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RAINBOW Organic Solar Cells: Implementing Spectral
Splitting in Lateral Multi-Junction Architectures

Marti Gibert-Roca, Miquel Casademont-Visias, Quan Liu, Koen Vandewal,

Alejandro R. Goni, and Mariano Campoy-Quiles*

While multi-junction geometries have the potential to boost the efficiency of
organic solar cells, the experimental gains yet obtained are still very modest.
This work proposes an alternative spectral splitting device concept in which
various individual semiconducting junctions with cascading bandgaps are laid
side by side, thus the name RAINBOW. Each lateral sub-cell receives a
fraction of the spectrum that closely matches the main absorption band of the
given semiconductor. Here, simulations are used to identify the important
material and device properties of each RAINBOW sub-cell. Using the resulting
design rules, three systems are selected, with narrow, medium, and wide
effective bandgaps, and their potential as sub-cells in this geometry is
experimentally investigated. With the aid of a custom-built setup that
generates spectrally spread sunlight on demand, the simulations are
experimentally validated, showing that this geometry can lead to a reduction
in thermalization losses and an improvement in light harvesting, which
results in a relative improvement in efficiency of 46.6% with respect to the
best sub-cell. Finally, a working proof-of-concept monolithic device consisting
of two sub-cells deposited from solution on the same substrate is fabricated,
thus demonstrating the feasibility and the potential of the RAINBOW solar

1. Introduction

Single-junction solar cell efficiencies are
limited by absorption and thermalization
losses to a maximum theoretical efficiency
of ~33%.1"? This limit arises from the
spectral mismatch between the bandgap of
the semiconducting junction and the solar
spectrum; where photons with energies E
< E, pass through the material unabsorbed
and photons with energies E > E, dissi-
pate their excess energy as heat, limiting the
theoretical maximum efficiency on a funda-
mental level.

So far, the most promising strategy to
overcome this fundamental limitation con-
sists of combining multiple semiconduct-
ing junctions, with different bandgaps, that
attempt to match the energy of incom-
ing photons, so to minimize thermaliza-
tion losses and maximize absorption.*
Up to date, the most common imple-

cell concept.
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mentation of such multi-junction solar

cells consists of vertically stacked de-

vices. In this configuration, the topmost

junction absorbs the shortest wavelength
range, while unabsorbed photons, with E < E,, go through to
the next sub-cell where this partial spectral absorption is re-
peated, resulting in a complementary absorption along the en-
tire multi-junction stack (Figure 1a).>>-!! This strategy yields a
theoretical maximum efficiency, with infinite junctions, of 68%
under AM 1.5G illumination, and 86% with solar concentra-
tion, resulting in a promising alternative for large-scale power
generation.34]

The catalog of organic semiconductors for photovoltaic ap-
plications has expanded greatly over the past decade leading to
single junction efficiencies above 19%.(>12-16] Degpite the large
material library available, with widely varying bandgaps, organic
multi-junction geometries have, thus far, shown modest success,
not yielding more than a few percentages improvement over the
best sub-cell efficiency.[') This is, in part, due to the difficulty to
fabricate such geometries from solution!'”*®) and further compli-
cated by the need for current matching between sub-cells in two
terminal devices,[1%2%] as well as the availability and implementa-
tion of transparent interconnecting layers (ICLs).

An alternative configuration for multi-junction cells is the
spectral beam splitting geometry.??2] This involves spectrally
separating the solar spectrum and redirecting the spectral

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. a) Stacked, series connected multi-junction configuration. b) Solar spectral splitting tandem configuration with a dichroic mirror as the light
redirecting optical element. ¢) RAINBOW multi-junction configuration with a dispersive element that performs the spectral splitting. d) Schematic
representation of a two sub-cell RAINBOW measurement, where the solar spectrum is divided in two complementary parts by a dividing wavelength,
which is swept across the spectrum to evaluate the optimal value for any given RAINBOW material combination. ) RAINBOW combination performance
graph, with ideal EQE curves for each individual sub-cell (top), and the partial and combined PCE (middle) and J,. (bottom) curves as a function of the

dividing wavelength.

fractions to different sub-cells,[?)! as shown in Figure 1b for
two sub-cells. This approach has yielded promising results in
various systems, such as high efficiency III-V material multi-
junctions,!??] hybrid inorganic perovskite multi-junction solar
cells, 2?7 as well as hybrid silicon thermal absorbers!?-% and
thermoelectrics.31**] Having physically separated cells makes
fabrication simple, and sub-cell connection straightforward. The
implementation of such systems has, however, proven to be
rather cumbersome, as the most common configuration con-
sists in placing each sub-cell at 90°, with a dichroic mirror at 45°
spectrally redistributing sunlight, resulting in an awkward form
factor that gets significantly more complex when increasing the
junction count.l?!]
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In this work, we devise an alternative beam splitting config-
uration, consisting of a forward wavelength spreading element
located over a horizontal stack multi-junction solar cell, so-called
RAINBOW solar cell, as illustrated in Figure 1c. The RAINBOW
approach, being a monolithic in-plane manufacturing solution,
can be based on deposition techniques that are considered al-
ready advanced.3*7 On the other hand, the lateral distribution
of each sub-cell allows for an easy implementation of electrically
independent contacts, eliminating the need for current or volt-
age matching on a device level.333%1 Finally, a RAINBOW cell
uses the same amount of material for electrodes, active layer,
transport layers, and substrate than a single junction cell, with-
out significantly complicating production (see below), thus the
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sustainability and cost of this architecture will be competitive,
provided that the dispersive element can be manufactured eas-
ily, sustainably, and cheaply.

