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Wide Bandgap Perovskite Photovoltaic Cells for Stray Light
Recycling in a System Emitting Broadband Polarized Light
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Mariia Kramarenko, Ulrich W. Paetzold and Jordi Martorell*

Perovskite based photovoltaic (PV) cells are unique in combining low open-
circuit voltage losses with a broad bandgap tunability. This makes them

an ideal PV cell to recycle photons back into electrical power in a variety of
illumination systems or light emitting devices. Here, advantage of these fea-
tures is taken and wide bandgap (WBG) perovskite PV cells are incorporated
in devices suitable for display illumination and demonstrate a high yield in
stray light recycling back into electricity with up to a 37.5% power conver-
sion efficiency. The specific device considered is a modified half-cylinder
photonic plate designed to emit diffused broadband polarized light using a
nonabsorbing reflective polarizer based on a random dielectric layer distribu-
tion. It is experimentally demonstrated that light recycling using appropriately
tuned WBG perovskite PV cells becomes very efficient when implemented

in systems where the light is emitted from narrowband sources, even if the

emission spans a broad wavelength range.

1. Introduction

Optimizing the energy efficiency in illumination or opto-
electronic light emitting devices such as displays is not only
about improving the power to light conversion efficiency but
also about reducing parasitic optical losses and recycling stray
light. To reduce energy waste to a minimum, any light selec-
tive process within the specific device considered should rely
on nondissipative mechanisms, while any stray or discarded
light should be either reused or recycled back into electricity. A
prominent example where such adequate light management to
save energy is needed are liquid crystal displays (LCDs) where
the process to obtain the required polarized light may result
in significant light losses. Various optical structures for effec-
tive broadband reflective light polarization have been proposed

in the past, partially avoiding the use of
light absorbing polarizing elements.['?
However, the most effective structures to
obtain polarized light rely on hundreds of
nanolayers or subwavelength gratings and
to reuse the stray light, its polarization is
changed applying mechanisms of limited
efficiency.>® Alternative approaches con-
sider the recycling of unused light into
electricity. Systems that combine light
polarization with light harvesting using
organic photovoltaic (PV) cells have been
proposed but their energy-saving poten-
tial would be too small to be worthily
employed.”® Menéndez-Velazquez et al.
proposed the application of polarizing re-
emitting dyes and silicon PV cells,®) but
no PV analysis for the light recycling pro-
cess was performed.

Perovskite based PV cells exhibit the
optimal characteristics to efficiently recycle light in optoelec-
tronic devices using visible light sources. They exhibit high
power conversion efficiencies (PCEs) and low recombination
losses, providing a high efficiency in the energy transfer pro-
cess.['"°] Moreover, their bandgap energy (E,) can be widely
tuned by engineering the perovskite composition, which prom-
ises a high level of adaptability to different specific applica-
tions.l'*2 In a previous study,? we proposed the design of
a novel light guiding plate which would emit polarized light,
while the light with the unwanted polarization could be recy-
cled back into electricity by two perovskite PV cells placed at
the front and back ends of the guide. A homogeneous diffused
light emission was demonstrated as a result of the ergodic light
propagation occurring in what was termed as a half-cylinder
photonic plate (h-CPP).?l It was conceptually demonstrated
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that a multilayer reflective polarizing structure deposited on top
of such a h-CPP could be used to select the p-polarized light
for transmission while reflecting the remaining light. There-
fore, the s-polarized light would remain trapped in the guide
and most of the p-polarized light would exit it after a given
number of incidences on the polarizing structure. Provided the
extremely low light absorption losses of an optimized design,
it has been shown that almost all the trapped light, mostly
s-polarized, is guided toward the perovskite PV cells.

