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Abstract. All presently available types of solar cells transmit light with energies below their
band gaps, foregoing energy. An elegant way toward overcoming these subbandgap losses
and using a larger fraction of the incident light is the re-shaping of the solar spectrum by upcon-
version (UC) of photons. Recently, first results on solar cells augmented by either lanthanide-
based UC or triplet-triplet-annihilation UC in organic chromophores were presented. Both of
these UC strategies are characterized by a nonlinear response on the illumination density
under conditions relevant to solar energy conversion, opening a route for increasing the UC
yield by concentrating the light. While operation of the whole cell under concentrated sunlight
is in most cases undesirable, application of micro-optical focusing of the transmitted light in the
upconverting layer is a promising strategy. In the present work, a more than two-fold enhance-
ment of the current gain by UC behind an amorphous silicon solar cell through optimization of
the upconverter optical design is demonstrated, including employing a focusing microstructured
back reflector. The experimental data is rationalized using a simple ray tracing model-
ing approach, highlighting a further enhancement potential of a microstructured UC
unit. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOL: 10.1117/1.JPE.3
.034598]
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1 Introduction

Single threshold solar cells are limited to an energy conversion efficiency of about 33% under
one sun, the well-known Shockley-Queisser limit.' For cells with higher band gaps, such as thin
film silicon and organic photovoltaics, the limit is even lower, with significant fractions of the
solar spectrum being transmitted unused. Indeed, these “subbandgap losses” represent the most
severe loss mechanism for those thin-film cells.® But even solar cells made from crystalline
silicon sacrifice a considerable part of the solar spectrum. The subbandgap losses can be rem-
edied by the application of upconversion (UC), whereby transmitted (infra)red light is converted
to light of higher energy, which can then be harvested by the cell and contribute to current gen-
eration. Based on detailed balance considerations it was shown that UC could boost the maxi-
mum energy conversion efficiency to about 44% for a solar cell with a bandgap of 1.6 eV.*
Crystalline silicon cells could still reach about 38%, although the potential gain is smaller
than for the high-bandgap devices.

In recent years, UC has been an active area in the field of “third-generation photovoltaics”
which comprises all device concepts that are, in principle, capable of circumventing the
Shockley-Queisser limit.>® Research has focused mainly on two different and mainly comple-
mentary approaches.’ First, the application of lanthanide cations (mostly erbium and ytterbium)
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in a solid-state matrix, making use of their discrete and long-lived atomic states that can facilitate
multiphoton absorption, followed by upconverted phosphorescence. The rare-earth materials
absorb in the infrared region of the solar spectrum as far down as 1500 nm and lanthanide
UC (L-UC) is thus interesting for application to c-Si solar cells.®’

The second active field of research is the application of organic chromophores in solution,
undergoing triplet-triplet-annihilation UC (TTA-UC).'° Here, one class of molecules (sensitiz-
ers) stores the energy obtained by absorption of a low-energy photon in a long-lived triplet state.
Triplet electronic energy transfer to a second molecule (emitter), present in excess, occurs by
bimolecular collisions. Then, upon collision of two thus excited emitters, TTA occurs which
produces fluorescence from one emitter molecule at higher photon energy then initially absorbed
while the other collapses to its ground state in the TTA event. These materials work efficiently in
the red and near infrared part of the spectrum and are thus interesting for high-bandgap thin-film
solar cells.

Recently, significant progress was demonstrated in the application of both concepts to actual
solar cells in their respective domains:L-UC was applied to c-Si”!! and a-Si:H'? solar cells, while
TTA-UC was employed in a-Si:H'*'* and organic bulk heterojunction solar cells.'> TTA-UC
seems to have generic advantages over L-UC, mainly due to the much higher absorption strength
of the organic chromophores, and peak quantum yields of the UC process of 30% (with 50%
being the maximum).'® Current enhancements of up to 7 x 10~ mA /cm? were measured in a-
Si:H cells with TTA-UC,'® while L-UC is still limited to about 7 x 10~7 mA /cm? for this type of
cell. Nonetheless, the two approaches can be seen as being complimentary for their operating in
different spectral regions, and the recently presented approach of dye-sensitized lanthanide UC
may increase the UC yield in the lanthanide systems. '’

