Design of highly efficient semi-transparent perovskite/organic tandem solar cells
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Abstract

Solar cells transparent in the visible range are highly requested for integration in see-through
photovoltaic (PV) applications such as building glass facades or green-house roofs. The development
of advanced transparent PV can fully exploit the tandem technology where the top cell absorb the
near-ultraviolet solar spectrum while the bottom the near-infrared part. In this work we consider a
possible implementation of this tandem PV paradigm, namely the tandem structure composed by a
high-band gap halide perovskite solar cell and a low-band gap organic solar cell. Electro-optical
simulation results based on parameters calibrated on experimental data shows that efficiency of 15%
can be achieved with Average Visual Transmittance above 50%. This can be obtained considering
the halide perovskite with mixed Clorine and Bromine anions, a non-fullerene based bulk

heterojunction, a well calibrated light management and a three terminal configuration of the tandem.

Introduction



Building-Integrated Photovoltaics (BIPV) represents one of the most effective and innovative
solutions capable to meet the Nearly Zero Energy Building (NZEB) policy widely promoted in the
last decades by the European Union [1]. In this context, transparent photovoltaic (TPV) technologies
offer an additional opportunity to generate electricity through see-trough glass fagades and windows.
TPV could indeed guarantee good power conversion efficiency (PCE) and average visible
transmittance (AVT) of over 50%, as often required in facades and window applications [1]. Over
the years, several TPV approaches have been proposed. The use of thin films can be exploited to
reduce the absorption in the visible range. As an alternative wavelength-selective approach, highly
efficient ultra-violet (UV) and near-infrared (NIR) photoactive materials can be employed and, in

particular, combined to reduce absorption in the visible range and consequently increase the AVT.

As fully organic semi-transparent solar cells have recently attracted great attention due to the high
efficiency reported [2]-[4], semi-transparent tandem solar cells represent a promising candidate for
new efficiency/AVT breakthroughs. In tandem structures, solar cells consisting of two or multiple
photoactive layers with different bandgaps are used to selectively absorb different wavelength regions
of the solar spectrum. Furthermore, it has been demonstrated that tandem architectures provide better
light management than single cell devices, allowing to reduce the total loss induced by reflection and
parasitic absorption [5]. To this end, the ease in bandgap tuning of a wide class of organic materials,
such as the low bandgap NIR absorbing small molecules and polymers, and of high bandgap
perovskites for UV absorption, such as methylammonium and formamidinium lead bromide/chloride
(MAPDLBr:.xClx and FAPbBrz«Clx), makes these materials suitable for semi-transparent tandem
photovoltaics applications [6]. This is demonstrated by the record efficiency of 9.8% [7] for a semi-
transparent organic solar cell (ST-OSC) based on the PTB7-Th:FOIC:PC71:BM bulk heterojunction,

and the 7.5% [8] for a FAPbBr2.8:1Clo.19 based semi-transparent perovskite solar cell (ST-PSC).

In the last decade, the PCE and AVT of semi-transparent tandem solar cells have been dramatically

improved due to the choice of innovative organic and hybrid absorbers and their optimization in terms



of thickness and coating techniques. In fact, the efficiency of 3.07% and AVT = 40% obtained by
employing low and high bandgap solid state dye sensitized solar cells (SS-DSSC) [9], have been
rapidly surpassed by fully organic tandem devices (UV-OSC/NIR-OSC) with performance increased
up to 8% and AVT = 45% [10], and more recently achieving the current record by using perovskite

and organic solar cells (UV-PSC/NIR-OSC) showing PCE = 10.83% and AVT = 52.9% [8].

In this work, we present a theoretical study of the design criteria for the realization of highly efficient
UV-NIR selective semi-transparent tandem solar cells for BIPV applications. The main objective is
to demonstrate that UV-NIR selective tandem solar cells resulting from combining PSC and OSC
allow to reach a ground-breaking PCE value of over 15% while keeping the AVT > 50%. The study
is oriented to find the best trade-off between AVT and PCE compatible with the available device
stacks and the related technology, and at the same time to preserve important features for real-life

applications such as color neutral appearance and color temperature.
Electro-optical modeling

The performance of the single-junction and tandem solar cells is estimated by electro-optical
simulations. A transfer matrix method (TMM) [11] based algorithm is used to model the

electromagnetic field in the stacked devices as
Ef Eg
] = Toa T M a2 (1)

where E; represents the incident electromagnetic field, while Ef and E represent the transmitted
and reflected field components, respectively. M; and I; ;,, are the transfer matrices describing
propagation through the i-th layer and transmission from layer j to j+1, respectively, and are given by
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where il = n, + ikand ¢; are the complex refractive index and thickness of layer j, respectively, and

7j,j+1 1S the reflection coefficient at the interface.