2. Concept and Design

Herein, we experimentally implement a modified h-CPP emitting
diffused polarized light for homogenous illumination and study its
capability to effectively recycle unused light back to electricity by
incorporating perovskite PV cells. The light guiding element we
implemented relies on a unique combination of order and ran-
domness to achieve ergodicity and broadband light polarization.
More specifically, an h-CPP is employed to achieve ergodic light
propagation, which is ideal to obtain a homogeneous light diffu-
sion, and a multilayer reflective polarizer with randomly distrib-
uted layer thicknesses is used for broadband light polarization. As
demonstrated in our previous study,?* the randomness in the mul-
tilayer structure is key to achieve a low polarization extinction ratio
of =0.1 for a broad range spanning the blue, green, and red spectra.
The actual implementation of the reflective polarizer on a
curved surface employing standard thin-film deposition tech-
niques may lead to nonuniform thickness of the layers.[26-°]
Therefore, a structural analysis of the actual thickness profile on
the specific geometry must be performed prior to the fabrication
of the final multilayer structure. We parameterized the thickness
profile of the multilayer obtained on the h-CPP when using mag-
netron sputtering to introduce it in the optical model employed
for the multilayer design. The model provides a powerful combi-
nation of ray optics, a transfer matrix formalism, and an optimi-
zation algorithm to numerically compute the optimal layer thick-
nesses by an inverse design approach as described in ref. [24]. In
addition, to account for possible experimental thickness devia-
tions, we monitored the thickness of the different layers while the
structure was being fabricated and always recalculated the optimal
thickness for the following layers to obtain the lowest possible
polarization extinction ratios. The result is a reflective structure
that polarizes light for a broad range of angles and the required
wavelengths to emit white light. To recycle the nontransmitted
light, we fabricated and studied the performance of two kind of
perovskite PV cells with E, of =1.55 eV and =1.73 eV, respectively.
The PV performance under device relevant conditions was meas-
ured and PCEs considerably above those obtained under air-mass
global standard spectrum (AM1.5G) illumination were obtained.
Finally, an optical setup was mounted to demonstrate light recy-
cling while polarization selectivity is performed in an ensemble
integrating the polarizing structure and a perovskite PV cell.

3. Results and Discussion

To study the effect of the h-CPP geometry on the films deposited
by magnetron sputtering, a modified h-CPP was fabricated by

Adv. Energy Mater. 2022, 2201473 2201473 (2 Of7)

www.advenergymat.de

depositing on the h-CPP surface a multilayer made of TiO, and
SiO, alternated films, and its thickness profile was measured.
As shown in Figure 1a, although all areas of the surface are cov-
ered, the films thicknesses are reduced in the vicinity, i.e., the
intersection, of two adjacent half-cylinders. For instance, on the
highest point of the half-cylinder in Figure la, a thickness of
=2.49 um was measured, whereas at the intersection between
two of them, the film thickness is reduced to =1.62 pm. There-
fore, to obtain the profile of the actual thicknesses, we linearly
fitted the measured thickness of the multilayer at different
points of a half-cylinder as a function of its azimuthal angle,
in relation to the thickness from layers grown on a flat surface
(nominal thickness). Such a fitting resulted in Equation (S1)
from the Supporting Information and was applied to estimate
the deposited thickness on any point of the h-CPP. Afterward, the
inverse integration model was used to numerically compute
the optimal multilayer structure to minimize the polarization
extinction ratio taking into consideration the specific deposition
profile analyzed above. The optimized structure was fabricated
both on top of a flat glass substrate and on top of a h-CPP.
The flat sample was used to characterize the deposited layers
by measuring their thicknesses using spectroscopic ellipsom-
etry. Moreover, the s- and p-polarization transmittance (Ts and
Tp, respectively) were measured at three different angles of
incidence, which agreed with the corresponding simulation,
as described in Figure S1 in the Supporting Information. The
independent optical characterization was used to confirm that
the thicknesses of the different layers were correctly fitted with
the ellipsometry spectra. Such a characterization procedure
was also performed to reoptimize the multilayer during fab-
rication and to compensate for any thickness deviation after
the deposition of some of the layers. The nominal thickness
obtained is summarized in Table S1 in the Supporting Informa-
tion, while the actual thickness on a half-cylinder surface point
can be calculated from Equation (S1) in the Supporting Infor-
mation. As presented in Table S1 in the Supporting Informa-
tion and shown in the cross-section image of the structure in
Figure 1b, a nonperiodic thickness distribution of the 25 layers
was required in order to obtain an effective broadband polar-
ized light transmission.