Both aforementioned mechanisms are characterized by a quadratic dependence of the UC
yield on the illumination density under the low-light conditions relevant to solar energy
conversion, which results from the necessity of two excited states coinciding in space and
time, for UC to happen.'®? This in principle opens an interesting field for optical design of
solar cell/upconverter assemblies, as any concentration of light potentially increases the UC
yield. Plasmonics have been investigated to this end due to the intense local electric field
associated with a plasmon resonance, which however is confined to the immediate vicinity
of metal nanostructures.’! Thus, plasmonics can only effectively augment UC processes if
the absorption strength of the upconverting medium is high enough, i.e., the concentration
of upconverting molecules/lanthanide ions, so as to make use of high E field strength in regions
of only some tens of nanometers extent. So far, however, for both TTA-UC and L-UC, the
absorption is weaker by orders of magnitude, and in consequence, plasmonically enhanced
UC has only been studied on model systems not applicable to devices (e.g., in reflection").
Indeed, in the currently predominant regime of characteristic absorption lengths well above
the wavelength in the upconverting materials, far-field optical means for concentration are a
much more promising approach.

In this report, we demonstrate how the choice of an appropriate thickness of upconverting
medium in combination with a suitable back-reflector leads to a doubling of the UC contribution
to the current output of an amorphous silicon thin-film solar cell. We further introduce a focusing
back-reflector as obtained by an array of spherical imprints in a metal coated polytetrafluoro-
ethylene (PTFE) film, which leads to an additional increase of the photocurrent. Using a simple
ray tracing modeling approach, we demonstrate that the potential of such microstructured back-
reflector is a total nine-fold enhancement of the UC yield, while at the same time improving the
overall external quantum efficiency (EQE) of the solar cell. Such microstructured design is thus
highlighted to be promising for solar cell implementation of upconverting materials with char-
acteristic absorption lengths above the ym range.

2 Experimental Details

The study was conducted with an in sifu approach, measuring the EQE of an amorphous silicon
p-i-n solar cell with an upconverting layer of variable thickness sandwiched between the glass
substrate of the solar cell and an exchangeable back reflector. This configuration was realized in
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a variable “half cuvette”, where the solar cell glass substrate forms one side of a variable cavity
inside a vacuum-tight container that is directly attached to the solar cell while an O-ring provides
sealing (Fig. 1, schematic on the left, picture on the right). Micrometer screws allowed variation
of the thickness of the upconverting layer with a precision better than +10 ym, by closing the
gap between the back reflector and the glass substrate. By measuring the impact of the
upconverter optical configuration (thickness, nature of back-reflector) on the solar cell spectral
response, we can use the photocurrent as an unequivocal measure of the optical performance of
the upconverting solar cell backside.

The upconverting layer consists of a well-characterized combination of organic chromo-
phores undergoing TTA-UC. We employed {5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)tetra-
kisquinoxalino[2,3-b":7,8-b"",12,13-b"’":17,18-b""""]porphyrinato } palladium(II), abbreviated as
PQ,Pd, as sensitizer molecule at a concentration of 7 to 9 x 10™* M, and rubrene as emitter
at 5% 1073 M, dissolved in toluene.'>** The molecular structures of these compounds are
depicted in Fig. 2(a). The UC principle, as described in detail elsewhere,*!" is depicted in
Fig. 2(b) and can be summarized as follows: after absorption of a low energy photon with energy
hvy, the sensitizer molecule undergoes immediate intersystem crossing (ISC) to its first excited
triplet state 7. Ensuring fast triplet electronic energy transfer (TET) stores this energy in the first
triplet state of the emitter molecule, sacrificing a small amount of energy to drive the transfer
process. Two colliding emitters then facilitate triplet-triplet annihilation (TTA), bringing about
one emitter molecule in its first excited singlet state, S;, which leads to fluorescence at energy,
hv,. For this process to proceed with the highest efficiency, oxygen has to be excluded as its
singlet state is easily accessed from the sensitizer triplet, 7'y, leading to loss of excitons and the
formation of highly corrosive singlet oxygen. This was done by three freeze-pump-thaw cycles
employing liquid nitrogen cooling and a diffusion pump stage with a base pressure of
<5 1077 mbar.

The solar cell was a state-of-the-art a-Si:H p-i-n cell on a glass substrate with transparent
contacts made of Al-doped ZnO, having a maximum conversion efficiency of 7.5% (initial)
when illuminated through the glass substrate under presence of a simple Lambertian back-
reflector (white paint). With illumination through the ZnO/(n)a-Si:H back contact as used
for the UC measurements, 3.9% was measured. Details on the solar cell processing can be
found elsewhere."

Due to the mentioned quadratic dependence of the UC yield on the illumination density, the
UC signal at the low illumination levels employed in usual solar cell EQE setups is negligible.

