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Abstract: Therise in the power conversion efficiency (PCE) of perovskite solar cells has triggered
enormous interest in perovskite-based tandem photovoltaics. One key challenge is to achieve high
transmission of low energy photons into the bottom cell. Here, nanostructured front electrodes
for 4-terminal perovskite/crystalline-silicon (perovskite/c-Si) tandem solar cells are developed by
conformal deposition of indium tin oxide (ITO) on self-assembled polystyrene nanopillars. The
nanostructured ITO is optimized for reduced reflection and increased transmission with a tradeoff
in increased sheet resistance. In the optimum case, the nanostructured ITO electrodes enhance
the transmittance by ~7% (relative) compared to planar references. Perovskite/c-Si tandem
devices with nanostructured ITO exhibit enhanced short-circuit current density (2.9 mA/cm?
absolute) and PCE (1.7% absolute) in the bottom c-Si solar cell compared to the reference. The
improved light in-coupling is more pronounced for elevated angle of incidence. Energy yield
enhancement up to ~10% (relative) is achieved for perovskite/c-Si tandem architecture with the
nanostructured ITO electrodes. It is also shown that these nanostructured ITO electrodes are also
compatible with various other perovskite-based tandem architectures and bear the potential to
improve the PCE up to 27.0%.
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1. Introduction

During the last decade, organo-metal halide perovskite solar cells (PSCs) have witnessed a
remarkable enhancement in the power conversion efficiency (PCE), surpassing 25% to date [1].
Perovskite thin-films possess excellent opto-electronic properties for photovoltaics, namely high
absorption coefficient and long carrier diffusion length [2,3]. Additionally, their bandgap can be
tuned by compositional engineering of the perovskite crystal components [4]. This feature makes
PSCs versatile candidates for tandem devices in conjunction with low-bandgap single-junction
crystalline-silicon (c-Si) or copper indium gallium diselenide (CIGS) solar cells. Although the
theoretical limit in the PCE of perovskite/c-Si tandem solar cells is 45.3%, real prototype devices
fall far short of this limit and the PCE of these current state-of-the-art tandem solar cells is still
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< 33% [5-13]. This is due to a variety of optical and electrical losses such as reflection losses
at the interfaces, reduced transmission of the top cell due to the parasitic absorption within the
layers, non-radiative recombination losses at the interface of the charge carriers and poor fill
factors (FF) due to imperfect charge transport [14—18].

A number of light management concepts have been investigated in order to overcome the
optical losses for both perovskite-based tandems and single-junction PSCs [14]. Micron-scale
textures at the front side of two-terminal (2 T) and four-terminal (4 T) device architectures have
demonstrated to reduce the reflection losses, improving the light in-coupling and light trapping
as well as enhancing the transmission of the low energy photons through the top solar cell into
the bottom solar cell [8,9,14,19-22]. Excellent light harvesting was demonstrated in textured
2T perovskite/c-Si tandem solar cells with PCE exceeding 25% using a fabrication process
of the perovskite absorber layer that involved both co-evaporation and spin coating deposition
techniques [19]. An alternative strategy, mostly employed so far in 4 T architectures having front
planar surfaces, but also compatible with 2 T, makes use of retroreflector-inspired micron-scale
pyramidal structures or micro-textured foils at the front side of the transparent cover of the device
[8,9,20,22]. These micro-textures reduce the reflection losses of the incident light by multiple
interactions with the textured surface, which increases the probability for light in-coupling [23,24].
Further improvements are also possible through retroreflections of well-designed micro-textures
[25]. Exceptional device performance with PCE exceeding 26% was demonstrated by these
textures [8]. Next to micron-scale textures, nano-scale textures have also been demonstrated to
improve light in-coupling and light trapping in PSCs [26-37]. To date they have been mostly
implemented in opaque PSCs, however, the concepts are widely transferable to semi-transparent
PSCs and tandem architectures. The prototyped nano-scale textures encompass nanophotonic
front and rear electrodes, patterned charge transport and active perovskite layers, as well as
corrugated substrates [28—37]. The patterned active layers enhance the coupling of light into
quasi-guided modes in the active medium, thus improving the absorption. The rear electrode
improves absorption of light through scattering and surface plasmonic resonance excited by the
corrugation [32]. In regard to nanophotonic front electrodes, proposed textured surface reduces
the reflection losses by introducing an effective refractive index medium, thus suppressing the
Fresnel reflection losses [30,33]. The nanophotonic front electrode is of particular interest
as it not only textures the transparent conductive oxide (TCO) but also the electron transport
layer (ETL) and the perovskite absorber layer. Thus, texturing the TCO promises to reduce
the reflection losses of 5-20% at the glass/ITO/ETL/perovskite interfaces, which is mostly due
to the change in the optical indices at the various interfaces. Previously, patterned ITO with
periodic structures demonstrated enhanced short-circuit current density (Jsc) of 5% (relative),
leading to an enhancement in PCE of ~3% (relative) compared to planar reference devices [30].
In another study, Khan et al. developed ITO films atop periodically corrugated substrate and
demonstrated excellent optical transmittance over both the visible and near-infrared ranges [38].
This work was carried out with stand-alone configurations; therefore, the beneficial impact of
nanostructured front electrodes with improved optical properties is still to be tested in functional
semi-transparent PSCs and perovskite-based tandem photovoltaics.