To analyze the optical performance of the fabricated polar-
izing structure, we measured its total spectral Ts and Tp when
light was introduced perpendicularly through the flat sur-
face of the h-CPP, employing the setup depicted in Figure S2
in the Supporting Information. In the configuration under
study, p-polarized light corresponds to the light whose electric
field component is contained on the plane of incidence, corre-
sponding to the plane of the cross section shown in Figure 1a.
The electric field of the s-polarized light is perpendicular to that
same plane. The measured total Ts and Tp as a function of the
wavelength are shown in Figure 1c. Firstly, Ts is below 5% for
the red and green wavelengths of interest and below 10% for
the blue one, which confirms the high reflectivity for s-polar-
ized light by the fabricated multilayer structure. Secondly, Tp
was =20% higher than Ts for such wavelengths, providing an
effective reflective polarization of the incident light for such
a range of wavelengths. The nonabsorptive polarization dis-
crimination is achieved by the multilayer designed to combine
Brewster’s angle transmission for the p-polarized light with

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. Modified h-CPP. a) Scanning electron microscope (SEM) image of the multilayer structure deposited on the h-CPP. b) Magnified SEM images
of the 25 layers structure. The darker areas are conformed by SiO, layers and the lighter ones by TiO,. The sample was cut manually and, prior to its
characterization, covered with an 8 nm film of sputtered Au/Pd to avoid charge accumulation. c) Total Ts and Tp of the multilayer structure deposited
on the h-CPP compared with its corresponding simulation. The colored bars indicate the wavelengths of interest.

reflectivity at many interfaces for the s-polarized light which is
enhanced by electromagnetic interference.

To achieve an energetically efficient diffused polarized light
emission, we employed perovskite PV cells as elements to recycle
the nonemitted light back into electricity. In order to maximize
the efficiency of the recycling process, the perovskite bandgap
should be engineered such that the wavelengths of the light
emitted by the actual light source is efficiently absorbed, while
being as close to the perovskite bandgap as possible to minimize
the thermalization losses.’% LCDs commonly employ red-green-
blue (RGB) light emitting diodes (LEDs) sources in which the
longest wavelength lies in the red region of the electromagnetic
spectrum (=635 nm). Therefore, the bandgap of the perovskite
absorber for the application reported in this work should be
increased when compared to the best-performing perovskite PV
cells that are used to convert the entire sunlight spectrum (that
reaches the deep infrared) into electricity most efficiently.

In this study, we analyze the light recycling capabili-
ties of perovskite PV cells employing two different perov-
skite compositions: i) a low bandgap (LBG) perovskite with
Ey = 1.55 eV, which is frequently used for highest solar energy
conversion,?'34 and ii) a wide bandgap (WBG) perovskite
with E, = 1.73 eV that is typically rather used for tandem solar
cell applications.l'”] We employ p-i-n perovskite PV cells with
a structure of indium-tin oxide (ITO)/ ([2-(9H-carbazol-9-yl)
ethyl]phosphonic acid) (2PACz)/perovskite/Cqo/bathocuproine
(BCP)/Ag and apply a perovskite surface passivation treatment
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to reduce the recombination losses,*¥ thus allowing a high
open-circuit voltage (V,). To better estimate the amount of LED
light that could be recycled to electrical power by the two types
of perovskite PV cells incorporated on the modified h-CPP, we
studied their performance under monochromatic illumination.
Their current density—voltage (J-V) curves were acquired for the
three different wavelengths corresponding to the RGB emis-
sion: 635, 532, and 450 nm. The illumination intensity was set
to 100 mW cm™ which, besides being the standardized power
density for sunlight irradiation on the Earth surface, it is also
similar to the illumination intensity that the cells would receive
in our light recycling design (cf. Figure S3, Supporting Infor-
mation). The PV performance of the LBG and WBG perovskite
PV cells under these conditions is reported in Figure 2a and
Table 1, yielding PCEs of 25.4%, 29.2%, and 33.7% for LBG and
30.4%, 35%, and 375% for WBG, corresponding to red, green,
and blue emission, respectively. Comparing the J-V curves
with those obtained under AM1.5G irradiation (Figure S4, Sup-
porting Information), it becomes clear that both perovskite
PV devices exhibit a much higher PCE under RGB illumina-
tion. The main reason for this higher PCE is that, as shown in
Figure 2D, the perovskite PV cells in the presented application
exhibit a remarkably higher external quantum efficiency (EQE)
at the monochromatic RGB wavelengths relative to the inte-
grated EQE when the complete solar spectrum is considered,
which leads to a higher short-circuit current density (Jy). Note
that the J . increases with increasing illumination wavelength