Solar cell
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Fig. 1 Schematic of the experimental setup. Right side: picture of the half cuvette that allows

precise control of the layer thickness of the upconverting medium, while it is in direct contact
with the solar cell glass substrate.
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Fig. 2 (a) Molecular structures of sensitizer (PQ4Pd) and emitter (rubrene species). (b) Schematic
of the energy levels and processes involved in triplet-triplet annihilation upconversion. (c) Spectral
alignment of PQ4Pd absorption (red) and rubrene emission characteristics (yellow), as well as the
a-Si:H solar cell transmission curve (green).

To be able to observe a clear signal from UC in the solar cell EQE, we therefore illuminate the
upconverter by a continuous laser beam at the peak absorption wavelength of the sensitizer
(670 nm) incident on the solar cell during the EQE measurement, in order to create a background
triplet concentration and thus increase the yield of upconverted photons. Note that due to the
lock-in detection method of the EQE measurement employing a chopped probe beam, the con-
tinuous 670 nm pump does not affect the EQE measurement. As the absorption of the solar cells
in this spectral range is weak, the photocurrent itself is also not significantly biased by the red
laser. However, to eliminate any possible effect of the 670 nm bias on the solar cell response, we
did not switch off the laser to measure the EQE without UC contribution, but laterally displaced
the 670 nm pump beam on the active area, thus misaligning it with the EQE probe beam.
Thereby, the solar cell still sees the same illumination conditions, but within the area probed
by the EQE measurement the contribution of UC to the linear response is negligible. A sketch
of the EQE setup is depicted in Fig. 3, showing the aligned laser and probe beam.

To calculate the effective number of suns imposed by this light bias we matched the sensitizer
excitation rate by the 670 nm laser to that which would be present under a certain concentration
of the AM1.5G spectrum, as filtered by the solar cell. The rate of excitation of the sensitizer
molecules, kg, by one sun is calculated by multiplication of the AM1.5G solar spectrum,
® n1 56 in photons cm™2 s~ nm™! by the transmission of the solar cell, Tsc, and integrating

the product of this with the sensitizer absorption cross section, o, in cm?,

VVL eFL

LD

Fig. 3 EQE setup as used to measure the upconversion-augmented solar cells. Light from a
white-light source (WL) is long-pass filtered (F), monochromated (M), chopped at 118 Hz (C)
and focused by lenses (L) onto the solar cell/upconverter unit. A glass slide (G) is used to couple
part of the light onto a photodiode power meter (PM) to monitor its intensity. 670 nm light from a
laser diode (LD) is focused onto the same spot on the solar cell by means of lenses (L) and a beam
splitter (BS). A 1/2 plate is used to control the polarization and thus the reflectance of the BS. The
contribution of the 670 nm light bias and chopped EQE probe beam to the solar cell current signal
are deconvoluted by means of lock-in detection.
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We calculated kg, = 2.4 s~! for the present a-Si:H solar cells. The irradiation density I, of the
bias laser in photons cm™2 s~! is used to calculate the experimental pump rate, i.e.,
k, = 6(670 nm) Tsc(670 nm) I,,. The ratio C = kg /k, then gives the effective solar concen-
tration C, which was about 47 to 55 suns in the present case.

We compare the solar cell performance with and without upconverter by taking the ratio
between the EQE taken with the 670 nm beam aligned with the EQE probe beam (EQEyc)

and the EQE with misaligned UC pump beam (EQE).

3 Results and Discussion

3.1 Specular Mirror as Back-Reflector

In a first step, we employed a planar mirror (polished glass slide coated with silver) as a back-
reflector behind the upconverting solution. We varied the thickness of the upconverting layer
between 4.5 mm, which was the maximum retracted position of the piston holding the mirror,
and nominally zero as defined by the relative positioning of the back-reflector surface with
respect to the sealing surface of the half cuvette as measured with a micrometer depth
gauge prior to installation of the half cuvette on the solar cell. We started with the back-reflector
positioned at 4.5 mm, measuring the solar cell EQE with aligned probe and pump beams (con-
tribution by UC), and misaligned pump beam (no contribution by UC). Then, we decreased the
thickness of the upconverter and repeated the sequence. After having reached nominally zero
distance, we retracted the piston and re-measured the 4.5 mm position to verify that no baseline
shift was present. Two spectra were taken with aligned and misaligned beams for each position
of the back-reflector, and the average spectra for aligned beams (EQEyc) and misaligned beams
(EQE,) were then analyzed further. Details on the measurement scheme can be found
elsewhere.'*!*

The analysis of EQE data consisted of fitting the ratio EQEyc/EQE,; with an equation
describing the expected UC signal in the EQE,'* which reads

EQEyc(4) 14 Tsc(1) o(d)oy,
EQE,(4) YEQE, 0(2) + 0,

()]

with o, being the porphyrin absorption cross section at the bias laser wavelength (670 nm), and
the free parameter y accounting for the efficiency of the upconverter and its optical coupling to
the solar cell. Fitting this function to the EQE ratio yields excellent fits, as can be observed in
Fig. 4(a).