In this study, nanostructured ITO (NS ITO) electrodes are developed aiming to reduce the
reflection losses at the glass/ITO/ETL/perovskite interfaces. Nanostructured front electrodes are
optimized that demonstrate enhanced light in-coupling and transmission over a wide spectral
range. Semi-transparent PSCs fabricated on these nanostructured electrodes are combined
with c-Si bottom solar cells to form 4 T tandem architectures, which exhibit enhanced current
generation and PCE compared to planar references. In addition, the 4 T PSC/c-Si tandem solar
cells using nanostructured front electrodes show improved angular stability of light in-coupling,
leading to an enhanced annual energy yield.
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2. Experimental

2.1. Device fabrication

For the fabrication of semi-transparent PSCs, 16 mm x 16 mm glass substrates were cleaned
using ultrasonic baths of acetone and isopropanol for 10 min each. Afterwards, the samples
were cleaned with deionized water for 20 s and dried with N,. The polystyrene nanopillars were
fabricated with polymer blend lithography. A schematic (see Fig. 4) of the various steps in
the fabrication process is illustrated in the appendix. A blend of polystyrene (PS, molecular
weight: 3.25k, Sigma Aldrich) and poly(methyl methacrylate) (PMMA, molecular weight: 5.50Kk,
Sigma Aldrich) dissolved in methyl ethyl ketone (MEK, Sigma Aldrich) solvent in a mass ratio
of 4/6, 15 mg/ml concentration was used. In order to dissolve the mixture quickly, the solution
was placed on a hot plate at 100 °C for an hour. Then, a 40 pl aliquot was spin-coated onto the
glass substrate at a speed of 3000 rpm for 30 s (humidity ~45%). After the spin coating, the
samples were exposed to O plasma for 30 s at a power of 50 W. The sample was then developed
using acetic acid (concentration of 99%, Alfa Aesar) that removed the PMMA. The ITO layers
were sputtered using a Kurt J. Lesker PVD-75 thin film deposition system. For the deposition
of ~135nm ITO, the following parameters were used: power = 50 W, temperature =25 °C,
deposition time = 2000 s, pressure = 0.8 mTorr, and O, partial pressure =2.5%. The samples
were annealed for 30 min at 200 °C on a hot plate that improved both the transmission and the
conductivity. SnO;-np (Alfa Aesar) was spin-coated at a speed of 4000 rpm for 30 s, followed
by an annealing step at 200 °C for 30 min in air. The SnO,-np solution was obtained after
diluting it to a concentration of ~2.5% from an original concentration of 15%. For the batch 1, a
~400 nm perovskite absorber layer was deposited by an anti-solvent approach. The perovskite
absorber solution was prepared from the precursors of methylammonium bromide (MABr, Great
Cell Solar), formamidinium iodide (FAI, Great Cell Solar), lead iodide (Pbl,, TCI) and lead
bromide (PbBr;, TCI) in 0.2 M, 1 M, 1.1 M, and 0.2 M, respectively, dissolved in the solvent
ratio 4:1 of N,N-Dimethylformamide (DMF, Sigma Aldrich) and dimethyl sulfoxide (DMSO,
Sigma Aldrich). 88.9 uL of CsI (Alfa Aesar) solution (1.5 M in DMSO) was added to form
Cso.1(MAy.17FA(.83)0.9Pb(Io.83Brg.17)3. The absorber layer was obtained by spin coating in a
two-step process: (1000 rpm for 10 s and 6000 rpm for 20 s). During the second spin coating
step, chlorobenzene (Sigma Aldrich) was released as the anti-solvent, 5—7 s prior to the end
of the step. The samples were annealed at 100 °C for 1 h inside the glovebox. For the batch 2,
FA¢71MA29Pbl, g7Brg 13 perovskite was deposited. Lead iodide (Alfa Aesar) was spin-coated
from a 1.2 M solution in DMF:DMSO (19:1) at 1500 rpm for 30 s in a nitrogen filled glovebox.
Subsequently, the substrate was heated to 70 °C for one minute. Then, a solution containing
FAI, MABTr, and methylammonium chloride (Dyesol) in a concentration of 60 mg/ml, 6 mg/ml,
and 6 mg/ml respectively, was spin-coated at 1300 rpm for 30 s in nitrogen atmosphere followed
by 15 minutes of annealing at 150 °C under ambient conditions. For the ~200 nm thick hole
transport layer, 2,2°,7,7’-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’ -spirobifluorene (spiro-
MeOTAD, Lumtec) solution (80 gm in 1 ml of chlorobenzene, doped with 17.5 ul of lithium
salt solution and 28.5 ul 4-tetra-butylpyridine (Sigma Aldrich) was spin-coated at 4000 rpm
for 30 s inside the glovebox. The lithium salt solution was prepared from 520 mg of lithium
bis(trifluoromethanesulfonyl) imide (Sigma Aldrich) in 1 ml acetonitrile (Sigma Aldrich). The
substrates were exposed for the oxygen doping for at least 12 h in a dry box (25-30% humidity).
10nm of MoOx (Sigma Aldrich) was evaporated using Lesker Spectros PVD system at a
rate of 0.8 A/s at 6 x 10~ mbar pressure. The ~150 nm thick ITO electrodes were sputtered
with the following parameters: power= 50 W, temperature =25 °C, deposition time = 2300 s,
pressure = 0.8 mTorr, and O, partial pressure = 2.5%. The active area of the fabricated cells is
10.5 mm?.
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For the fabrication of c-Si solar cell, a shiny-etched 6-inch p-type Floatzone (FZ) silicon wafers
was used with a base resistivity of 1.5 Qcm and a thickness of 300 um as substrate material
and 27 small cells with an active cell area of 7.6 x 15.5 mm? on each wafer was fabricated
mostly following the cell process in Ref. [39,40]. After growing a ~2.1 nm thin thermal silicon
dioxide layer in a tube furnace, undoped amorphous silicon (a-Si) was deposited on both sides by
using low pressure chemical vapor deposition (LPCVD). Hereafter the front (rear) side of the
wafer received a blanket phosphorus (boron) implantation, followed by a masked phosphorus
implantation on the rear. The latter locally overcompensated the boron in an interdigitated pattern
with a pitch of 950 um. For the masking of the phosphorus implantation, a sputtered dielectric
layer was patterned by inkjet-printed hotmelt wax and a subsequent wet-chemical etching. After
removal of the dielectric implant mask, high temperature treatment for the formation of the POLO
junctions was performed at 1035 °C for 60 min. During this step, a thick SiO, layer was grown
on top of the poly-Si by wet thermal oxidation. Subsequently, this SiO, layer was again patterned
via inkjet printing on the rear, and removed from the front side of the wafer. The remaining SiO,
on the rear acts as etching barrier for a subsequent texturization process, which yields a textured
front side and a separation of n* and p* poly-Si regions by a textured trench. After removing the
SiO; mask, the cell precursors were passivated with an AlOx/SiNy double layer on both sides.
The SiNx layers have a refractive index of 2.4 and a thickness of about 60 - 70 nm on the front and
30 nm on the rear side. On the front side, the AlOx/SiNy anti-reflection coating was optimized
for the integration in a 4 T tandem cell by stacking top and bottom cell with epoxy [41,42]. A
significant loss in short-circuit current density (/sc) due to reflection and parasitic absorption in
the SiNx layer is expected, if the bottom cell is measured as a single-junction cell under AM
1.5G conditions. In order to optimize the infrared response of the bottom cell, a 200 nm-thick
silicon dioxide layer was deposited on the rear side using plasma-enhanced chemical vapour
deposition (PECVD). Dielectric layers were created via contact openings in the rear side by
selectively laser ablating the SiOz/SiNy layer stack from the poly-Si. Subsequently, the A1Ox
was removed using a short HF treatment prior to aluminum metallization of the rear side by
vacuum evaporation in an industrial high-throughput tool from Applied Materials. A self-aligned
RISE contact separation and cleaving the cells from the substrate completed the cell process.