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Perovskite PV cells performance. a) J-V characteristics of the perovskite PV cells illuminated under the three monochromatic sources. The
red, green, and blue colors represent whether the measurement has been performed with the 635, 532, or 450 nm monochromatic light source. The
solid and dashed lines correspond to the WBG and LBG PSCs, respectively. b) EQE of the two types of perovskite PV cells. The colored bars indicate
the points of the EQE spectra at the specific RGB wavelengths. The cell structure is glass/ITO/2PACz/Csg13FA 5,Pb(I1_,Br,)3/C60/BCP/Ag, being x =0

for the 1.55 eV and x = 0.4 for the 1.73 eV perovskite absorber, respectively.

which is due to the higher photon flux at lower wavelengths and
equal illumination intensity. The exceptionally high J. obtained
under monochromatic illumination, together with the high
V,. and fill factor (FF), leads to PCEs that more than doubles
the one obtained when the illumination is the AM1.5G spec-
trum, as provided in Figure S4 in the Supporting Information.
When comparing the results for the two types of perovskite
PV cells investigated in more detail, the EQE of the WBG PV
cell was relatively higher for the two shorter wavelengths, 450
and 532 nm, while for the 635 nm it was slightly lower, which
explains the slight differences in J,.. As expected, the largest
difference is reflected in the V, being about 100 mV higher
for the WBG perovskite PV cell as compared the LBG one. To
summarize, we obtained PCEs ranging from 30.4% to 37.5% for
the WBG perovskite PV cell, approximately 5% higher than the
PCE exhibited by the LBG one. Part of this higher PCE can be
also attributed to the slightly improved FF for the WBG cells,
which is even above 80%. It is worth highlighting that in our
monochromatic illumination experiments the V,. was underes-
timated provided the illuminated area of the PV cell was much
smaller than the total area of the cell, which created a shadow
effect.’”)

As a next step, to evaluate the light recycling capability of a
configuration designed with the primary role to emit diffused
polarized light, we combined the modified h-CPP and the perov-
skite PV cells. As shown in Figure 3a, a prism was attached to
the h-CPP backside where the mirror was deposited. In this

Table 1. PV parameters of the LBG and WBG PSCs under monochro-

matic illumination at 100 mW cm™2.

Wavelength Jsc Voc FF [%] PCE [%)]
[nm] [mA cm™2] V]
LBG (1.55eV) 450 28.8 1.108 79.7 254
532 334 1.110 78.7 29.2
635 41.7 1.058 76.4 337
WBG (1.73 eV) 450 30.2 1.204 83.5 30.4
532 36.0 1.210 80.2 35.0
635 40.0 1.155 81.1 37.5

way, s- and p-polarized green light was coupled into the guide
by first polarizing the light coming from the source and meas-
uring the I-V curves of the PV cell for both types of light polari-
zation separately. Additional details of the light propagation
path are given in Section S2 in the Supporting Information. To
overcome the large light coupling losses, we used a high-power
green laser emitting at 532 nm. Enough power was applied to
obtain an intensity at the end of the guide similar to the one
that would be obtained from LED light optimally coupled as
in standard LCD light guiding plates. Note that achieving an
optimal light coupling is beyond the scope of this work. As can
be seen in Figure 3b, the ], obtained by the perovskite PV cell
from s-polarized light (=376 mA cm™) is more than double that
obtained from p-polarized light (=174 mA cm™2). Moreover, as
summarized in Table 2, this larger current density does not
imply a significant difference in the measured cell FF or V.
However, the V.. obtained from the p-polarized illumination is
slightly lower due to the lower intensity reaching the perovskite
PV cell, considering that a large fraction of the p-polarized light
is emitted through the cylindrically patterned surface of the
modified h-CPP. The results reported in Figure 3b and Table 2
clearly demonstrate the light recycling capability of the WBG
perovskite PV cell for systems where light absorbing elements,
which in the end would lead to the dissipation of a large frac-
tion of the input energy, are eliminated.

