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Layers of poly(methyl methacrylate) doped with the Eu complex
Eu(DPEPO)(hfac); (EuDH) provide a means for down-shifting incident
ultraviolet (UV) light into the visible range, with beneficial effects on
the performance of solar cells, as demonstrated with thin-film InGaP
devices formed by epitaxial liftoff. Experimental and computational
results establish important aspects of gain and loss mechanisms in
the UV range. Measurements show that InGaP cells with coatings
of EuDH doped PMMA exhibit enhanced currents (8.68 mA cm~?)
and power conversion efficiencies (9.48%), both due to increased
responses at wavelengths between 300-360 nm.

Light management in solar cells represents an effective avenue for
improving performance and reducing the overall cost of photo-
voltaic (PV) systems." To approach efficiencies close to those
defined by detailed balance limits,” a solar cell must have both
a great electronic efficiency and a great optical efficiency. Every
incident photon with an energy above the bandgap of the cell
should be absorbed, and each absorption event should yield at
least one electron-hole pair capable of extraction as electrical
power. Historically, significant efforts have been directed toward
light trapping and other schemes to enhance the absorption near
the bandedge, particularly in the long wavelength side of the solar
spectrum.®™® By contrast, less attention has been paid to the short-
wavelength limit. In the ultraviolet (UV) range (300-400 nm), most
PV materials naturally have high absorption coefficients, thereby
eliminating the need for light trapping. Low quantum efficiencies,
however, are usually obtained in this region of the spectrum,
even for cells with record efficiencies.” Such low UV responses
follow from both intrinsic and more practical considerations.
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First, traditional cell designs incorporate highly doped window
and/or emitter layers,® ' which work as deadzones for UV light
conversion because of the extremely short diffusion lengths
for minority carriers in these regions. Second, anti-reflective
coatings are typically optimized to minimize light reflections
around the peak of the solar spectrum (500-700 nm), and can
often have high reflection losses in the UV range.'" Finally, in
most modules, solar cells are encapsulated with glass and/or
plastic covers'> that absorb UV light. Based on our calculations, UV
photons (300-400 nm) in the standard AM1.5G solar spectrum'?
have the potential to contribute a photocurrent of ~1.3 mA cm 2
Exploiting these UV photons efficiently can therefore improve
the efficiency by a meaningful amount. Various down-shifting
materials, including organolanthanide complexes, organic dyes
and quantum dots, have been proposed to convert UV photons
into visible ones.'*"* Encapsulant polymer coatings doped with
down-shifting materials have been demonstrated to increase
UV responses and efficiencies for conventional PV cells and
modules based on semiconductors like Si and CdTe.'®° By
applying the UV down-shifting layers on top of organic solar cells,
UV degradation can be mitigated and longer device lifetime can be
achieved.** Such concepts, however, have particular potential in
high efficiency III-V (GaAs, InGaP, etc.) solar cells, where detailed
balance limits can be approached as a result of high radiation
efficiencies.”” In this paper, we demonstrate the use of a specific
europium complex, Eu(DPEPO)(hfac); [DPEPO = bis(2-(diphenyl-
phosphino)phenyl)ether oxide, hfac = hexafluoroacetylacetonate],
doped into thin films of poly(methyl methacrylate) (PMMA), as a
means for down-shifting UV photons (300-360 nm) into visible
photons (~610 nm). Experiments with thin-film indium gallium
phosphide (InGaP) cells formed by epitaxial liftoff demonstrate
improvements that result from application of such films as front
side coatings. The UV gain and loss mechanisms for down-shifting
are analyzed in detail by numerical simulations.

Fig. 1a presents an optical micrograph of a thin-film InGaP
solar cell (500 pm x 500 pm) integrated onto a glass substrate
using techniques of epitaxial liftoff and transfer printing. The
materials for the cells are formed by growth on a gallium arsenide
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Fig. 1 (a) Optical microscope image of a thin-film InGaP cell (500 pm x 500 pm)
with ohmic contacts, printed on a glass substrate. (b) Cross sectional schematic
illustration of the cell, showing the InGaP homojunction, AlinGaP window layers
and contacting layers.