Plotting the values for y, normalized to the value at 4.5 mm approximating the limit of “infin-
ite thickness,” against the thickness of the upconverting layer in Fig. 4(b), we observe a pro-
nounced peak at around 60 ym thickness of the upconverter, where an enhancement factor of
about 1.8 times is reached. For thicknesses smaller than these 60 ym, the signal is dropping
steeply, while a slow decrease is observed for larger thicknesses [note the logarithmic abscissa
in Fig. 4(b)].

3.2 Ray Tracing Simulations

To comprehend the trend of Fig. 4(b), we performed optical simulations of the upconverter
behind the a-Si:H solar cell, in the presence of a specular back-reflector. We set up a three-dimen-
sional (3-D) ray-tracing simulation coupled to the rate equations describing the UC process.
Although a 3-D approach is not necessary to model the behavior of the upconverter in the pres-
ence of a flat back-reflector, we take that approach here to be able to generalize to structured
back-reflectors, to be discussed in the next section.
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Fig. 4 (a) Example of the upconversion signature in the EQE ratio EQE ¢ /EQE,, and the respec-
tive single-parameter fit of a model describing the expected signal in EQE ¢ /EQE,. (b) Relative
intensity of UC signal in solar cell EQE as a function of the upconverting layer.

3.2.1 Incoming rays

We start with the photon flux of the AM1.5G solar spectrum, @ yy; 56, which we multiply by the
measured transmission of the solar cell, Tgc. This gives the spectral photon flux in
cm™2 nm~!s7! incident on the upconverter unit. We restrain the spectrum to the sensitizer
absorption range (550 to 750 nm), and scale it by a suited number while rounding the photon
numbers in each 1 nm bin to an integer, as to have a defined number of total photons in the
spectral region of interest. Usual total numbers within 550 to 750 nm were in the 100,000
range, leading to several hundred photons for each nm, so that the rounding does not impact
the general form of the spectrum.

The photons from each 1-nm bin of the incident spectrum must have a distinct distribution of
penetration depths into the upconverting solution, which depends on the concentration of sen-
sitizer molecules and their absorption coefficient at the respective wavelength. Here, we
employed PQ,Pd, whose absorption spectrum is depicted in Fig. 2(c). For the simulation we
want to be able to map a random integer between O and 1 onto a ray length in such way
that any random sample of rays approximates the correct distribution of ray lengths for the
given wavelength. The fraction of rays absorbed within a length 1 at wavelength A and for
sensitizer concentration cg is given by

Pl cs) = / ’0 ¢50(2) expl—cso(i)a]. 3

with o being the sensitizer absorption cross-section. The inverse function of this quantity gives us
the length of a ray for a given “position” within the distribution of ray length, as is practically
defined by a random number p between O and 1:

log(1 - p)

I(p.Acs) =[p]™" = cso(d)

“)

This equation yields the correct distribution of ray lengths for every wavelength within the
spectrum of interest, for any random sample of numbers p. In the model, each ray also gets
assigned a random position within the two-dimensional (2-D) plane defining the simulation
area, defined by two additional random numbers, x and y. The algorithm now proceeds through
the 1-nm bins of the incident spectrum, producing the correct number of rays for each bin, while
assigning random positions and a length according to Eq. (4) to each ray.

Each simulation run is performed with a certain thickness a of the upconverting layer.
Rays hitting the backside of the simulation volume are reflected with a probability which equals
the assumed reflectivity of the backside, Rgg. Rays absorbed at the backside or exiting the
simulation volume are not registered, while for all other rays the position of absorption is
recorded in an array.

034598-6
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After all rays have been processed, bin counting is performed on the resulting array of posi-
tions, using a fixed bin size. Usually, 5 X 5 X 5 ym3 bins were chosen, which was found to be a
reasonable compromise between the coarseness of discretization of the simulation volume and
small numbers of absorbed rays per bin, which would introduce scatter in the output data due to
the nonlinear local response of the UC on the number of absorbed photons. We verified that the
simulation results did not depend markedly on the choice of bin size.