Employing a similar setup as the one shown in Figure 3a,
we also measured the s-polarization and p-polarization cur-
rent ratios (Is/Ip) delivered by the perovskite PV cell when red,
green, and blue light from low power laser diodes was coupled
into the guide (cf. Table 3). For the red and green wavelengths,
the ratio is close to 2, clearly indicating that the s-polarized
light at such wavelengths is more effectively trapped in the

Table 2. PV parameters of the WBG PV cell measurement when s- and
p-polarized light are inserted in the ensemble.

Jsc [mA cm™] Voc [V] FF [%]
s-polarization 37.6 1.216 79.4
p-polarization 17.4 1.188 79.8
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Figure 3. Light recycling in the ensemble. a) Scheme of the ensemble with the different fabricated elements to measure the recycled nontransmitted
light. The different elements were assembled employing an index matching fluid to ensure proper optical coupling. The drawing is not to scale. b) J-V
curve of the WBG perovskite PV cell when introducing green light in the ensemble. Enough s-polarized light was introduced to obtain a similar current to
direct illumination and, applying the same power, p-polarized light was inserted to characterize the ensemble under equal conditions for both polariza-
tions. The small drift observed in the current density may be attributed to a slight instability of the laser power during the voltage scan measurement.

Table 3. Measured ratio of current generated from the different light
polarization and simulated ratio of polarized light guided to the front
end for the different wavelengths.

Wavelength [nm] Measured Is/Ip? Simulated s/p light on the front ends

450 1.67 3.03
532 1.96 2.00
635 2.19 2.57

At least two different cells were measured under the different lights to ensure
similar behavior.

guide than the p-polarized light. The measured current ratios
agree well with the prediction from our model, the results of
which are included in Table 3. A larger discrepancy between
measurement and prediction is observed for the blue light case.
Such a mismatch is originated from the fact that our numer-
ical model computes the amount of s- and p-polarized light
reaching the guide ends, but does not account for the light cou-
pling effectiveness into the absorbing layer of the perovskite PV
cell. As described in Section S3 in the Supporting Information,
blue light coupling is strongly affected by the multilayer struc-
ture and absorption profile of the perovskite PV cell.

4. Conclusion and Future Work

To conclude, we have demonstrated the large potential of
WBG perovskite PV cells to recycle unused or stray light back
into electricity in display compatible optoelectronic illumina-
tion systems. The concept proposed herein prevents energy
dissipation losses by almost completely eliminating any light
absorbing element, other than the perovskite PV cells them-
selves. For WBG perovskite PV cells with a E, of =173 eV,
PCEs ranging from 30.5% to 375% were demonstrated under
illumination using blue, green, and red monochromatic light
sources, respectively. A PCE that more than doubles the one
corresponding to AM1.5G illumination proves that light recy-
cling using perovskite PV cells will become more effective when
implemented in systems where the light is obtained from nar-
rowband sources emitting in the visible spectrum, even if the
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overall light emission spans a broad wavelength range. As a
case study, we considered a modified h-CPP meant to emit dif-
fused polarized light similarly to the light emission from the
light guiding plates that are commonly used in LCDs. In the
fabricated modified h-CPP, light polarization was achieved by a
reflective polarizer based on a multilayer structure alternating
high and low indexes of refraction. Instead of using a standard
reflective polarizer with a periodic distribution of layers, we
used an inverse design approach to obtain a random multilayer
structure which can provide an optimal polarization extinction
ratio at the three wavelengths from LED sources typically used
for the illumination of LCD displays. The polarization extinction
ratio as well as the transmitted p-pol light power achieved in the
current h-CPP design, could be increased by the use of more
uniform deposition methods such as atomic layer deposition or
high-power pulsed magnetron sputtering.**3”) In such scenario,
the optimized polarizing structure applied for display illumina-
tion could reach a polarized light emission larger than 37% of
the total incident light,? while the presented WBG perovskite
PV cells would recycle the stray light with an average efficiency
over 34%. Therefore, the combination of these elements could
reduce the power losses relative to devices that incorporate
absorbing polarizers by about 20%, as detailed in Section S4 in
the Supporting Information. However, this is not the ultimate
limit and light power losses may be reduced even more by a fur-
ther optimization of the perovskite cell, the polarizing element
and the h-CPP. Note that as opposed to other PV materials such
as, for instance InGaP, the absorption band of the perovskite
cells can be finely tuned to achieve the optimal match with the
light emission bands of the LED sources. Given the novelty and
the light recycling effect achieved, the completely novel light
management approach from the current study may set the path
for perovskite PV cell integration in many illumination or optoe-
lectronic systems to enhance energy efficiency while preventing
energy dissipation.