2.2. Characterization

The solar cells were characterized using a class AAA Newport solar simulator (xenon lamp). The
measurements for the PSCs were carried out under AM 1.5G conditions for open-circuit voltage
(Voc) to short-circuit current density (Jsc) and Jsc to Voc at a fixed rate of 600 mV/s using a
Keithley 2400 source meter. The temperature (25 °C) of the PSC was controlled actively using a
Peltier element control circuit. The top PSCs were measured with an aperture area of 5.6 mm?.
The c-Si solar cell was measured either stand-alone or under the filters of planar ITO-PSC and
NS ITO-PSC prepared during the fabrication of the solar cells. A schematic of the layer stacks in
the tandem measurement setup is depicted in Fig. 5 in the appendix. The perovskite filters have
the same structure and optical properties as that of the semitransparent perovskite solar cells. No
additional material was used as a spacer between the top PSC filters and the bottom c-Si solar
cells. Therefore, an air gap remains between the sub-cells. For the c-Si measured stand-alone or
measured under the filters, a shadow mask is used with an aperture area of 72 mm?Z. The final PCE
of the 4 T tandem configuration was obtained by the addition of the top PSC PCE to the bottom
c-Si solar cell (under the different filters) PCE. Cross-sectional scanning electron microscopy
was performed using a Zeiss Crossbeam 1540 EsB scanning electron microscope. Focused ion
beam with a gallium source was used for creating a cut through the entire sample. 1-2 keV was
typically used for capturing an image. The transmittance and reflectance measurements were
performed using a PerkinElmer Lambda 1050 spectrophotometer. External quantum efficiency
(EQE) measurements were performed using Bentham PVE300 system. A chopping frequency of
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around 930 Hz with an integration of 500 ms was used to obtain the spectra. The devices were
not subjected to any pre-conditioning.

3. Results and discussion

The nanostructured front electrodes are fabricated by processing self-assembled polystyrene
nanopillars on a glass substrate using polymer blend lithography [43] and by the subsequent
sputter deposition of the ITO electrode forming the nanostructured ITO (NS ITO). Due to the
predominantly conformal growth of the ITO, corrugated ITO nanostructures are obtained (see
Fig. 1(a)). Further details about the optimization of the NS ITO electrodes are described
later in section 3.2. As a reference, planar ITO electrodes of the same thickness (~135 nm) are
fabricated (see Fig. 6). The architecture of the PSC deposited on these electrodes consists
of SnO,-np, Csp.1(MAy.17FA0.83)0.9Pb(I9.83Br¢.17)3, spiro-MeOTAD, MoOyx, and an ITO rear
electrode. More details on the fabrication sequence are given in the experimental section.
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Fig. 1. (a) Cross-sectional scanning electron microscopy image of the semi-transparent
perovskite solar cell fabricated on nanostructured ITO. Schematic of an air gap and a bottom
c-Si solar cell is also illustrated. (b) Transmittance 7, reflectance R and absorptance A
for planar and nanostructured ITO based semi-transparent perovskite solar cell filters. (c)
External quantum efficiency (EQE) and (d) Current density - voltage J-V characteristic of
the perovskite solar cells with nanostructured ITO, perovskite solar cells with planar ITO,
stand-alone c-Si solar cell, and c-Si solar cell measured below planar and nanostructured
ITO perovskite solar cells.