3.2.2 Local upconversion response

Knowing the local rate of photon absorption allows calculating the excitation rate kq of the
sensitizer molecules, by dividing the number of photons absorbed in the respective bin in
every second by the number of sensitizer molecules in the bin, taking into account the sensitizer
concentration cg. Then, the local UC efficiency can be calculated from the rate equations
describing the triplet-triplet-annihilation process. For the description of TTA-UC it is usually
assumed that the transfer of the triplet energy from the excited sensitizer to the emitter species,
being present in the solution in excess, is immediate and not limiting the process. This
assumption is backed by experimental evidence.'®?*?* Then, the steady-state concentration
of emitter molecules in their first excited triplet state, [T], is given by

d[T
U] = 0= kals] ~ ka[1] ~ k[T ©
with k; being the first-order decay constant of triplets (leading to loss of the energy stored in the
triplet state), krta being the (second-order) rate constant for triplet-triplet annihilation leading to
upconverted fluorescence, and [S] is the concentration sensitizer molecules. The steady-state
solution of Eq. (5) is

—ky £ /k? + dkokralS
7] = 1 1 okrral ]’ )
2ktTA

which allows us to calculate the fraction of excited emitter molecules decaying via TTA,
given by

krralT]

—_— 7
ky + krra[T) @

fTTA =

It was found experimentally that the TTA quantum yield in the present system saturates at
about 30% for high excitation fluence.'® Note that the theoretical maximum is 50% due to the
merging of two photons in the process of UC. For the simulation, we assumed the practical
maximum quantum yield to be the experimentally found 30%, thus the UC quantum yield
in dependence on the sensitizer excitation rate kg is given by

=0.3frra = 0.3 —kit k% + dkokrralS]

ki + /K3 + dkgkrralS]

Yrra(ko) ()

3.2.3 Out-coupling of upconverted light

The number of absorbed photons in every bin was converted to a number of emitted upconverted
photons by multiplication with the local Y1, as obtained from the rate equations and taking
measured values for k; and kppa (k; = 107 571, kypa = 1.7 x 10713 cm? s71).191° It has then to
be taken into account that emission occurs isotropically, and that the photons can get reabsorbed
on their way towards the solar cell by both the sensitizer and the emitter molecules. The reab-
sorption by the sensitizer molecules is more severe, as their absorption cross section is higher and
the rubrene emitter fluorescence yield is close to unity, so photons reabsorbed by the emitter are
most likely reemitted. Therefore, only the reabsorption by the sensitizer molecules was taken
into account.
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For each bin, the out-coupling efficiency was calculated for the geometrical conditions of the
center of the bin. The calculation consisted in integrating the attenuation of the emitted fluence
resulting from angle-dependent effective path lengths towards the solar cell over the entire emis-
sion sphere. For the hemisphere facing away from the solar cell, the rays were again assumed to
be reflected at the back reflector with reflectivity Rgg. For the calculation of the attenuation, an
average sensitizer absorption coefficient for the emission wavelength range was calculated,
weighted with the normalized rubrene emission spectrum.

We assumed no reflection to occur at the interface between upconverter and the solar cell.
The refractive index contrast between the solvent (toluene) and the solar cell’s glass substrate is
negligible, so reflection losses at this interface will be minimal. However, such losses could
occur in the solar cell at the glass/ZnO and ZnO/a-Si:H interfaces. Yet it is difficult to quantify
these losses as thin-film interference effects dominate the angle-dependent reflection properties
of the solar cell: We performed calculations with a one-dimensional (1-D) transfer matrix for-
malism, but found the resulting reflection characteristics to be very sensitive to the assumed
material properties of the ZnO and a-Si:H layers. Incorporating these simulated characteristics
would thus have introduced some arbitrariness in the optical treatment concerning the choice of
material parameters, while still missing some aspects such as roughness of the ZnO. For these
reasons, we decided not to include reflectance at the solar cell internal surfaces. The photon
output from the ray tracing calculations thus has to be seen as the limiting case for optimum
coupling between solar cell and UC unit.

3.2.4 Comparison to measurement

In Fig. 4(b), the output of the ray tracing simulation is plotted along the experimental data. The
parameters of the simulation were chosen to match the experimental conditions, and are listed in
Table 1 (simulation run A). Observing Fig. 4(b), it is clear that the simulation captures the gen-
eral trends of the photocurrent enhancement by UC upon variation of upconverter thickness quite
well: For thicknesses much larger than the effective penetration depth la = 1/(cg0)), being
about 60 um for the sensitizer absorption peak in the present case, the incident rays are absorbed
on a single pass. Further, the upconverted light is not efficiently coupled back into the solar cell
as the part emitted towards the back-facing hemisphere is essentially lost. Closing the gap, some
incident light hits the back reflector and contributes to effectively increasing the sensitizer exci-
tation rate in the smaller volume. Although the overall volume participating in UC is decreased
by closing the gap, the nonlinearity of the process leads to an overall gain of UC yield. Further,
the emitted light is coupled back into the solar cell more efficiently when the path lengths of
rays hitting the back reflector are getting smaller. The optimum is reached at about d = 1/a =
1/(cgo), when only 1/e of the incident light is absorbed upon the first pass. For even smaller
distances, an increasing fraction of the light cannot be absorbed at all, which decreases the UC
yield again.