5. Experimental Section

Inverse Design for the Optimization of the Polarizing Multilayer Structure:
To describe the light propagation in the modified h-CPP ray optics are

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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combined, for light propagation in the core of the h-CPP, with a full wave
vector approach implemented using the transfer matrix method, for light
propagation within the thin layers of the reflective polarizer. The optimal
layer thicknesses for each layer of such polarizer were determined by an
inverse design approach, using a genetic algorithm, in order to minimize
the polarization extinction ratio (i.e., to maximize the ratio between the
p- and s-polarized light transmitted out of the h-CPP) for three different
wavelengths, corresponding to the blue (450 nm), green (532 nm), and
red (635 nm) emission of LEDs. A more detailed explanation on the
inverse design simulations can be found in ref. [24].

Modified h-CPP Fabrication and Characterization: The h-CPP was
fabricated on a transparent polymer (OrmoComp, Micro Resist
Technology GmbH) by drop casting it onto a metallic mold patterned
with the negative periodic geometry. Then, a glass substrate was
deposited on top of the liquid polymer and when the polymer had
completely contacted the substrate surface it was cured under UV light
for 5 min. The metallic mold was removed and the hardened polymer
was exposed to UV light for 10 more minutes. The samples were then
annealed to 135 °C on a hotplate for 10 min and placed on a vacuum
oven at 150 °C for 3 h. The multilayer structure was fabricated on the
h-CPP alternating TiO, and SiO, layers on the periodic surface of the
h-CPP employing reactive magnetron sputtering. The TiO, layers were
fabricated using a Ti target (Lesker, 99.97%) and DC power at 275 W
in an atmosphere with a 4.5 sccm flux of O,. The SiO, layers were
deposited using a Si n-type target (Lesker, 99.999%) and radio-frequency
power at 120 W in an atmosphere with a 2.16 sccm flux of O,. All the
processes were carried out at 3 mTorr of pressure and Ar as sputtering
gas at 20 sccm. The deposited thickness was measured with a quartz
balance and the shutter was closed when the nominal thickness was
achieved. The optical characterization was carried out in a setup similar
to the one presented in Figure S2 in the Supporting Information, which
guides monochromatic light onto the aperture of an integrating sphere
where the sample is placed so the light hit the sample on the flat surface.
A polarizer was placed before the sample to polarize the incoming light.
The nonabsorptive character of the multilayer was verified by measuring
its reflectance and transmittance on a flat substrate at a given angle.

Optical Simulation of the Modified h-CPP: To simulate the light
transmitted out of the h-CPP for each of the polarization components
(Ts and Tp), a similar description for the light propagation, combining
ray and wave optics, was considered. This time, however, the reflective
element present on the bottom was eliminated and the light was incident
from this surface instead of the lateral interface. Only few reflections of
the light were considered in this case, as it quickly exits through one of
the two fiber/air interfaces.