3.1.

The semi-transparent PSC fabricated on optimized NS ITO electrode exhibits reduced light
reflection at the front interface along with improved light in-coupling within the layers (see

Photovoltaic performance
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Fig. 1(b)). In comparison to the planar ITO reference electrode, the interferences in transmittance
and in reflectance spectra are reduced, resulting in an improved optical response for the NS
ITO electrode. For the top PSC, this translates into an enhanced EQFE over a broad spectral
range, from 450 nm to 780 nm (see Fig. 1(c)). The poor EQE response up to around 350 nm is
attributed to the parasitic absorption from ITO. The additional discrepancy between the EQE
and the absorptance in the wavelength range 650 nm — 780 nm is might be related to parasitic
absorption within the layer stack. Overall, an improvement of ~2% (relative) in the Jgc is
achieved for the PSC using the NS ITO electrode (NS ITO-PSC), leading to a PCE of 15.9%
(see Fig. 1(d)) for the champion device. The statistics of 6 samples fabricated in two separate
batches for two different bandgaps depicts a consistent improvement in the Jsc (see Fig. 7 and
compare Figs. 1(c)-1(d) and Fig. 8). The small improvement in the Jgc for the top PSC is
due to a minor reduction of the reflection losses above the bandgap of the perovskite absorber,
which accounts to only 0.6 mA/cm?. Even though the Jgc is improved, a reduction of ~40mV in
the Voc is observed. Time-resolved photoluminescence measurements confirm that the lifetime
of the charge carriers is reduced for the NS ITO-PSC, implying an increased non-radiative
recombination (see Fig. 9) at the NS ITO/SnO;-np or SnO,-np/perovskite interface. Next to
the Voc, the FF would also be impacted by the increased non-radiative recombination. As a
consequence, the PCE of the semi-transparent NS ITO-PSC is reduced compared to the planar
reference PSC (planar ITO-PSC). Due to the apparent hysteresis in the J-V characteristics of the
PSCs (see Fig. 10), the PCE of both NS ITO-PSC and planar ITO-PSC are measured under
constant illumination and at constant voltage near the maximum power point to estimate the
real performance of the solar cells. It is observed that the NS ITO-PSC shows stable device
performance similar to the planar ITO-PSC, leading to a PCE of ~15% at the end of 5 min (see
Fig. 11).

Having demonstrated stable performance in power output of the NS ITO-PSC, the prospects
of mechanically-stacked 4 T perovskite/c-Si tandem solar cells are studied. Therefore, filter
of semi-transparent NS ITO-PSCs and planar ITO-PSCs are stacked (without any additional
material as a spacer) on top of an interdigitated back contact (IBC) c-Si solar cell (stand-alone
PCE of 21.8%, schematic shown in Fig. 12) that has an optimized anti-reflection coating for the
4T tandem configuration. In the 4 T NS ITO-PSC/c-Si tandem configuration, the c-Si bottom
solar cell yields a PCE of 8.5% (c-Si: NS in Fig. 1). Compared to the planar reference, an
increase in absolute PCE of 1.7% is achieved. The overall PCE of the NS ITO-PSC/c-Si tandem
solar cell is 24.4% (see Table 1). The improvement in the PCE of the c-Si bottom solar cell with
the NS ITO compared to the planar reference is a result of enhanced transmittance due to the
reduced reflectance and absorptance of the low energy photons (see Fig. 1(b)). Thus, the EQE is
enhanced for the entire range of wavelengths (780 nm — 1200 nm), leading to an enhancement in
Jsc up to 2.9 mA/cm? (~23% relative) in the bottom c-Si solar cell using the N'S ITO electrode.
In this range, the haze in the transmission of the NS ITO electrode stands ~1% and hence, the gain
is mostly achieved through better light in-coupling (see Fig. 14). The improvement in the sum of
Jsc generated by the top and the bottom cell is relatively ~10% higher for the NS ITO-PSC/c-Si
tandem solar cell compared to the planar ITO-PSC/c-Si. This exceeds the enhancement observed
by Jaysankar et al. (3.2% relative) in 4 T perovskite/c-Si tandem modules, which incorporated
an inverted pyramidal micro-texture at the air/glass interface [22]. Nevertheless, compared to
the planar ITO-PSC/c-Si tandem solar cell, the PCE of the NS ITO-PSC/c-Si tandem solar cell
is enhanced only by 0.5% absolute, which is due to the lower V¢ and the FF of the top NS
ITO-PSC compared to the planar ITO-PSC as mentioned before.

It should be noted that NS ITO electrode promises to improve the Jgc for both the sub-cells
even though the overall improvement in the PCE for the investigated devices is minor. Therefore,
in order to evaluate the potential of the NS ITO electrode in terms of 4 T tandem architecture, a
brief analysis is performed to estimate the PCE. This analysis considers a similar Voc and FF
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Table 1. Photovoltaic parameters of the perovskite solar cells with nanostructured ITO, planar ITO,
stand-alone c-Si solar cell, c-Si solar cell measured below planar and nanostructured ITO perovskite
solar cells and perovskite/c-Si tandem configurations.