Given the thickness and complex refractive index (71 = n, + ik) of each of the layers, the product of
j-th material layer’s M; and interface I;;,, transfer matrices allows estimating the coherent
absorbance A(1), transmittance T(L) and reflectance R(A). The calculation of the reflected, confined
and transmitted optical field represents the key modeling step for the estimation of both the ideal
photocurrent J ., with Internal Quantum Efficiency (IQE) equal to 100%, and AVT [1], given by the

following formulas
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E(x) in EqQ. (2a) is the electromagnetic field within the active region of the solar cell, determining the
generation rate profile G(x). L is the total thickness of the active region. k and ng represent the position
and wavelength dependent extinction coefficient and refractive index, respectively, while the
integration limits Amin, Amax indicate the range of wavelengths accounted for. In Eq. (2b), the S, and
V(1) are the AM1.5 solar spectrum and photopic eye sensitivity function, respectively. For the
calculation of the AVT only the spectral range from 380-780 nm is considered. Although the TMM
provides a detailed optical description of the device, it can only provide the upper limit of the solar
cell performance, since it in fact neglects the electrical losses. For this reason charge transport
calculations are performed by using the TiberCAD multiscale simulation software [12] based on the

drift-diffusion (DD) model as given in Eq. (3a).
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Poisson’s equation (3a) determines the electrostatic potential (¢) from the total charge density (p),
while the continuity equations in (3a)(b-c) describe the carrier transport in terms of carrier fluxes
driven by the gradients of the quasi-Fermi potentials (@n, @p) and proportional to the carrier mobilities
(He, Kp) and densities (n,p). G and R represent the total net generation and recombination rates. The
first is directly extracted from TMM calculations, while the second includes the most relevant
mechanisms such as the trap-mediated (Shockley-Read-Hall) and bimolecular (radiative and
interfacial) recombination. The model allows to calculate the JV characteristic of the solar cell from
which the main photovoltaic performance parameters such as short-circuit current density (Jsc), open-

circuit voltage (Voc), fill factor (FF) and power conversion efficiency (PCE) can be readily obtained.
Results and discussion

The purpose of this work is to define the design guidelines to maximize the power conversion
efficiency of a tandem device with AVT > 50, considering also aesthetical aspects such as the color

perception by the human eye, quantified in terms of the Color Rendering Index (CRI).

We first wanted to get a better understanding of how efficiency and AVT depend on basic absorber
properties such as bandgap and shape of the absorption spectrum. To achieve this goal, we performed
TMM simulations in which the PSC and the OSC absorber are modeled by simplified rectangular
absorption spectra with variable absorption onset. To better represent realistic OSC materials, their
absorption spectra is divided into two separate bands with small variable absorption in the visible
region and high absorption in the infrared region. For the perovskite and the second OSC band, the
combination of extinction coefficient k and absorber thickness was chosen so that absorption is

saturated. The other materials in the stack are based on a typical architecture, which is compatible



with up-scaling to larger areas, and described by optical constants from the literature or our own
measurements (Figure S1). With respect to the stack, we chose the 4T architecture as the most general
one. In order to estimate efficiency values from these optical simulations, we furthermore assumed
IQE =1, FF =0.8 and a Voc corresponding to 80% of the Shockley-Queisser limit for the PSC device
aswell as IQE = 0.9, FF = 0.7 and Voc = 0.8V for an exemplary absorption cutoff of 1100 nm for the
OSC device. PCE and AVT for low (~10%) absorption in the first OPV band are displayed in Figure
1. These results illustrate the inherent tradeoff between high PCE on the one hand, which can be
obtained for PSC cutoffs corresponding to lower bandgaps and high OSC absorption in the visible
region, and high AVT on the other hand which is only possible if absorption in the visible region,
most notably between 500 nm and 600 nm, is as low as possible. Figure 1d shows in a binary plot
how exemplary values of PCE = 15% and AVT = 50 % can be achieved for the chosen parameters.
Results for higher absorption (~30% and ~50%) in the first OSC band shown in Figure S1 show that
these PCE and AVT can no longer be achieved simultaneously due to a strong decrease in AVT,

underlining the requirement of low absorption in the first OSC band.
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Figure 1: Results of basic simulations performed to assess the influence of the absorption spectra of PSC and OSC absorber. a)
lllustration of the assumed spectra with perovskite cutoff and onset of the second OPV band as variable parameters, b), c) efficiency
and AVT depending on these paramters, d) binary plot (yellow = true, blue = false) indicating if exemplary values of 15 % efficiency
and 50 % AVT are achieved. The terms ‘onset’ and ‘cutoff’ are used with respect to wavelength as indicated.