Given the large material catalogue and their ease of process-
ing, we have chosen to investigate the potential of organic semi-
conductors in this specific geometry. It is worth noting, however,
that the here introduced geometry could be used in other pho-
tovoltaic technologies provided that they exhibit a wide range of
possible bandgap energies and are also suitable to be processed
into stripes of different materials (either by solution processing
or evaporation through a shadow mask). This would be the case
for perovskites, but also for quantum dots, kesterites and more
recently for oxide based photovoltaics.

Here, we have first studied this configuration from a theoreti-
cal point of view, evaluating its feasibility on a fundamental level
and simulating the performance of different RAINBOW mate-
rial combinations to establish design rules for sub-cell material
selection. Using these rules, we have selected three systems for
experimental study and implementation. As a wide-bandgap
combination, we have selected, poly[(2,6-(4,8-bis(5-(2-ethylhexyl-
3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b’|dithiophene))-alt-(5,5-
(1',3'-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2'-c:4',5'-c’|dit-
hiophene-4,8-dione)] (PBDB-T-2F) donor together with 3,9-bis[5,
6-dichloro-1H-indene-1,3(2H)dione]-5,5,11,11-tetrakis(4-hexylp-
henyl)-dithieno[2,3-d:2’,3’-d']-s-indaceno[1,2-b:5,6-b’|dithiophe-
ne (10-4Cl) as the acceptor. For the intermediate material system,
we have selected PBDB-T-2F as donor and 2,2'-((2Z,2'Z)-
((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thia-
diazolo[3,4-e]thieno[2”,3":4",5 |thieno[2’,3":4,5]pyrrolo[3,2-g]thi-
eno[2’,3":4,5]thieno[3,2-blindole-2,10-diyl)bis(methanylylidene))-
bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))di-
malononitrile (Y6) as acceptor. Finally, for the narrow gap
sub-cell, we have used poly[4,8-bis(5-(2-ethylhexyl)thiophen-
2-yl)benzo[1,2-b;4,5-b’|dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-
3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-
Th) as donor and 2,2'-((2Z,2'Z)-(((4,4-bis(2-ethylhexyl)-4H-
cyclopenta[2,1-b:3,4-b’|dithiophene-2,6-diyl)bis(4-(2-ethylhexyl-
oxy)thiophene-5,2-diyl))bis(methanylylidene))bis(5,6-difluoro-
3-0x0-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile
(COTIC-4F) as acceptor. The experimental results are in good
agreement with the simulations, exhibiting an efficiency
increase-over-best-cell (IoBC) of up to 46.6%. Finally, we fab-
ricated and characterized two proof-of-concept monolithic
two-junction RAINBOW devices, demonstrating the feasibility
of the RAINBOW solar cell concept.

2. Results and Discussion

2.1. RAINBOW Concept

The RAINBOW solar cell concept consists in two main parts:
a light dispersive element and a horizontal multi-junction ar-
ray. The wavelength spreading element, located above the multi-
junction solar cell, spatially redistributes the solar spectrum into
all its composing wavelengths. This combination results in a
rainbow of colors, as shown in Figure 1c, where each sub-cell
is illuminated with the optimal wavelength range, minimizing
thermalization losses, while being able to absorb the majority of
the solar spectrum.
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This work is focused on the study of the horizontal stack
multi-junction solar cell, whereas the wavelength dispersive ele-
mentis discussed elsewhere.[*?! It is worth mentioning, however,
that such elements have been previously reported, with multi-
ple solutions available such as the dispersive lens proposed by
Thio et al.,[*!] or the holographic solution proposed by Vorndran
etal.[*]

The main advantage of the RAINBOW configuration lies on its
ability to reduce both thermalization and absorption losses, while
avoiding the limitations of vertical stack manufacturing, such as
defect accumulation and optical transparency loss,!'>*] and the
awkward form factor of other beam splitting geometries,!?!"?2]
thanks to its planar lateral deposition configuration. While the
RAINBOW geometry is not as simple as a single-junction device,
in this novel configuration one can increase the number of sub-
cells from 2 to N junctions without changing the form factor.

To illustrate the power of the spectral splitting concept, we
compare a case study of a three-junction RAINBOW cell where
each sub-cell is illuminated by either the full solar spectrum or
spectrally separated sunlight, dispersed by a hypothetical optical
element. For the latter, the optical element ideally splits the entire
solar spectrum in three regions of equal integrated spectral irra-
diance, each of which illuminates the corresponding sub-cell of
the RAINBOW device (see Section S1, Supporting Information
for details). According to the Shockley—Queisser limit, the best
ideal single-junction cell would exhibit a PCE of ~#33%, whereas
the RAINBOW cell would show an average PCE of 25% without
spectral splitting, and close to 51% when using the dispersive
optical element. The latter exhibits a net gain in both the open
circuit voltage V., due to minimization of thermalization loses
in each sub-cell, and in the short circuit current J, due to an
optimized photon absorption.