Parameters/ 4T Planar 4TNS
Device Planar NS c-Si: c-Si: c-Si: ITO-PSC/c-Si  ITO-PSC/c-Si
Architecture ITO-PSC ITO-PSC  stand-alone Planar NS tandem tandem
Voc (V) 1.12 1.08 0.70 0.67 0.67 -
Jsc (mAcm™2) 19.6 20.0 38.9 12.8 15.7 -
FF 0.78 0.73 0.80 0.80 0.80 -
PCE (%) 17.1 15.9 21.8 6.8 8.5 23.9 24.4
SPCE (%) 16.0 15.0 - - - 22.8¢ 23.5¢

“The stabilized power conversion efficiency (SPCE) for 4 T tandem architectures is calculated from the PCE of the top
semi-transparent PSC (after 5 min) and the PCE of the bottom c-Si solar cell at the maximum power point.

for the NS ITO-PSC as the planar ITO-PSC and no hysteresis. Therefore, the PCEs of the NS
ITO-PSC and planar ITO-PSC are 17.4% and 17.1%, respectively. Furthermore, the influence of
the bottom solar cell’s EQFE response is also studied by weighting the EQFE of the bottom cell
with the transmission of the top PSC. For this, the c-Si solar cell with a reported PCE of 26.1% is
considered that has an enhanced EQE (compared to this work) for the entire wavelength range
300 nm — 1200 nm [44]. Table 2 summarizes the calculated Jgc and the potential PCE for the
c-Si (this work), c-Si from Ref. [44] (labelled as Cell A), as well as a CIGS solar cell from Ref.
[45] (labelled as Cell B), both in stand-alone and 4 T tandem configuration. Since, the EQE of
the Cell A is enhanced below the bandgap of the top PSC (compare Fig. 1(c) and Fig. 13(a)
solid lines) compared to the c-Si (this work), a higher Jsc (3.2 mA/cm?) is achieved, leading to a
filtered bottom Cell A PCE of 9.5% compared to 8.5% of c-Si (this work). Therefore, with the
NS ITO-PSC, the potential PCE is increased to 27.0%, 1.1% absolute higher than the potential
PCE of 25.9% for c-Si (this work). In the case of planar ITO-PSC, the calculated potential PCE
is only 24.9%, which is 1.2% lower compared to the stand-alone PCE of Cell A. Thus, these
calculations lay down two critical requirements of the 4 T tandem architecture: (i) a bottom solar
cell with enhanced EQEF response below the bandgap of the top PSC should be considered, so as
to maximize the PCE of the tandem architecture, and (ii) the transmission of the top cell must be
high (which is obtained by the NS ITO electrode and not by the planar ITO electrode) so that
the Jsc of the bottom cell is improved and the PCE of the tandem architecture is higher than
the stand-alone PCE of the sub-cells. In the case of Cell B as the bottom solar cell, a slightly
reduced potential PCE of 25.2% is achieved, which is due to the higher bandgap and a weaker
EQE response of the CIGS than the c-Si (this work) for wavelengths 800 nm — 1200 nm. In
summary, for all the cases, the NS ITO based devices bear the potential to surpass the stand-alone
PCE of the bottom cells as well as the PCE of the planar ITO tandem architectures.

3.2. Opto-electronic properties
3.2.1. Opto-electronic properties of the optimized nanostructured ITO electrode

In this section, the properties of the optimized glass/NS ITO electrode layer are discussed to
further understand the improved performance of the NS ITO-PSC/c-Si tandem solar cell. Atomic
force microscopy (AFM) image of NS ITO electrode and the SEM image show that the ITO
surface exhibits the nanostructures induced by the uniformly distributed PS nanopillars (see
Fig. 2(a) and Fig. 15(b)). The size distribution derived from the AFM image shows that the
diameter of the optimized nanostructures varies between 25 nm - 300 nm (see Fig. 2(d)) and
the average inter-distance between the nanostructures is ~210nm. The average height of these
nanostructures is ~130nm (see Fig. 16). These tall features along with the subwavelength
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inter-distance between the nanostructures induces an effective gradual matching of the refractive
indices (ngGjass = 1.51; nps = 1.59; nito = 1.81 at 600 nm), which reduces the reflection losses
compared to a planar and homogeneous front electrode. Moreover, in a different experiment, it
is observed that the transmission of the NS ITO electrode is higher than both the planar ITO
electrode and planar PS layer sandwiched between the glass and ITO (labelled as planar PS ITO
in Fig. 17). Hence, the optimized NS ITO electrode exhibits significantly reduced reflection
and improved transmission for a broad range of wavelengths (see Fig. 2(e)). Compared to the
planar ITO electrode, the integrated transmittance weighted by the air mass 1.5 global (AM 1.5G)
spectrum between 300 nm - 1200 nm is ~7% relative higher for the NS ITO electrode. Therefore,
an improved Jsc (~10% relative) is achieved in the tandem solar cell with this optimized NS
ITO electrode. The difference in the relative improvements between the integrated transmittance
of the bare NS ITO electrode and the Jsc of the semi-transparent NS ITO-PSC is attributed to
the difference in the optical response of the thin-film layer stacks. The increased sheet resistance,
R (see Fig. 2(f)) of the optimized NS ITO electrodes (73 ohm/sq) compared to the planar ITO
electrode (27 ohm/sq) can be attributed to the increased thin-film area or a possible increased
number of grain boundaries reducing the mobility of charge carriers. Furthermore, cracks appear
in the ITO between the nanostructures, which may also increase the sheet resistance (compare
Fig. 1(a) and Fig. 6) [46]. Nevertheless, the series resistance (Rg) in the J-V characteristic
of the PSC is only slightly affected (Rs of planar ITO-PSC: 70.2 Q2 and NS ITO-PSC: 81.4 Q),
indicating that the decreased conductivity is not too severe. Overall, these results suggest that NS
ITO electrodes are very promising optically for the application in PSCs and tandem photovoltaics.
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Fig. 2. Influence of the nanostructure array morphology on the opto-electrical properties of
the NS ITO electrode. (a-c) Atomic force microscopy (AFM) images of the nanostructured
ITO electrode for average inter-distance between the nanostructures of (a) 210 nm — optimized,
(b) 310 nm and (c) 550 nm. (d) Statistical analysis of the diameter of the nanostructures in the
optimized nanostructured ITO electrode derived from AFM measurement. (e) Transmittance
T and reflectance R, and (f) sheet resistance (Rgy,) of the planar ITO electrode and the NS
ITO electrode for average inter-distance between the nanostructures of: 210 nm, 310 nm and
550 nm.