(GaAs) substrate via metal-organic chemical vapor deposition
(MOCVD). The detailed structure (from bottom to top) includes
the GaAs substrate, a 500 nm Alj 96Ga 04As sacrificial layer, a
1000 nm In, 5Gao sP supporting layer, a 100 nm p-GaAs bottom
contact (p > 1 x 10" em™?), a 100 nm p-Al, »5In, 5Gay ,5P back
surface field (BSF) layer (p = 8 x 10" ecm™?), a 1300 nm
p-Ing sGay 5P base (p =3 x 10" em™?), a 100 nm n-Ingy 5Gag 5P
emitter (n =2 x 10" cm™>), a 40 nm n-Alg »5Ing 5Gag »5P window
layer (n =5 x 10"® cm™®) and a 200 nm n-GaAs contact (1 > 5 x
10" em™®). Zn and Si serve as p-type and n-type dopants,
respectively. Bilayers of Cr/Au (10 nm/100 nm) form the contacts.
The cells are lithographically fabricated, using H;PO, (85 wt%
in water)-H,0, (30 wt% in water)-H,O (1:13:12) and HCI
(36 wt% in water) to etch the GaAs and InGaP/AlInGaP layers,
respectively. After removing the Al o6Gao 04As sacrificial layer in
an ethanol-rich hydrofluoric acid (HF) solution (ethanol: HF =
1.5:1 by volume), individual InGaP cells can be released from
the GaAs wafer and then bonded onto glass substrates by
transfer printing with a flat poly(dimethylsiloxane) (PDMS)
stamp.>® A 2 um layer of epoxy (SU-8 2002, MicroChem) acts
as an adhesive to facilitate transfer. The sidewalls of the cell are
encapsulated with a ~500 nm thick layer of a photocurable
epoxy (SU-8 2000.5, MicroChem). Large-area metal contacts
of Cr/Cu/Au (10 nm/500 nm/10 nm) are used for electrical
interconnection.

The Eu(DPEPO)(hfac); (EuDH) complex serves as the UV
luminophore.”® Powders of EuDH are mixed into a solution of
PMMA (950000 MW in anisole, 11 wt%, by MicroChem), at
a concentration of 1 wt% EuDH. PMMA is an attractive
choice for the polymer matrix because it is transparent at
wavelengths longer than 300 nm and is commonly used for
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Fig. 2 Measured optical properties of a layer of PMMA layer (in black) and a
layer of PMMA + EuDH (in red) on quartz substrates. The thicknesses in both cases
are 40 pum. (a) Absorption spectra. (b) Emission spectra, measured with an
excitation source at 365 nm.

solar module encapsulation.>* The resulting solution can be
spin cast and cured at 150 °C, to remove anisole and form
EuDH-doped PMMA solid films on substrates of interest. Fig. 2
shows the absorption and emission properties of a 40 pm
thick PMMA + EuDH film coated on a quartz substrate, and a
comparison to a 40 pm thick film without EuDH. Shown in
Fig. 2a, the PMMA absorbs UV at wavelengths below ~ 300 nm,
while the EuDH complex absorbs light between 300 nm and
360 nm. The photons absorbed by EuDH are down-shifted,
with an emission peak at around 610 nm (Fig. 2b), corre-
sponding to a Stokes shift that is much larger than that in
common organic dyes."”***° The EuDH doped in a 40 pm thick
PMMA film provides nearly 100% UV absorption from 300 nm
to 360 nm, eliminating the need for using thick coatings
as reported previously.'®'® This thin geometry minimizes
parasitic optical losses (absorption/scattering by the polymer, edge
emission, etc.). The measured intrinsic photoluminescence
quantum yield (PLQY) for the EuDH doped in PMMA is
~77%, which is one of the highest values reported in similar
Eu-based complexes.'®??

Both PMMA and PMMA + EuDH can be coated directly on
InGaP cells, as shown in Fig. 3. The PMMA (Fig. 3a) allows light
(4> 300 nm) to pass directly through, for absorption by the cell.
Visible light (400-650 nm) can be absorbed by the active InGaP
pn junction, to generate free carriers. Most of the UV light
(300-400 nm), however, is blocked by the 40 nm thick AlInGaP
window layer, due to the high absorption coefficient of AllnGaP
in the UV range.?® As a result, low UV responses are observed;
similar behaviors are also reported in GaAs and InGaP cells
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Fig. 3 Cross sectional schematic illustrations of light responses for InGaP cells
with different coatings: (a) a PMMA layer and (b) a PMMA + EuDH layer.

with or close to record efficiencies,”*® for similar reasons.
With PMMA + EuDH (Fig. 3b), UV light from 300 nm to 360 nm
is absorbed by the EuDH and down-shifted, without affecting
light at longer wavelengths (1 > 360 nm). The down-shifted light
has an isotropic emission profile; it can directly penetrate into
the high-index InGaP cell (process 1), or undergo total internal
reflection (TIR) at the PMMA/air interface and then couple into
the InGaP cell (process 2). Both mechanisms contribute to carrier
generation, thereby improving the UV responses. Various loss
mechanisms are also present due to non-unity down-shift
efficiency (PLQY = 77%) (process 3), out-coupling into the air
due to non-TIR at the PMMA/air interface (process 4), and light
escaping at the edges of the device (process 5).