The form of the enhancement curve and the peak position are captured well by the simu-
lation, while the absolute amplitude of the enhancement as compared to the infinite limit is
overestimated. This is most likely due to the missing treatment of reabsorption by the emitter
species, in combination with an imperfect back reflector. In additional to potential losses by

Table 1 Simulation parameters of the ray tracing modeling.

Sphere iNdent. Bin
Simulation diam. depth Craq,rd # size Embossed
run (um) (um) (mmole) Rgsg suns (1m) # Rays fraction f
A 50 20 0.66 0.96 55 5 100.000 0
B 50 20 0.9 0.88 47 5 100.000 0.33/0
Cy 50 20 0.9 0.88 1 5 100.000 0.33
C, 50 20 0.9 0.96 1 5 100.000 0.33
Cs 50 20 0.9 0.96 1 5 100.000 0.77
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nonradiative decay of thus excited rubrene (although as mentioned above, the rubrene fluores-
cence yield is high), reabsorption of upconverted light by the emitter will also increase the
number of interactions between photons and the back reflector. This is because absorption
and re-emission by the rubrene will more strongly affect the photons that have to travel longer
distances in the upconverter, i.e., the ones emitted towards the back that potentially have already
been reflected once. So this effect partly alleviates the beneficial effect of a back reflector and
diminishes the amplitude of the enhancement peak.

As treating this effect explicitly would have complicated the ray tracing procedure consid-
erably, we accept this shortcoming and bear in mind for the coming discussion that the
simulation overestimates the enhancement by about 20%.

3.3 Micro-Focusing by Embossed Metal-Coated PTFE

The experimental evidence obtained with the planar silver mirror underlines the fact that any
concentration of light leads to an increase of UC yield due to the nonlinearity of the UC response
on illumination density. In the case presented above, a very moderate concentration was achieved
only by multipassing the incoming light. It is thus suggested that much higher enhancements
should be possible with a true optical focusing of the light.

To explore this idea in a simple proof-of-concept experiment, we have designed a structured
back reflector featuring spherical indentations. Although a spherical dish provides a much less
perfect focus than a parabolic mirror, an enhancement effect is to be expected, particularly for
small indentation depths where the deviation from the parabolic form is not significant. The
microstructure was achieved by hot-embossing of silica spheres into a 200-um thick PTFE
film according to a recipe.?* To this end, a densely packed monolayer of 100 um -diameter silica
spheres was deposited on the sticky side of Kapton tape, which was then applied onto the PTFE
film. The created sample was then heated to 170°C on a hotplate between two stainless steel
disks lapped to a surface finish of <1 ym. After temperature equilibration of this stack, a pressure
of 10 kg/cm? was applied for 2 min for embossing. The resulting microstructure consisted of an
array of spherical imprints of about 15 to 20 gm depth (70 to 80 ym diameter). The quality of
the embossing result was verified with SEM images Fig. 3(a), while a focused-ion-beam cut
through the center of one of the dimples verified their spherical shape and depth, and the diam-
eter [Fig. 3(b)]. Finally, aluminum was evaporated onto the embossed PTFE film in a thermal
evaporation apparatus (base pressure <1076 mbar). We chose a piece of the PTFE film that com-
prised both embossed and flat regions as back reflector for the next experiment and glued it onto
a neodymium rare-earth magnet serving as the sample holder using instant adhesive.