3.2.2. Influence of the average inter-distance between the nanostructures

The previous section presented so far illustrates the properties of the optimized NS ITO electrode
and to provide a deeper insight into the key morphological parameter that influences the optical
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and the electrical properties, a more systematic analysis is performed on the effect of the
average inter-distance between the nanostructures. For this purpose, the average nanostructure
inter-distance is varied experimentally between 210 nm and 550 nm (see Figs. 2(a)-2(c)), at the
same time ensuring a similar average height of the nanostructures (110 nm - 135 nm). The various
configurations of the NS ITO are obtained by altering the polymer blend mixture. Reducing the
mass ratio of PS in the blend mixture leads to an increase in the average inter-distance between
the nanostructures from 210 nm to 310 nm (see Figs. 2(a)-2(b)). By increasing the molecular
weight of the PS, the average nanostructure inter-distance is further increased to 550 nm (see
Figs. 2(b)-2(c)) [47]. It is observed that the average diameter of the nanostructures is also
increased upon increasing the average nanostructure inter-distance. In terms of optical properties,
a gradual increase in the reflection loss for wavelengths between 300 nm and 700 nm is observed
for increased average nanostructure inter-distance (see Fig. 2(e)). Moreover, the transmission is
significantly reduced. Thus, in this study, prototype NS ITO-PSCs are only fabricated for the
smallest inter-distance that achieved the highest transmission. As mentioned earlier, the sheet
resistance is also influenced with the addition of the nanostructures. In contrast to the optical
transmission which suffers upon increased average inter-distance between the nanostructures, the
sheet resistance Ry, on the other hand, is significantly reduced (see Fig. 2(f)). Therefore, for
better conductivity, increased average inter-distance between the nanostructures is preferable. It
should be noted that for small area PSCs, the increased Ry, notably does not affect the solar cell
performance, and as a result smaller average nanostructure inter-distance would still be desired to
achieve a higher transmission. However, for perovskite-based tandem mini-modules [22], where
the aperture area is in the order of hundreds of mm?, the increased Ry, would substantially affect
the fill-factor and hence, the device PCE. Therefore, in order to improve the electrical properties
of the NS ITO electrode for perovskite-based tandem modules, further investigation is required.
Possible solutions are discussed in the section 4.

3.3. Influence of incidence angle of irradiation and energy yield analysis

The key figure-of-merit for photovoltaic research is the PCE, which is determined under standard
test conditions (normal incidence, temperature of 25 °C, AM 1.5G spectrum). In real world
applications, solar cells experience very different irradiation conditions, given the daily and
seasonal variations of the solar spectrum, weather dependent varying ratio of direct and diffuse
light, and changes in the angle of incidence (AOI). In particular, nanostructured solar cells and
tandem solar cell architectures are suspected to exhibit a strong angular selective response, which
will impact the real world performance and the energy yield [48]. For these reasons, the influence
of incidence angle on the current generation of the NS ITO-PSC/c-Si tandem architecture is
investigated (see Fig. 3(a) and Table 3) [48]. The normalized Jsc derived from the EQE
measurements shows that at oblique angles (AOI =20°, 40° and 60°), the currents of the two
sub-cells in the NS ITO-PSC/c-Si tandem solar cells are higher than those in the planar reference
case. At AOI=60°, the absolute gain in the Jsc is 3.7 mA/cm?. With respect to the normal
incidence, this gain corresponds to an improvement in the Jgc by 0.4 mA/cm? absolute. It should
also be noted that at oblique AOI, the enhancement in Jgc of the top PSC with NS ITO electrode
is minor, but it is more pronounced in the bottom c-Si solar. At an AOI =60°, an enhanced EQE
and significantly reduced interference fringes are observed in the bottom c-Si solar cell filtered
with the NS ITO-PSC compared to the planar ITO-PSC (see Fig. 18). These observations are in
good agreement with the direct transmission of planar ITO-PSC and NS ITO-PSC carried out for
a different set of samples as shown in Fig. 19. Overall, the angle dependent study implies that
the NS ITO-PSC/c-Si tandem configurations enable improved current generation, both at normal
and at oblique AOL. In order to quantify this improvement in terms of energy yield, an in-house
simulation framework is used to determine the power output of the tandem solar cells under
realistic irradiation conditions. The framework uses the irradiance based on meteorological data
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for various locations in the United States of America and the external quantum efficiency data of
the inspected device architecture to determine the electrical characteristics and thus, predict the
energy yield. More details on the methodology can be found in Ref. [48-50]. For an optimal tilt
of the solar cells, the measured optical and electrical characteristics of the NS ITO-PSC/c-Si
and planar ITO-PSC/c-Si tandem configurations are calculated for different locations in various
climatic zones. In order to decouple the effect of improved EQFE from the overall PCE of the
device and to investigate the overall potential of the NS ITO electrode on the energy yield
only, the electrical properties (Voc, Jsc and FF) of the top cells are assumed to be the same.
Irrespective of the locations, the energy yield in the tandem solar cells is higher than the individual
single-junction solar cells (see Fig. 3(b)). The relative enhancement in energy yield for the NS
ITO-PSC/c-Si tandem solar cell is + 10% than the planar ITO-PSC/c-Si. It should be noted that
this enhancement surpasses the enhancement in PCE measured at standard test conditions (see
Table 1), due to an excellent angular selective response of the NS ITO-PSC/c-Si as discussed
earlier. More details about the hourly variation of the output power is shown in Fig. 20. The
output power of the individual solar cells as well as the relative gains are depicted for a particular
day (January 3rd) on an hourly basis. In comparison to the planar reference case, the two sub
cells of the NS ITO-PSC/c-Si tandem solar cell generate higher output power during the entire
day. The relative gain in the power output of the bottom c-Si solar cell with the NS ITO-PSC
is significantly higher and over 35%, both during the sunrise and the sunset with respect to the
bottom c-Si solar cell with planar ITO-PSC. This is in good agreement with the improved EQE
response observed at oblique angles in the presence of nanostructures. Overall, the energy yield
study reveals that NS ITO electrodes bear an exciting potential to improve the generated power
output of perovskite-based tandem solar cells.
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Fig. 3. (a) Normalized short-circuit current density (Jsc) of perovskite solar cells with
nanostructured or with planar ITO, and c-Si solar cell measured below planar and nanos-
tructured ITO perovskite solar cells for various angle of incidence. (b) Annual energy yield
of the perovskite solar cells with nanostructured ITO, perovskite solar cells with planar
ITO, stand-alone c-Si solar cell, and perovskite/c-Si tandem configurations for various
(representative) locations in the United States of America.