2.2. Simulations

In this section, we simulate the behavior of more realistic de-
vices as compared to the idealized case mentioned before, by us-
ing a customized model able to calculate the efficiency of RAIN-
BOW solar cells by splitting the solar spectrum into arbitrary frac-
tions, and redirecting them to the corresponding sub-cells. As a
first approximation, inspired by previously tested beam splitting
technologies like dichroic mirror beam splitting,[*! we simulated
RAINBOW systems with just two sub-cells.

To simulate the performance of the two sub-cells in these
RAINBOW configurations we divide the solar spectrum in two
parts: a “blue fraction” containing the shorter wavelengths, and
a “red fraction” containing the longer ones. These spectral frac-
tions are redirected to each of the two sub-cells, which are conse-
quently named “blue cell” and “red cell,” respectively (Figure 1d).
The overall performance of the RAINBOW cell greatly depends
on how we divide the solar spectrum, with the dividing wave-
length Ay, being a key parameter that condensates this idea in
the simulations.

In the ideal case, for lossless sub-cells with top hat shaped ex-
ternal quantum efficiency (EQE) curves, the optimal A4, value is
expected to coincide with the bandgap of the “blue cell.” Nonethe-
less, in real devices with spectrally irregular EQE curves and
different V. values, the optimum splitting of the illumination
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spectrum should be determined case by case. For this, we sweep
the dividing wavelength across the solar spectrum, changing the
size of the “blue fraction” and the “red fraction” systematically,
to evaluate RAINBOW performance under various spectral split-
ting conditions and material properties.

As an approximation to determine RAINBOW efficiency un-
der varying illumination conditions, associated to the different
spectral fractions, we calculate J,. by integrating the product of
the EQE and solar spectral irradiance curves according to Equa-
tion (1), where EQE(4) is the EQE curve, E,,(4) is the solar
spectral irradiance, sph(/l) is the photon energy and g, is the
electron electric charge. Conveniently, by substituting the solar
spectrum in Equation (1) for the “red fraction” or “blue frac-
tion” spectrum at each dividing wavelength (E, ; (.cq (A, Ag,) and
E, } blue) (4, Agi,)), we obtain Equations (2) and (3) from which the
respective J at every dividing wavelength can be calculated.

©E,,(4)
= - EQE(A da 1
Jsc /0 () QE(4) g, (1)
*© Ee, lue’ /l’j’ iv
Jectne) (Aa) = / % EQE (4) g, dA (2)

o EM (red) ()U ’ldiv)
i) = T
Jsc(red) ( d“’) /0 €ph (A)

The resulting partial J,. values can then be multiplied by the
V,. and the FF of each sub-cell to obtain their partial efficiency.
As part of the approximation, which is supported by the measure-
ments presented below, we assume that the V, and FF values re-
main constant and equivalent to those measured under AM 1.5G
conditions. Taking that into account, we can calculate the partial
efficiency contribution of each sub-cell with Equations (4) and (5).

EQE (1) q, d4 G)

_ ]sc(blue) (/ldiv) FF(blue) Voc(blue)

PCE(blue) (ﬂdiv) - E i (4)

.]scre ()L iv FFre Vocre
PCE g (4ay) = =2 d)Efd) red )

As a result, this mathematical model yields a partial .. and a
partial PCE value for each of the sub-cells, normalized against
AM 1.5G input power, which can be simply added to that of an-
other sub-cell to obtain their combined RAINBOW performance,
as shown in Figure 1e. Note that this assumptions are valid when
sub-cells are connected externally (in this case, a four terminal de-
vice), and this model only works under the condition that E, .4
+ E, ;plue) = E, ;, where we can assume partial ], and PCE to be
additive magnitudes, leading to Equations (6) and (7).

]sc,comb = ]sc(red) + ]sc(blue) (6)

PCE,,,,, = PCE.y + PCE (7)

Their combined efficiency can then be evaluated against that
of the best performing RAINBOW sub-cell to obtain the fig-
ure of merit called “increase-over-best-cell” (IoBC), which re-
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flects the gains in power conversion efficiency of a given multi-
junction combination when matched against its best single-
junction sub-cell (Equation (8)). When combined with the max-
imum multi-junction efficiency, these figures of merit pro-
vide a quick overview of the overall multi-junction solar cell
performance.[*?]

PCE —PCE

comb,max

PCE

max (best—sub—cell)

IoBC =

®)

max (best—sub—cell)

The resulting model is able to quickly evaluate the combined
performance of two different material junctions, in a RAINBOW
configuration, from just their J-V and EQE curves, allowing us
to determine possible RAINBOW combinations from separately
manufactured sub-cells, before having to manufacture the actual
RAINBOW device.

2.2.1. Ideal EQE Curves

To establish a basic set of guidelines for material combination se-
lection in RAINBOW solar cells we first employed the model to
evaluate the performance of a series of sub-cell material combi-
nations, with idealized top hat EQE curves, sigmoid edges, and
varying widths and heights. The edge of the EQE curves was used
to calculate E,, from which the V,, was obtained combining the
Shockley—Queisser limit and a polynomial fit from the data pub-
lished in ref. [43] and the FF was assumed to be constant at 65%.
These J-V parameters, along with the EQE curves, were fed into
the numerical model to evaluate the RAINBOW performance of
every possible ideal EQE combination. The resulting combina-
tion performance is represented by a dividing wavelength sweep
graph, which shows both the EQE curves, and the combined and
partial power conversion efficiency and J,. of each sub-cell as
a function of the dividing wavelength (see an example in Fig-
ure le). Further details, including a variety of examples with dif-
ferent representative cases, are given in Section S2, Supporting
Information. From these simulations, we identify the following
guidelines to maximize RAINBOW PCE:

® Low V,__losses: To reduce thermalization losses, each sub-cell
needs to have inherently low V,_ losses, particularly the blue
cells. Otherwise, even with higher bandgaps, thermalization
losses will not be reduced. This is similar to any other multi-
junction cell.

e Similar EQE values around their respective bandgaps: In a
RAINBOW configuration, each sub-cell will likely operate
close to its bandgap, in the spectral region where most organic
materials have their strongest absorption band. If there is a
spectral region where red and blue EQEs overlap, the EQE
of the blue cell should be, at least, as high as that of the red
cell, otherwise, there will be a compromise between better V.
and worse J,.. Interestingly, in this configuration, materials
should be maximum EQE matched, a condition much easier
to achieve than the current matching required in series con-
nected tandem stacks.

® High sub-cell efficiencies: Generally speaking, the combined
RAINBOW efficiency is directly related to the achievable indi-
vidual efficiency of each sub-cell, which must be as high as pos-
sible. However, the cell parameters for maximum combined
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Figure 2. a) Chemical structure of PBDB-T-2F and PTB7-Th (donors) and 10-4Cl, Y6, and COTIC-4F (acceptors). b) Experimental EQE (top) and simulated
combined performance graph for the two functional RAINBOW combinations; PBDB-T-2F:Y6 as blue cell and PTB7-Th:COTIC-4F as red cell (left), and

PBDB-T-2F:10-4Cl as blue cell and PTB7-Th:COTIC-4F as red cell (right).

PCE can differ from the optimal values of the individual cells.
In particular, we expect that in general, optimal RAINBOW
sub-cells may be thinner than their single junction counter-
parts. That is because each sub-cell is only illuminated around
its absorption maximum, where thin films are capable of ab-
sorbing most light, with the added benefit of thinner cells ex-
hibiting a higher FF. Compared to a tandem stack, the thick-
ness of each cell can be optimized independently for each sub-
cell, as no filtering effects occur.

Moreover, in order to maximize IoBC, additional criteria
arise:

® High complementarity: To maximize [oBC, it is ideal for the
absorption and EQE curves of each sub-cell to have minimal
overlap, while spanning as wide a fraction of the solar spec-
trum as possible when combined. This complementarity max-
imizes both the RAINBOW to single-cell J ratio with the min-
imal overlap, and the overall ], with the wide absorption span.

e Similar maximum PCE values: To have a large IoBC, each sub-
cell within a RAINBOW combination should have similar PCE
values. Note that the highest IoBC does not necessarily lead to
the highest PCE.

According to the above guidelines, the perfect match for spec-
tral splitting PV is one for which the corresponding EQE curves
have similar maximum values at their respective peak wave-
lengths, and cover as much of the solar spectrum as possible,
while keeping V,_ as high as possible.

2.2.2. Experimental EQE Curves

Taking these guidelines into account, we searched for possible
combinations of materials for the first RAINBOW architecture

Adv. Mater. 2024, 36, 2212226 2212226 (5 of 11)

demonstration. We selected three commercially available ma-
terial combinations, covering a wide-bandgap range: PBDB-T-
2F:10-4C1,[*] PBDB-T-2F:Y6,I**] and PTB7-Th:COTIC-4F,[*¢] the
structures of which are shown in Figure 2a. The wide bandgap
of 1.8 eV of the PBDB-T-2F:10-4Cl blend makes it more suitable
for the blue cell, as we can see from its EQE curve (Figure 2b),
whereas the extremely narrow gap of 1.12 eV of PTB7-Th:COTIC-
4F is more adequate for the red cell. Conversely, PBDB-T-2F:Y6,
which has an intermediate gap value of 1.4 eV, can function either
as the blue cell or the red cell, depending on which of the other
two blends is used in the RAINBOW combination. We note that,
even if the reported efficiencies of PBDB-T-2F:10-4Cl and PTB7-
Th:COTIC-4F are not amongst the highest in OPV, these materi-
als exhibit extreme band gaps on opposite sides of the spectrum,
with relatively low V__ losses within organic materials, which
makes them ideal to test the feasibility of the RAINBOW solar
cell concept.*71

Using these materials, we manufactured and characterized
well-performing solar cells, from which we obtained the current—
voltage and EQE curves that were fed into the simulation model
(see Section S3, Figure S8, Supporting Information). In this
way, the theoretical combined efficiency was calculated for ev-
ery possible RAINBOW combination between the three material
blends. For a more in-depth explanation on the manufacturing
and characterization procedure, the reader is referred to Experi-
mental Section.

We first consider the wide-intermediate gap combination be-
tween PBDB-T-2F:10-4Cl as the blue cell and PBDB-T-2F:Y6 as
the red cell. As expected from their EQEs, this tandem exhibits
a very modest 0.4% IoBC (Figure S7, Supporting Information).
This is because the EQE curve of the blue cell (PBDB-T-2F:10-
4Cl) is entirely overshadowed by that of the red cell (PBDB-T-
2F:Y6). As aresult, the lower thermalization losses of the blue cell
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cannot compensate its lower photocurrent, resulting in a non-
functional RAINBOW combination, where the maximum com-
bined efficiency is practically equal to that of the best performing
sub-cell (the red cell).