Perovskite PV Cells Fabrication: 1TO substrates (sheet resistance
15 Q sq7', Luminescence Technology) were cut in 30 mm X 30 mm and
cleaned with acetone and isopropanol in an ultrasonic bath for 10 min
each. The substrates were further treated with oxygen plasma for 3 min.
As hole transporting layer, a monolayer of 2PACz was deposited on the
ITO substrates by spin coating at 3000 rpm for 30 s and subsequently
annealed at 100 °C for 10 min. The 2PACz precursor solution was
prepared by dissolving 2PACz in anhydrous ethanol with a concentration
of 1 mm. The prepared solution was put in an ultrasonic bath for 20 min
before it was used. The LBG perovskite precursor solution was prepared
by mixing Pbl, (0.91 m), PbBr; (0.12 m), Csl (0.17 m), and formamidinium
iodide (FAI) (0.83 m) in a mixture of dimethylformamide:dimethylsulph-
oxide (DMF:DMSO) (4:1 v/v). The WBG perovskite precursor solution
was prepared by mixing Pbl, (0.5 m), PbBr, (0.5 m), Csl (0.18 m), and
FAl (0.83 ™) in a mixture of DMF:DMSO (4:1 v/v). The perovskite
films were spin coated on the substrates at 1000 rpm (200 rpm s for
10 s and 5000 rpm (2000 rpm s7') for 30 s. 15-20 s after the start of the
second step, 200 pL chlorobenzene (for LBG perovskite) or ethyl acetate
(for WBG perovskite) was quickly dropped in the center of the spinning
substrate. The samples were then annealed at 150 °C (for LBG) or 100 °C
(for WBG) for 30 min in a nitrogen atmosphere. For passivation, PEACI
dissolved in 2-propanol (1.5 mg mL™) was dynamically spin coated
at 5000 rpm on the perovskite films after cooling down and afterward
annealed at 100 °C for 5 min. As the electron transport layer, 23 nm of
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Ceo and 3 nm BCP were thermally evaporated at a rate of 0.1-0.2 A s
while maintaining a pressure not higher than 10 mbar. Finally, 100 nm
of Ag was thermally evaporated using a shadow mask to complete the
perovskite PV cells with 10 pixels per substrate with an active area of
24 mm?. The area was confirmed measuring the contact electrode under
an optical microscope. After the complete PV cells were fabricated, they
were encapsulated with a cover glass using UV-curable OrmoComp
resist (MicroResist Technology GmbH).

Perovskite PV Cells Characterization: The performance of the fabricated
cells under sunlight was determined using an AM1.5G solar simulator
(Sun 3000, Abet Technologies). The illumination intensity corresponding
to 100 mW cm™ was adjusted with a monocrystalline silicon reference
cell (Hamamatsu, calibration October 2014) calibrated at the Fraunhofer
Institute for Solar Energy Systems. The -V curves were then recorded
by scanning from 1.3 to —0.1 V using a Keithley 2400 SourceMeter
and a scan speed of 350 mV s™'. EQE analysis was performed using a
quantum efficiency measurement system (QEX10, PV Measurements).
In this case, the devices were illuminated using a monochromatic light
coming from a xenon lamp. The spectral response of the calibrated
silicon cell was used as a reference. The photovoltaic performance under
monochromatic sources was carried out employing a red (CPS635R,
Thorlabs), green (CPS532, Thorlabs), and blue (CPS450, Thorlabs)
collimated laser diodes modules as light sources. The beam profile and
the power emitted from each light source were previously measured
and focused to illuminate the cells with 100 mW cm= for further
measurement of the J-V curves. All the measurements were performed
in air.

Setup and Characterization of the Integrated Ensemble: The ensemble
was mounted joining the different element with an index matching fluid
(NOA 150, Norland Products) as shown in Figure 3a. The modified h-CPP
was contacted to a substrate with 150 nm of sputtered Ag deposited on
it its backside, which conformed a light guide for the nontransmitted
light. The Ag covered area had a slit of 2 mm to insert the light in the
ensemble. A prism was attached to the silver layer in order to introduce
tilted light avoiding partial reflection. Then, a sample with several
perovskite PV cells was incorporated to one end of the light guide
matching the part of one cell area with the guide thickness. To measure
the J-V under green illumination a neodymium-doped yttrium aluminum
garnet 532 nm laser (Coherent Compass) was employed and its light
was polarized. Enough s-polarized light was inserted so the J;. current
measured was similar to the one obtained under direct illumination.
Then, the same intensity of p-polarized light was inserted to measure
the J—V curve under this condition. To measure the current ratio, the CPS
sources were employed and the current under short-circuit condition
was measured for the same intensity of s- and p-polarized light.

Optical Simulation of the Perovskite PV Cells: PV cell parameters are
calculated using full-wave generalized detailed balance model based on
transfer matrix method for s- and p-polarizations for normal and oblique
light incidence, followed by optical power dissipation calculation. Details
on the optical model can be found in ref. [38].
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