4. Outlook

This work reports on NS ITO electrodes that demonstrate improved light in-coupling in prototype
4T perovskite/c-Si tandem solar cells, resulting in a moderate improvement in the Jsc for
the top PSC and a very significant increase in Jsc of ~23% relative for the bottom c-Si solar
cell. Thereby, an alternative light management concept is introduced that bears the potential to
advance perovskite-based tandem photovoltaics compared to the established micron-scale light
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management textures and anti-reflection coating layer. In order to exploit the full potential of
NS ITO electrodes for perovskite-based tandem modules, some remaining challenges related
to: (i) Voc loss, (ii) upscaling, and (iii) transferring the texture to the glass substrate should
be addressed. With regard to the V¢ loss, an alternative strategy must be explored in the
fabrication of the PSCs to improve the NS ITO/ETL/perovskite interface. Thermal evaporation of
the ETL can be investigated as an alternate method to deposit the ETL [51]. Next, the deposition
conditions of the ITO must be optimized to avoid formation of cracks in the NS ITO electrode,
which may have resulted in increased sheet resistance for smaller inter-distance between the
nanostructures. Alternatively, metal grids can also be applied to reduce the sheet resistance as
discussed in Ref. [9,14]. Both of this would be of high importance for the upscaling of the active
area in the PSCs and deployment in real 4-terminal perovskite/c-Si tandem solar cell modules.
Furthermore, different strategies should be employed to transfer the nanostructures in the glass
substrate [52,53], thus circumventing the usage of PS, which limits the processing temperature of
the PSC [54] and long-term stability. Moreover, optical simulations should also be employed to
optimize the geometry of the nanostructures, to further minimize the losses and improve both
light in-coupling and transmission of top PSCs.

5. Conclusion

In this contribution, NS ITO electrodes for perovskite/c-Si tandem solar cells are developed
by sputtering ITO on self-assembled polystyrene nanopillars. NS ITO of various average
nanostructure inter-distances are fabricated and optimized for reduced reflectance and increased
transmittance, with a tradeoff in the increased sheet resistance. In comparison to the planar
ITO electrodes, the optimized NS ITO electrodes reduce the front side reflectance and enhance
the optical transmittance (~7% relative) over a broad range of wavelengths (300-1200 nm).
Semi-transparent PSCs fabricated on top of the NS ITO depict an increase in the Jsc of ~2%
(relative), nevertheless a reduction in the Voc and the FF are observed. However, improved
transmission is observed for the low energy photons that leads to an additional 2.9 mA/cm? (~23%
relative) current density in the bottom c-Si solar cell, enhancing the PCE of the bottom c-Si solar
cell by 1.7% absolute. Furthermore, with NS ITO as the front electrode, the perovskite/c-Si
tandem solar cells are more robust towards variation in the AOI of the incident light and hence, an
improved energy yield (+10% relative) is achieved. The prospective of the NS ITO is not limited
to perovskite/c-Si tandem photovoltaics, but also can be implemented in other architectures such
as perovskite/CIGS or perovskite/perovskite tandem solar cells, thus enabling advancement in
these technologies as well.