On the other hand, the other two combinations resulted in
functional RAINBOW cells, with significantly positive IoBC co-
efficients. In fact, the intermediate—narrow-gap combination, us-
ing PBDB-T-2F:Y6 as the blue cell and PTB7-Th:COTIC-4F as the
red cell, yields a positive IoBC of 10.5% and a maximum com-
bined efficiency of 13.7% (Figure 2b, left). In this combination,
the optimal dividing wavelength range is located just below the
band gap of the blue cell, most likely because of its high perfor-
mance when compared with the red cell. In this case, the red cell
(PTB7-Th:COTIC-4F), even with its significantly lower EQE val-
ues, is able to capture the lower energy photons that the blue cell
(PBDB-T-2F:Y6) cannot absorb, resulting in a higher photocur-
rent for the RAINBOW combination.

Furthermore, the wide—narrow-gap combination, using
PBDB-T-2F:10-4Cl as the blue cell and PTB7-Th:COTIC-4F as
the red cell (Figure 2b, right), yields the best results, showing
a remarkably better maximum combined efficiency than that
of either sub-cell, peaking at 10.1%, with an IoBC of 41%, and
an optimal dividing wavelength range located slightly below
the band gap of the blue cell. Even if the resulting combined
efficiency is not amongst the highest in OPV, this combination
is a remarkable example of a better final PCE due to a reduction
in thermalization and absorption losses.

2.3. RAINBOW Devices

Taking into account the previous simulation results, we selected
the most successful combinations and used them to validate
the simulations by manufacturing and characterizing the first
monolithic RAINBOW architectures using a custom-made spec-
tral shaper setup.

2.3.1. Model Validation

To validate the simulation model we need to illuminate each sub-
cell with a specific spectral fraction, measure its performance,
and then repeat this measurement at every dividing wavelength.
To carry out such measurements, we have developed a setup ca-
pable of generating custom light spectra that are homogeneous
and can be dynamically modified with a high degree of accuracy
(Figure 3a).[4048]

This is achieved in three steps: First, incoming light is spatially
separated into all its wavelength components with a dispersive
element. Second, the spatially separated beam passes through a
specifically designed dynamic mask, which blocks specific wave-
length components, in this case, two motorized guillotines. And
last, the spectrum is recombined again into a homogeneous light
spot. With the help of this contraption, we are able to gener-
ate any spectrum on-demand from a given light source (SOLS).
The resulting SOLS setup can convert any solar simulator into
a RAINBOW characterization station, capable of emulating the
conditions of the simulations in a real measurement (Figure 3b),
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in particular, the dividing-wavelength sweeps under the contin-
uous monitoring of the solar cell parameters. We want to re-
mark that this setup is not limited to outputting solar spectrum
fractions but can deliver completely custom spectra, within the
boundaries set by the input spectrum. The full description of the
setup will be published elsewhere, and details can be found in
references.[*048]

To validate the model we have chosen to perform SOLS RAIN-
BOW measurements on the wide—narrow-gap cell combination,
because of its high calculated IoBC, and its optimal dividing
wavelength range that falls well within the SOLS spectral shap-
ing capabilities. The individual SOLS characterization of the red
and blue cell provides us with insights to assess the validity of
the model assumptions. For the red cell (PTB7-Th:COTIC-4F)
we notice that PCE behavior is mainly driven by the ], compo-
nent, where the V,__and FF rapidly saturate, with minor variations
throughout the entire dividing wavelength range (Figure S13,
Supporting Information). This behavior is consistent with the
model initial assumptions (constant V,. and FF), where the rapid
saturation can be attributed to the relation of V,_ and FF with in-
creasing illumination intensity, a phenomenon well reported in
the literature.[*>-2] This saturation is likely to begin at lower light
intensities in a real RAINBOW device since, due to spectral re-
distribution, light power density is high (spectrally concentrated)
for each sub-cell (see Section S1, Figure S1, Supporting Informa-
tion). We see that, above a certain light intensity threshold, the
dividing wavelength dependence of these two parameters seems
to play a minor role in determining the final partial efficiency of
each sub-cell, being eclipsed by the dividing wavelength depen-
dence of J..

Intuitively, we can see that the J,. of each sub-cell is propor-
tional to the fraction width of the illuminating spectrum, as wider
spectral fractions will encompass a higher amount of photons.
However, we notice that for the blue cell (PBDB-T-2F:10-4Cl), the
Js slope changes suddenly after the dividing wavelength sweep
surpasses 700 nm, bringing the current increase almost to a halt
(Figure S14, Supporting Information). This sudden slope change
can be attributed to the lack of photon absorption below 700 nm
which corresponds to the band gap of PBDB-T-2F:10-4Cl. Mean-
while, with a bandgap well below the measuring range of the
SOLS setup, the PTB7-Th:COTIC-4F red cell has a . component
that constantly increases with wider spectral fractions.

By merging these two measurements as a function of the di-
viding wavelength, we can calculate the RAINBOW performance
of the wide-narrow-gap combination (PBDB-T-2F:I0-4Cl and
PTB7-Th:COTIC-4F, respectively) resulting in a high IoBC of
46.6% (Figure 3c). This high IoBC is in agreement with previ-
ous simulations and calculations, where the significant reduction
of thermalization and absorption losses results in a functional
RAINBOW combination. Moreover, in these measurements we
also see that the optimal wavelength range is wider than the
one predicted by the simulations. This could be in part due to
the lack of sufficient spectral resolution in the SOLS setup, as
suggested by the simulation results shown in Section S7, Sup-
porting Information. In turn, this has important implications
for the design of the optical element, where a clear separation
of the wavelengths around the optimum dividing wavelength is
desirable.
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Figure 3. a) Spectrum on demand light source (SOLS) setup schematic drawing depicting its operation principle. b) Output spectra of multiple dividing
wavelength conditions (top) and schematic representation of the dynamic spectral output tuning. c) Combined performance graph for PBDB-T-2F:10-4Cl
as the blue cell and PTB7-Th:COTIC-4F as the red cell measured with the SOLS setup.

