concentration ratios (for LSC based on
specular and diffuse BSRs, dye concentration 0.2 wt% and thickness
150 pm) at 480 nm as a function of illumination area. b) Plot of calculated
optical concentration ratio (CR) at 480 nm as a function of the LSC dye
concentration and layer thickness, for LSC coated on a specular BSR.
c) Calculated flux gain and cost per watt as a function of geometric gain,
for GaAs p-cell arrays in an optimized LSC configuration (i.e. diffuse BSR
separated by an air gap).

the geometric gains are 4 and 9 (corresponding cell spacings
are 0.2 mm and 0.4 mm), the flux gain can reach 0.9 and 1.6,
leading to LSC collection efficiencies (flux gain/ geometric

Adv. Energy Mater. 2013, 3, 991-996
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gain) of 22% and 18%, respectively. Therefore, our optimized
GaAs/LSC system can reach a better performance than our pre-
viously reported Si/LSC using the same dye/matrix materials,®!
and can, in fact, compete with LSC structures that incorporate
much more advanced dye systems.['*!

In summary, we demonstrate that printing bifacial thin-
film GaAs micro solar cells on LSC layers can more than
double their output power under simulated solar illumina-
tion. Although conventional LSC designs and the approach
presented here have many differences, both act to increase
the effective areas of the cells. The epitaxial liftoff and transfer
printing techniques represent methods for cell/LSC integration
with potential for large scale module production. The consid-
erations reported here are directly applicable to modules that
incorporate large-scale arrays of cells, formed and manipulated
using procedures described and demonstrated elsewhere.[>l
The luminescent dyes provide solar energy conversion with
reduced usage of III-V materials, with associated benefits in
cost reduction. Careful experimental and theoretical studies
suggest routes to further improvements, where an overall
architecture that incorporates a free-standing LSC layer with
a diffuse BSR delivers the highest photocurrent by combining
the benefits of the waveguided luminescence and diffuse scat-
tering. Significantly higher performance and greater cost reduc-
tion are predicted by implementing optimized LSC parameters,
cell spacings and improved spectral response of the cell under
back side illumination. Although the ultimate performance
for a practical LSC system remains an open question, our
approaches provide a glimpse of what is possible. The most
significant opportunities for improving performance are in the
development of advanced dyes. Additional avenues that can be
explored, include, as examples, the shapes of the p-cells and
their positions within the LSC layer, advanced luminescent dye
systems, with optimized concentration laterally and through
the depth of the LSC.'*?1 The LSC design presented in this
paper provides a guideline for broadband light management in
highly efficient III-V semiconductor based solar cell modules.

Experimental Section

Fabrication and integration of GaAs solar micro cells: The GaAs
solar cell structure was grown on a GaAs substrate by metal-organic
chemical vapor deposition (MOCVD). The n-type GaAs and p-type GaAs
layers were achieved by Si doping and Zn doping, respectively. The
detailed structure (from bottom to top) involves the GaAs substrate, a
1 pm AlygsGaggsAs sacrificial layer, a 300 nm n-GaAs bottom contact
(n=5x 10" cm™), a 50 nm n-Aly4,GaggAs back surface field (BSF)
layer (n =4 x 10" cm™), a 2 ym n-GaAs base (n =3 x 10" cm™), a
100 nm p-GaAs emitter (p = 2 x 10" cm™), a 30 nm p-Alg,Gag¢As
window layer (p =2 x 10'® cm™) and a 200 nm p-GaAs top contact (p =
1% 10" cm~3). Ohmic contacts on the n-GaAs and p-GaAs were formed
by evaporating 5 nm Pd/ 35 nm Ge/ 80 nm Au and 10 nm Cr/ 100 nm
Au, followed by annealing at 175 °C for 1 hour in N, ambient. After the
Aly9sGaggsAs sacrificial layer was etched in mixed concentrated HF
(49%) and deionized water in a ratio of 1:20 (by volume), the GaAs solar
cells were lifted off and transferred onto other substrates by transfer
printing with a flat polydimethylsiloxane (PDMS) (Sylgard 184, Dow
Corning) stamp, as previously reported.l The resulting GaAs solar cells
appear in Figures 1b and Tc.

Fabrication of backside reflectors (BSRs): The specular BSR was
prepared by evaporating 15 nm Ti/ 200 nm Ag on a 1 mm thick glass
slide. Spin casting a mixture of 3 wt% TiO, powder and 2 wt% polyacrylic
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acid (Sigma-Aldrich) in isopropanol on the Ag coated glass, yielded a
diffuse BSR. The reflection spectra were collected with an integrating
sphere in a UV-vis spectrometer (Cary 5G, Varian). See Figure S2.

Fabrication of the luminescent solar concentrator (LSC): The DCM
dye (Exciton Inc.) was mixed into the UV curable polymer (NOA61,
Norland Products Inc.).ll The resulting solution was spin cast onto
the BSR and cured under UV illumination, to yield the LSC substrates.
The free standing LSC was formed by curing the polymer/DCM in
a mold made of PDMS. All LSC substrates shown in Figure 4a had
dimensions of 25 mm x 37 mm, with GaAs p-cells printed in the center.
The photoluminescence quantum yields for the DCM-doped polymer
films were measured using in an integrating sphere following standard
procedures.l?

Device Characterization: The current-voltage relation was measured by
a Keithley 2400 source meter under illumination provided by a 1200 W
Newport solar simulator passing through a standard Air Mass
1.5 Global (AM1.5CQ) filter. External quantum efficiency (EQE) spectra
were collected using a Halogen lamp coupled to a Jarrell-Ash Monospec
27 monochrometer scanning from 350 nm to 1000 nm, with a beam size
of about 4 cm by 4 cm.

Ray tracing model: Non-sequential ray tracing simulations were
carried out using the commercially available software package,
Zemax,)l accounting for all Fresnel reflections using measured and
literature optical constant dispersions for NOA61, Ag, and GaAs.
(Alternatively, a custom coded ray-tracing package using same
parameters produced similar results.) The measured absorption
coefficient, photoluminescence spectrum and quantum yield of 0.2 wt%
DCM-doped NOAG61 were included as well as the diffuse reflectance
measured for the diffuse BSR in Figure S2. Light absorption was spatially
resolved within 100 nm slices inside the GaAs pu-cells. Absorption
in the bottom 0.3 pm thickness of the cells does not generate any
photocurrent whereas the IQE for light absorbed in the top 1.7 pm was
calculated to be consistent with the front illuminated EQE of the bare
cell in Figure S3a. In simulations for the slit experiments of Figure 2,
multiple reabsorption and re-emission was considered explicitly, with
secondary photons emitted within the photoluminescence spectrum
at wavelengths equal to or larger than the absorbed photons. The
microscope objective was modeled as a perfectly absorbing, 100 ym x
100 pm detector spaced from the LSC surface by the objective working
distance and with an angular acceptance corresponding to the numerical
aperture. For simulations in Figures 3c and 4b, a GaAs p-cell (200 pm x
240 pm x 2 pm) was embedded on the surface of a planar LSC layer
(3 cm x 3 cm), with periodic boundary conditions used to simulate the
cell array in Figure 4c.

Supporting Information

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