The experiment again consisted of measuring the spectral response of an a-Si:H p-i-n solar
cell with the half cuvette attached to the solar cell glass substrate, varying the distance of the back
reflector and thus the thickness of the upconverting layer. We adjusted the lateral position of the
EQE measurement such that in a first run, the embossed part of the back reflector was illumi-
nated, while in a second run the flat region was probed. The amplitude of the UC signal in the
solar cell EQE is plotted in Fig. 5(a) for both the embossed and flat back reflector. Both curves
show a similar trend as found for the flat Ag reflector [Fig. 4(b)], i.e., for decreasing thickness of
the UC layer, an increased UC signal is found and a successive decrease for very small distances.
Interestingly, the UC signal taken with the embossed reflector peaks at smaller thickness and at
reaches a higher peak value. Thus it is indeed found that the embossed reflector is superior to a
flat reflector. For the EQE curves showing the largest UC contribution (embossed back reflector,
12 ym nominal thickness of UC unit), we calculated the photocurrent enhancement that would be
brought about at 1 sun illumination by a procedure described elsewhere.'*'* We obtained a value
of about 5 x 107* mA /cm?, which is about 18 times higher than our previous result using the
same sensitizer material,'* and close to the highest current increase reported so far for a-Si:H
solar cells which was obtained with a more broadly absorbing sensitizer.'> This large improve-
ment is partly due to a higher sensitizer concentration used in the present experiments
(9% 10™* M as compared to 3.3 x 10~* M) and better solar cells,'® but a large part of the
increase stems from the optimized optics.

Although the enhancement obtained by employing the embossed back reflector is moderate,
higher improvements are to be expected with an optimized back reflector. To explore these
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Fig. 5 (a) Development of the amplitude of the upconversion signal upon variation of the
upconverter thickness in the presence of an embossed PTFE back reflector (normalized to
the infinite limit), compared to ray tracing simulation. (b) Comparison of ray tracing results
under experimental and optimized conditions of the embossment and illumination conditions
(curves discussed in the text).

possible further gains, we again employed ray tracing simulations with the experimental param-
eters (listed in Table 1, simulation run B) as well as optimized parameters (listed in Table 1,
simulation runs C1-C3). As visible from Fig. 5(a), there is a less good agreement of the sim-
ulation with the measured trend than for the silver reflector [Fig. 6(b)]. In particular, the decay of
the UC yield for the smallest distances is not as drastic as predicted by the model, and the peak
appears to be shifted to smaller distances. We attribute these deviations to the imperfect surface
conditions of the PTFE film. First, as visible in Fig. 6, the surface area is rough on the ~1 ym
scale, particularly outside of the embossed dimples. While the rather smooth surface inside the
embossments can be expected to provide mostly specular reflectance, the surface condition of
the flat parts will lead to scattering, which may bring the optical behavior closer to a Lambertian
characteristic. Under such circumstances, it is to be expected that the peak is shifted towards
smaller distances as the effective path length of reflected light is increased by the scattering.
Second, as inferred from micrometer gauge measurements taken at different spots on the reflec-
tor surface, macroscopic ripples of about 10 um height were present on the PTFE reflector result-
ing from the gluing to the magnetic holder. This effectively prevents a complete closing of the
gap, so the data points taken for nominal UC layer thicknesses <10 ym most likely correspond to
larger thicknesses, which explains the missing decay for smallest distances.

=50

Fig. 6 (a) Spherical indentations in PTFE film as obtained by hot embossing of silica spheres.
Successively, the films were Al-coated to provide a high reflectance. (b) Focused-ion-beam
cut into the PTFE substrate with square geometry, imaged in tilted side view (perspective-
corrected). The red line is a spherical arc with 50 yum radius (corresponding to the 100 xm diameter
spheres used for embossing), illustrating the spherical shape of the embossments, and the
roughly 20 um indentation depth. (c) Ray tracing simulation for a 20 um deep indented substrate
(rays shown emerging from only one quadrant for clarity), illustrating the desired focusing effect.
The units are um.
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Nonetheless, the difference in behavior between the embossed and flat parts of the reflector is
captured well. The optimum thickness is shifted to smaller gaps for the embossed reflector, and it
peaks at about 20% higher EQE improvement values. Although the beneficial effect of the
embossment is small, it can be greatly enhanced by changing the geometry of the back reflector,
and the measurement scheme. There are two aspects of the reflector which could be technologi-
cally optimized: the reflectivity and the density of dimples. Particularly the second quantity
could be easily optimized by the preparation of a stamp with densely packed template
spheres—in the present case, due to the moderate indentation depth of 15 to 20 um, the surface
fraction of dimples is only about 30%, which is far away from the geometrical limit. Further,
reducing the illumination level from the about 50 suns practically needed for a good signal-
to-noise ratio in the EQE measurement to the solar cell-relevant 1 sun illumination might
also increase the UC yield as it is to be expected that the high pump power is already driving
the bulk of the UC solution into/close to the linear regime. In such case, local concentration of
light has a negligible/diminished effect, while for low illumination conditions—where the UC
bulk is in the quadratic regime—the focusing has a much higher impact as the local UC effi-
ciency can be greatly enhanced. We explored the significance of these three parameters in the ray
tracing model described above. In a first step, the illumination density was reduced to 1 sun, to
capture the device-relevant regime. This leads to an increase of the UC yield enhancement as
compared to the infinite limit (single pass of light, no focusing) from 2.2 to about 3.5 [blue curve
in Fig. 5(b)]. Increasing the back reflector reflectivity from 0.88 as realistic for Al to 0.96 as
measured for the Ag reflector pushes the enhancement factor to about 4.5. The largest effect is
observed for changing the area fraction of the embossments, which was increased from the
experimentally realized 1/3 to 0.77. The latter value is the largest obtainable with the chosen
square geometry of the ray tracing simulation volume, and is reasonably close to the absolute
maximum of 0.91 represented by the hexagonal closest packing of circles. This leads to an
enhancement factor of up to nine as compared to the infinite limit, which means that a structured
back reflector with good reflectance placed at an optimum distance can increase the UC yield by
almost an order of magnitude. This is a very significant result given the simple structure of the
reflective medium, which is compatible with large-area processing.