2.3.2. Proof-of-Concept Device

Having validated our simulation model with the SOLS mea-
surements we proceeded to manufacture a monolithic proof-of-
concept device that includes two junctions deposited side by side,
representing the simplest embodiment of a RAINBOW solar cell.
To complement this two-junction proof of concept, we have also
included a sketch depicting the electrical interconnections of an
n-terminal RAINBOW array, as well as the top and cross-sectional
view of a three-junction RAINBOW solar cell, to show that this
concept can be easily scaled to any arbitrary number of junctions
(Section S4, Figures S9 and S10, Supporting Information).

To manufacture the monolithic proof-of-concept device we se-
lected the two combinations yielding the best theoretical IoBC
figure of merit, that is, the wide-narrow- and the intermediate—
narrow-gap combinations. To fabricate such a device on a small
scale we developed a technique called partial coverage radial
(PCR) spin coating, which results in a partial deposition with a
well defined border within a small substrate (Figure 4a and Fig-
ure S12, Supporting Information). This technique is easy to re-
produce without specialized equipment and it allows us to se-
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quentially deposit multiple junctions in a single substrate with
clearly defined boundaries, making it a really useful technique
in RAINBOW solar cell lab scale optimization (see Section S5,
Figures S11 and S12, Supporting Information).

The EQE and J-V curves of the monolithic devices were mea-
sured and fed into the numerical model to calculate the opti-
mal dividing wavelength range and the expected maximum ef-
ficiency and IoBC coefficient (simulation results in Section S8,
Figure S16, Supporting Information). In this case, instead of
using the SOLS setup, to further validate the simulation re-
sults we used a more accessible solution to characterize the sub-
cells: an LED based solar simulator, which consists of an ar-
ray of 21 individually addressable LEDs. This setup is capable
of providing homogeneous illumination with discrete fractions
of the solar spectrum by varying each LED intensity. We used
our simulations to set the dividing wavelength on the LED so-
lar simulator to be as close as possible to the optimal simu-
lated Ay, for each RAINBOW combination, namely at ~860 and
~690 nm for the intermediate—narrow- and wide—narrow-gap cell
combinations respectively (Section S9, Figure S17, Supporting
Information).
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Figure 4. a) Proof-of-concept functional monolithic RAINBOW devices deposited via PCR spin coating on a single substrate. b) EQE curves of the
wide—narrow-gap cell combination, that is, PBDB-T-2F:10-4Cl as blue cell and PTB7-Th:COTIC-4F as red cell (top), and the intermediate-narrow-gap cell
combination, that is, PBDB-T-2F:Y6 as blue cell and PTB7-Th:COTIC-4F as red cell (bottom) for the monolithic RAINBOW devices.

Table 1. Monolithic RAINBOW device performance, with PBDB-T-2F:|O-
4Cl as the “blue cell” and PTB7-Th:COTIC-4F as the “red cell,” measured
with the LED solar simulator with various spectra, simulating the behavior
of the SOLS setup for a single dividing wavelength of 690 nm. The result is
a combined PCE of 9.36% corresponding to 39.5% increase over the best
cell (loBC) marked with *.

Table 2. Monolithic RAINBOW device performance, with PBDB-T-2F:Y6 as
the “blue cell” and PTB7-Th:COTIC-4F as the “red cell,” measured with
the LED solar simulator with various spectra, simulating the behavior of
the SOLS setup for a single dividing wavelength of 860 nm. The result is a
RAINBOW PCE of 11.5% corresponding to 12.6% increase over the best
cell (loBC) marked with *.

Material A fraction Vo VI FF[%] J [Am™2] PCE[%] Material A fraction VoM FF[%] Joc[Am™2] PCE[%]

PBDB-T — 2F: 10 — 4Cl Full Sun 1.20 53.6 89.2 5.75 PBDB-T — 2F: Y6 Full Sun 0.81 60.8 241.8 11.9
Blue fraction 1.20 51.8 86.0 5.32 Blue fraction 0.81 61.0 223.1 1.1

PTB7-Th: COTIC — 4F Full Sun 0.58 56.0 206.8 6.71 PTB7-Th: COTIC — 4F Full Sun 0.57 50.7 253.9 7.4
Red fraction 0.56 60.7 119.7 4.04 Red fraction 0.54 58.6 70.9 23
Combined 0.83 205.7 9.36 Combined 0.74 294.0 13.4

Tables 1 and 2 summarize the monolithic RAINBOW cell
characterization results. The upper table section shows the -V
parameters obtained for each sub-cell under full sun illumi-
nation and using only the corresponding fraction of the solar
spectrum, red or blue (see Section S9, Supporting Information).
For the RAINBOW device (bottom table section), the PCE and
the increase over the best cell, IoBC, are calculated from the
measurements of the sub-cells following Equations (7) and
(8), respectively.