Appendix — additional figures and tables
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Fig. 4. Schematic of the fabrication of nanostructured ITO.
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Fig. 5. Schematic illustration of the measurement of bottom c-Si solar cell using semitrans-
parent filters of planar ITO-PSC and NS ITO-PSC for the 4 T tandem architecture.
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Fig. 6. Cross-sectional scanning electron microscopy (SEM) image of the perovskite solar
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112 80 18
Batch 1
2 1.10 : )
. |Eg-1.6eV B — 16
S S . -y x
< 20 - <, 1.06 £ o1 .
13 S o o
£ ES w g
= 12
19 1.02 60
1.00 10
Planar ITO-PSC NS ITO-PSC Planar ITO-PSC NS ITO-PSC Planar ITO-PSC NS ITO-PSC Planar ITO-PSC NS ITO-PSC
23 75
Batch 2 0.98 15.0
g [E-15ev 096 [l wst [
o S ey §
T2 <, 094 (3 . o 140
£ o s O
- > L 65 a
=* 0.92 135
0.90 - 13.0
2 5ianar ITO-PSC NS TOPSC Planar ITO-PSC NS ITO-PSC 60 bTanar ITO-PSC NS T0-PSC Planar ITO-PSC NS ITO-PSC

Fig. 7. Statistical distribution of short-circuit current density (Jgc), open-circuit voltage
(Voo), fill factor (FF) and the power conversion efficiency (PCE) for perovskite solar cells
(PSCs) with planar and nanostructured ITO.



Research Article Vol. 28, No. 6/16 March 2020/ Optics Express 8890 |

Optics EXPRESS , Y

(

a)
—
£
(=]
~
<
£
>
-
o
[
()
©
)
c
(0]
—
—
=]
(@]

(b)

100

Planar ITO-PSC

———NS ITO-PSC

EQE (%)

Planar ITO-PSC

——NS ITO-PSC
-25 — 0 P
00 02 04 06 08 10 12 300 400 500 600 700 800 900
Voltage (V) Wavelength (nm)

Fig. 8. (a) Current density-voltage (J-V) characteristic and (b) external quantum efficiency
(EQE) of the perovskite solar cells (PSCs) with nanostructured ITO, and PSCs with planar
ITO for Batch 2.

1t © PlanarITO (8.2 ns) |
NS ITO (5.8 ns)

——Fit (Planar ITO)

Fit (NS ITO)

0.1¢

Intensity (a.u.)

0:4 0:6 0?8 1:0 ljZ 1j4
Time (us)

Fig. 9. Time-resolved photoluminescence spectroscopy of planar ITO and NS ITO based
solar cells. During these measurements, the samples are excited with pulsed laser with
an excitation wavelength of 532 nm. It is observed that the lifetime (7) is reduced in the
presence of NS ITO, which indicates higher non-radiative recombination losses in devices
with NS ITO compared to the planar ITO.
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Table 2. The short-circuit current density and the potential power conversion efficiency (PCE) of
various bottom cells filtered with planar ITO-PSC and NS ITO-PSC.

Jsc (mA/cm?) Potential PCE (%)
Filtered Filtered Filtered Filtered Planar ITO- NS ITO-
Stand-  with Planar  with NS Stand-  with Planar  with NS PSC/bottom PSC/bottom
alone ITO ITO alone 1ITO ITO cell cell
Planar 19.6 — — 17.1¢ — — — —
ITO-PSC
NS ITO-PSC  20.0 — — 17.4¢ — — — —
¢-Si (this 38.9 12.8 15.7 21.8 6.8 8.5 23.9¢ 25.9¢
work)
Cell A (c-Si 42.6 13.2f 16.4/ 26.1 7.8° 9.6" 24.9¢ 27.0¢
[45])
Cell B 35.9 11.2/ 13.7 21.7 6.4¢ 7.8¢ 23.5¢ 25.2¢
(CIGS
[46])

“The PCE of the top semi-transparent Planar ITO-PSC and NS ITO-PSC is estimated considering the NS ITO-PSC has
the same Voc and FF as the planar ITO-PSC and no hysteresis. The following parameters are considered to calculate the
PCE for:

bCell A (c-Si) [45]: FF - 0.843; Voc - 0.697 V and

¢Cell B (CIGS) [46]: FF - 0.793; Voc - 0.716 V.

4Sum of the PCEs of Planar ITO-PSC and bottom cell.

¢Sum of the PCEs of NS ITO-PSC and bottom cell.

IThe Jsc is calculated by weighting the EQE of the stand-alone cells with the transmission of the respective filters.
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Fig. 14. Haze of planar and nanostructured ITO electrodes measured on Glass/ITO
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Fig. 15. Scanning electron microscopy (SEM) image of: (a) Planar ITO electrode and (b)
NS ITO electrode.
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Fig. 16. The vertical profile extracted from atomic force microscopy (AFM) image of three
nanostructures with representative polystyrene nanopillars coated with ITO.
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Fig. 20. Left panel: Output power estimated from energy yield for perovskite solar cell
with NS ITO (NS ITO-PSC), perovskite solar cell with planar ITO (planar ITO-PSC), c-Si
solar cell measured under planar ITO-PSC (c-Si: Planar) and NS ITO-PSC (c-Si: NS). Right
panel: The relative gains of the sub-cells in NS ITO-PSC/c-Si tandem solar cell compared
to planar ITO-PSC/c-Si tandem solar cell.

Table 3. The absolute short-circuit current density for various device architectures measured for
angles of incidence (AOI) 0° and at 60°.

. . Short-circuit current density, Jsc (mAcm™2)
Device Architecture

AOI=0° AOI =60°
c-Si: stand-alone 38.4 352
Planar ITO-PSC 18.4 17.8
NS ITO-PSC 18.9 17.9
c-Si: Planar 12.8 10.7
c-Si: NS 15.6 14.3
Total current of planar ITO-PSC/c-Si tandem solar cell 31.2 28.5
Total current of NS ITO-PSC/c-Si tandem solar cell 34.5 322
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