To predict and compare the performance of the two device
configurations in Fig. 3, numerical simulations are employed
to determine the external quantum efficiency (EQE) spectra,
plotted in Fig. 4a. The EQE can be written

EQE(Z) = IQE(4)[1 — R(2)] (1)

where the internal quantum efficiency (IQE) spectra can be
calculated through electrical modeling®® of the 1D InGaP cell
structure shown in Fig. 1b. The reflection spectra R(4) can be
calculated by combining Fresnel reflections and ray tracing.””
Optical and electrical properties of different layers are found in
the literature.>****° The InGaP cell with a PMMA coating shows
a low UV response because of high absorption introduced by the
AlInGaP window layer, as discussed in Fig. 3a. In the visible
range, the EQE peaks at around 600 nm and decreases to
zero at the band-edge of InGaP (E, ~ 1.9 eV). If the PMMA
layer is doped with EuDH, most of the UV light from 300 nm to
360 nm is absorbed by the EuDH and down-shifted into
photons with wavelengths of ~610 nm, where the InGaP cell
has its maximum IQE. In this case, the EQE can be estimated by

This journal is © the Owner Societies 2013

View Article Online

a T T
0.8- 1.6
0.5 1.4 5
g 0.4] 5
w 1.2 2
— PMMA s
0.2; — PMMA + EuDH )
+1.0
0.0+~ v r v
300 400 500 600 700
Wavelength (nm)
b v 5
0.84| , measurement
vl
0.6 3
w =
0.4 =
12 a
0.2 B
-1
0.04+— v v v
300 400 500 600 700
Wavelength (nm)
Cc 25
20
< 15]
t
o 104
5
O 5] __pwma
—— PMMA + EuDH
0 r x r .
00 03 06 09 12 15
Voltage (V)

Fig. 4 Performance of InGaP cells coated with PMMA (in black) and PMMA +
EuDH (in red): (a) simulated EQE spectra and the relative ratio; (b) measured EQE
spectra and the relative ratio; (c) measured current-voltage characteristics. The
relative ratios between black and red curves are also indicated in (a) and (b).
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Despite the various loss mechanisms for the luminescent
photons, a significant fraction of photons are collected by the
InGaP cell, resulting in an improved response from 300 nm to
360 nm. The EQE at longer wavelengths (1 > 360 nm) is unaffected
due to the transparency of the PMMA + EuDH in this range.
Fig. 4b presents the measured EQE spectra of InGaP cells with
PMMA and PMMA + EuDH coatings. In agreement with simula-
tion results shown in Fig. 4a, the cell with PMMA + EuDH
exhibits an improved EQE from 280 nm to 360 nm compared
to the cell with a PMMA coating. The EQE spectra from 360 nm
to 700 nm for both cells are identical. The differences between
simulation and experimental results (Fig. 4a and b) likely arise
from differences between the optical properties of InGaP and
AlInGaP used in simulations and the experimental values and
from loss mechanisms associated scattering and other para-
sitics. Fig. 4c shows the measured current-voltage character-
istics of the two cells under the standard AM1.5G spectrum.

Phys. Chem. Chem. Phys.


http://dx.doi.org/10.1039/c3cp54096k

Published on 08 October 2013. Downloaded by University of Illinois - Urbana on 10/10/2013 19:34:33.

Improved UV responses associated with EuDH down-shifting
increases the current density from 8.40 mA cm™ > to 8.68 mA cm™ 2,
with a relative increase of about 3.5%. For the cells with PMMA
and with PMMA + EuDH, the efficiencies are 9.28% and 9.48%,
respectively. (In these comparisons, we use pairs of cells that
exhibited nearly identical performance, as measured before
applying the coatings.)

In conclusion, we demonstrated that PMMA coatings doped
with a luminescent material, EuDH, can improve the UV
responses of thin-film InGaP cells by light down-shifting. As
PMMA is a commonly used encapsulation material, this lumines-
cent layer can be readily adopted for current commercial solar
modules without altering the active cell structure design. Further
performance improvements can be achieved by addressing the
various loss mechanisms mentioned in Fig. 3b. For example,
development of luminophores with increased luminescence
efficiency (PLQY > 80%) and expanded absorption range
(e.g. from 300 nm to 450 nm) with little cross-coupling and a
similar Stokes shift could be valuable. In addition, conversion of
UV photons into multiple visible or infrared photons via multi-
exciton generation offers potential for quantum efficiencies
larger than 100%.%**' From the standpoint of optical design,
light that escapes from the edges of the device can be collected
using luminescent concentrators.”” To reduce the coupling
loss, photonic/plasmonic structures and dyes/quantum dots
with controlled anisotropic emission can be considered. Similar
designs can be employed directly with world-record Si and GaAs
cells,” although the relative increases in efficiency will be less
than those observed with InGaP cells, due to higher overall
photocurrents in these systems. Nevertheless, the approaches
described here are notable for their ability to be used, in a
simple additive fashion, with advanced cell designs and other
optical management techniques.
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