3.4 Overall EQE Improvement by the Back Reflector

The last aspect we discuss in the present study is the impact of the back reflector on the overall
EQE of the solar cell. In Fig. 7 we plot the EQE curves of the a-Si:H solar cell with a simple
Lambertian back scattering layer (white paint) coated onto the glass substrate, as compared to the
presence of the UC unit and (i) PTFE back reflector in the infinite limit, (ii) flat coated PTFE
back reflector at optimum position, and (iii) embossed PTFE back reflector at optimum position.
It is clearly visible that in the presence of the thick UC layer, the solar cell performs worst.

T T T T . T . T . 0.02 .
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Fig.7 (a) EQE curves of a-Si:H p-i-n cell in the presence of a Lambertian back reflector, compared
to upconverter units comprising a flat or structured specular back reflector at optimum distance,
or in the infinite limit. (b) Difference curves of EQEs from panel a.
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Across the entire range of 550 to 700 nm, where the solar cell transmits a considerable fraction of
light Fig. 2(c), but also has a nonzero EQE, the infinite limit is inferior to the white back reflector
by up to 10%. This is due to the fact that apart from the fraction of the light that is upconverted,
most of the transmitted photons are lost as the UC solution is optically thick over the entire
visible range due to the high absorptivity of the sensitizer molecules. At the UC quantum effi-
ciency presently being <1%,'> only a small fraction of the photons entering the UC unit is
re-radiated towards the solar cell.

It was shown above that the UC efficiency benefits greatly in the presence of a (structured)
back reflector due to concentration of the incident light. Indeed, also the overall solar cell
response is greatly improved by the presence of the back reflector, as can be seen from
Fig. 7. Both the flat and structured back reflectors greatly diminish the EQE losses as compared
to the infinite limit, with the main features persisting in the EQE difference spectra being peaks
around 530, 620, and 670 nm. These coincide with the main absorption bands of rubrene
(530 nm) and PQ4Pd (620 and 670 nm), Fig. 2(c). Thus it can be concluded that the presence
of the upconverter still leads to an overall loss of solar cell efficiency when compared to a
Lambertian back reflector. Although disappointing, this is not surprising at the presently still
low UC quantum efficiency.

Nonetheless, steps toward increasing the UC yield have been proposed that include
concentration of the sensitizer species,'>*>’ and molecular engineering.>?® This paper high-
lighted micro-optical means for local light concentration as an important additional component
means for the increase of the UC yield, demonstrating a possible order-of-magnitude increase
of the UC yield by a deliberately placed structured back-reflector.

4 Conclusions

In conclusion, we have analyzed the impact of the optical design of photochemical upconverters
on the performance of a-Si:H p-i-n solar cells. We varied the thickness of the upconverting layer
in the presence of a flat or microstructured back reflector, demonstrating a more than two-fold
gain in the photocurrent contribution from UC, when a focusing microstructured back reflector is
positioned at an optimum distance to the solar cell. Then, the upconverting medium is restrained
to a thin layer, which allows the photons outside of the absorption range of the UC
unit to efficiently be coupled back into the solar cell. The micro-focusing on the other hand
improves the UC yield considerably, with ray tracing simulations promising an up to nine-
fold gain for an optimized back reflector design. Although the presently achievable UC quantum
yields are not sufficient for the upconverter unit to compete with a Lambertian back-reflector
(being the “industry standard” for thin-film solar cell back-sides), the strategies highlighted in
this paper may contribute significantly towards pushing UC to device-relevant photocurrent aug-
mentation, in combination with increased sensitizer concentration and broadened absorption
characteristics.
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