The first observation is that all of the sub-cells operate with
efficiencies similar to those of single-cell devices made by con-
ventional deposition, that is, without monolithic integration (see
Tables 1 and 2). For the wide-narrow-gap combination (PBDB-
T-2F:10-4Cl as the blue cell and PTB7-Th:COTIC-4F as the red
cell), we have obtained an IoBC of 39.5% with a combined effi-
ciency of 9.36% (Table 1), in good agreement with the simula-
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tions in Section S8, Supporting Information which predicted an
IoBC of 47.6% with a total PCE of 9.90%. For the intermediate—
narrow-gap combination (PBDB-T-2F:Y6 as the blue cell and
PTB7-Th:COTIC-4F as the red cell), we have obtained an IoBC
of 11.5% with a combined PCE of 13.4% (Table 2), in very good
agreement with the simulations of Section S8, Supporting Infor-
mation, with values of 11.4% and 13.2%, respectively.

We next try to estimate the importance on these RAINBOW
cells of the two main mechanisms that operate in multi-junction
solar cells, that is, the reduction in the thermalization losses
and the increase in absorption. In all cases, comparisons are
made with respect to the best single junction amongst sub-cells
for a given monolithic device. To address the changes in ab-
sorption, we use as proxy the photocurrent density. In partic-
ular, we compare the J . of the best sub-cell with that of the
RAINBOW device following Equation (6). Clearly, this is only an
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approximation, since, besides being proportional to the absorp-
tion, charge transport, and collection also affect the J .. In any
case, as the materials and device stack being compared are the
same, we use as a first approximation the changes in J,. as being
mainly related to changes in absorption.

On the other hand, thermalization of charges is often reflected
in the energy of the extracted charges, and thus we use, again as
proxy, the difference in V. between the best single junction cell
and that of the RAINBOW devices. Being an N-terminal device,
the V. of the latter is not well-defined. To approximate an ef-
fective, or averaged, V. for the combined cells, we need to take
into account that part of the charges will be collected at the V.
of the blue cell, and the rest with the V__ of the red cell. A sim-
ple way of factoring this in, is by calculating the V,_ .\, through
the J, -weighted average of the corresponding sub-cell values (fol-
lowing Equation (9)). This expression uses the photocurrent frac-
tion as an approximation of the P, average that each sub-cell
receives, and it assumes that the FF of both subcells is approx-
imately equal.

v _ Voc(red)]sc(red) + Voc(blue)]sc(blue) (9)

oc,comb —
] sc,comb

The last two rows in Tables 1 and 2 show the parameters of
the corresponding RAINBOW cells following Equations (9), (6),
and (7), as well as the relative change of the combined V,, J,
and PCE with respect to the parameters for the best performing
single junction cell (RCoBC). Note that the RCoBC for the PCE
corresponds to the aforementioned overall figure of merit IoBC
(%). While being only estimates, the RCoBC can be used to give
an idea of the origin of the IoBC or, in other words, whether ther-
malization and/or absorption losses are reduced.

For the wide-narrow-gap combination (Table 1), the RCoBC
analysis shows that this improvement basically comes from the
V,. RCoBC (42.7%), so in this case, the RAINBOW device does
minimize thermalization losses. This is simply due to the high
V,. of the blue cell, which is more than twice that of the red cell.

On the other hand, for the intermediate-narrow-gap combi-
nation (Table 2) the increase in efficiency is mainly related to
the large improvement in J from the contribution of the red
cell (21.6% of RCoBC), which absorbs photons well below the
bandgap of the blue cell, showing a reduction on absorption
losses. In fact, this even overcompensates the lower V. of the
electrons extracted from the red-cell, that yield a worsening of the
open-circuit voltage seen as a negative V,. RCoBC (notice that the
best performing cell is the blue sub-cell). Hence, this is an exam-
ple of a RAINBOW combination that works well by minimizing
optical absorption losses.

3. Conclusions

We have proved the feasibility of the RAINBOW solar cell multi-
junction architecture which consists of a lateral (horizontal) array
of solar cells, illuminated with spectrally split sunlight. The indi-
vidual junctions, with distributed bandgaps, are laid out so that
each sub-cell is illuminated with a wavelength range that closely
matches the bandgap of the semiconductor in that particular po-
sition. The main advantages of this architecture include its rela-
tively flat form factor, its high compatibility with roll-to-roll tech-
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nologies, no stacking defect accumulation, lower active layer ma-
terial consumption compared to any other multi-junction geome-
try, and, finally, the simple implementation of an n-terminal con-
figuration.

Using simulations, we defined design rules for the selection
of materials and devices. The RAINBOW device is optimized
when choosing materials with maximum EQE value matching
(rather than current matching) as well as low thermal losses par-
ticularly in the blue sub-cells. We used these criteria to select
three active layer blends, namely, PBDB-T-2F:10-4Cl, PBDB-T-
2F:Y6, and PTB7-Th:COTIC-4F, with band gaps that cover a wide
range of the solar spectrum. From a theoretical point of view,
the efficiency increase-over-best-cell that we could obtain for two-
junction cells with the selected materials span from less than 1%
up to 46%. We then used a purposely made experimental setup
(SOLS) that helped us to validate the simulations, thus provid-
ing a theoretical tool for material and device screening. With the
SOLS setup we achieved an IoBC of close to 46% for the wide—
narrow-bandgap RAINBOW combination which has PBDB-T-
2F:10-4Cl as blue cell and PTB7-Th:COTIC-4F as red cell.

Finally, we manufactured two proof-of-concept monolithic
RAINBOW devices, using the here introduced partial coverage
deposition technique. The combination between PBDB-T-2F:10-
4Cl and PTB7-Th:COTIC-4F yielded an IoBC of 39.5% arising
from reduced thermalization losses, while RAINBOW combina-
tions based on PBDB-T-2F:Y6 and PTB7-Th:COTIC-4F, resulted
in an 11.5% IoBC, in good agreement with simulations that ex-
plain this improvement in terms of enhanced photocurrent aris-
ing from a significant reduction in absorption losses. We have
also quantified the thermalization and absorption losses for each
RAINBOW system, understanding the nature of the improve-
ment in the lateral multi-junction geometry. Our results demon-
strate the feasibility and significant potential of the RAINBOW
concept, inviting the community to explore novel combinations,
demonstrate multi-junctions with more than two sub-cells, and
design efficient dispersive elements.

4. Experimental Section

Device Manufacturing: The manufacturing procedure was mainly
based on spin coating, using small square substrates of 25 X 25 mm? (ex-
cept for the proof-of-concept RAINBOW devices, where substrates were
20 X 15 mm?) with an indium tin oxide (ITO) patterned front electrode.
These substrates were thoroughly cleaned and ozone treated to improve
wettability. On top of the patterned ITO layer, 100 pL of sol-gel ZnO so-
lution was spin coated, which after drying was immediately annealed for
10 min at 180 °C to form a solid ZnO electron-transporting layer.The
ZnO sol-gel solution was chemically synthesized using the recipe de-
scribed by Tiwari et al.53] After this step, the substrates were placed
inside the glovebox for the active layer deposition. This step was cru-
cial in preventing oxygen and moisture-driven degradation in the sensi-
tive photoactive materials. Active layer solutions were prepared also in-
side the glovebox with 1:1.5 donor-acceptor ratio at a concentration of
20 mg mL~" in chlorobenzene for the PBDB-T-2F:10-4Cl blend, at a con-
centration of 14 mg mL~" in chloroform for the PBDB-T-2F:Y6 blend and
in at a concentration of 20 mg mL~" chlorobenzene with a 2% in vol% of
2-chloronaphtalene for the PTB7-Th:COTIC-4F blend. Active layers were
dynamically deposited via spin coating with 60 uL droplets at various an-
gular velocities between 800 and 3000 rpm, to manufacture a range of
thicknesses. After cleaning the edges for electrode contacting, the sub-
strates were placed inside a vacuum chamber, where 10 nm of MoO; and
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120 nm of Ag were thermally evaporated, to serve as the hole-transporting
layer and the back electrode, respectively. Subsequently, the samples were
encapsulated with UV curable epoxy resin and glass cover slides, and, in
the case of devices based on PBDB-T-2F:10-4Cl, a further thermal anneal-
ing was performed at 110 °C for 10 min, resulting in a more crystalline
morphology.[*]

PCR Spin Coating: The partial spin coating deposition was achieved
by statically depositing the solution in only one half of the substrate, care-
fully tuning the amount of liquid and the maximum angular velocity and
acceleration, which resulted in a reliable coverage of only half of the sub-
strate, leaving the other half completely untainted (Figure S11, Supporting
Information). See Section S5, Supporting Information for further details
regarding the different steps involved in the PCR spin coating technique
as well as an assessment of the quality of the side-by-side deposition using
Raman imaging.

Current-Voltage Characterization: Current—voltage (J-V) curves were
measured using a custom-made J-V characterization setup, consisting of
a demultiplexing board in combination with a LabVIEW application. This
setup was connected to a Keithley 2400 source meter that performs high
precision current and voltage measurements. To illuminate the devices, a
solar simulator (XES-100S, SAN-EI Electric) was used under AM 1.5G and
1000 W m~2 illumination. Being AAA class, this solar simulator guaran-
teed a homogeneous illumination area of 10 x 10 cm?. The solar simu-
lator was calibrated before each experiment to ensure the measurement
reliability, using a certified reference silicon solar cell (Oriel, Newport).

Besides this, an LED solar simulator from Wavelabs (SINUS 70) was
also used to generate the custom spectra for the characterization of the
proof-of-concept RAINBOW devices. The spectra were achieved by mod-
ulating the different wavelength LED intensities.

A third equipment named SOLS was used, which was specially de-
signed and fabricated for characterizing RAINBOW devices. Its function-
ality details are described elsewhere.[4048]

EQE Characterization: External quantum efficiency measurements
were performed on a custom-made semi-automated experimental setup,
with an associated LabVIEW controlling software. This experimental setup
was coupled to a supercontinuum laser light source and a computer-
controlled monochromator (LLTF contrast, Fianium) for filtering the white
laser to provide a continuous spectral range. With this setup, the sample
was able to be illuminated with light ranging from 400 to 1100 nm. Current
measurements were made with a Keithley source meter 2450.

Raman Imaging: Raman images of monolithic devices were taken us-
ing a Witec alpha300RA piece of equipment. The samples were measured
illuminating through the glass substrate by means of a 10x objective. Two
different excitation wavelengths were used, namely 488 and 785 nm, with
a power of #3 mW. The images contained 200 X 70 points, with an inte-
gration time of 0.3 s per point.
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