These results highlight that the choice of high and low bandgap absorbers represents the crucial point

of the whole workflow.

Considering the feasibility study described above, we investigated the possibility of achieving similar
efficiencies (>15%) and AVT (> 50%) by simulating TPV PSC-OSC tandems with realistic materials
and considering several connection schemes between the top and bottom cells. We designed the top-
cell based on high bandgap methylammonium lead bromide/chloride perovskite (MAPbBr3«Cly).
This class of perovskites exhibits a variable bandgap of 1.57-3 eV and power conversion efficiencies
ranging from 0.5% [6] up to 10.4% [13], depending on the composition, and is therefore suitable for
UV-selective absorption. For the low bandgap bottom cell design we opted for an OSC based on

PTB7-Th:IEICO-4F bulk-heterojunction system capable to reach PCEs up to 10% at 40% AVT [14].



The use of an ultra-narrow band gap non-fullerene acceptor such as the IEICO-4F allows to have a
strong NIR-selective absorption. As depicted in Figure 2a, the UV selective absorption of perovskite
(500-540 nm with 0<x<0.78) combined with the NIR selective absorbing blend (centered at 840 nm)
limits the light-harvesting overlap in the visible range and opens the way to achieve high

transparency.
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Figure 2: (a) Normalized absorption spectra measured for the MAPbBr3..Cly perovskites and PTB7-Th:IEICO-4F blend compared with
the human eye sensitivity function. Schematic structure of the (b) 2T, (c) 3T and (d) 4T tandem solar cells used for the electro-optical
modeling, including the perovskite and bulk heterojunction absorbers (PK and OSC), hole and electron transport layers (HTL and
ETL), transparent conductive oxides (TCO), anti-reflective coating (ARC), interconnecting layer (ICL), sealing material (Seal) and
photonic crystals (PC).

We investigate the impact on efficiency and AVT of different design strategies that consider: i)
bandgap tuning of the methylammonium lead bromide/chloride perovskite, ii) different tandem
architectures, and iii) dimension and optimization of cell stack. For the latter we focus our attention
on transparent electrodes, anti-reflective coatings (ARCs) and multilayer dielectric structures for light

management.

We consider the three main architectures shown in Figure 2(b-d), named as 2-Terminal (2T), 3-
Terminal (3T) and 4-Terminal (4T), respectively. The difference between them is given by the
number of terminals connected to the maximum power point tracker (MPPT) used to maximize the
power extraction. While for the 4T tandem two individual MPPTSs are required to maximize the
operation of both the top and bottom cell, in the 2T architecture the top and bottom cells are

monolithically connected in series configuration, therefore a single MPPT rules the global device



operation. For the 3T configuration, we can opt for one MPPT connecting the two cells in parallel, or
two MPPT if the cells are treated independently. However, considering that the top and bottom cells
have very different Voc the two MPPTs configuration is preferred. In terms of performance, the
monolithic integration in the 2T and 3T tandem favors the transparency due to the reduced number
of transparent conductive oxide (TCO) layers required (respectively 2 and 3), while the 4T tandem
obtained by mechanically stacking the top and bottom cell requires an intermediate layer for the anti-
reflection and sealing. The 3T and 4T tandem architectures permit the maximization of power
conversion since the overall efficiency is equivalent to the sum of top and bottom cell, while in the
2T tandem it is limited by the required current matching condition [8], [15]. Despite the fact that the
sub-cells contribute separately to the overall PCE in the 3T tandem, the difficulties in the design of

interconnections make this configuration more challenging [16].

Considering these limitations and requirements, the design proceeds with a step-by-step optimization
starting from the choice of transparent electrodes, followed by the single cells up to the final
configuration. In order to explore all the three aforementioned tandem architectures, we investigate
both the direct (N-I-P) and inverted (P-1-N) planar PSC architectures that allow us to guarantee the
proper connection of terminals. In all the simulation we will consider ITO coated glass substrates as
they allow the highest device transparency due to the reduction of optical losses [17]-[19], which is

shown by comparing ITO and fluorine-doped tin oxide (FTO) (see Figure S2).

Semi-transparent perovskite solar cells

The evaluation of performance achievable with PSC is performed by taking into account both the
direct and inverted planar architectures for the design of the top cell within 2T, 3T and 4T tandem

structures. For the perovskite stack, we considered the following architectures:

e Direct (N-1-P): Glass/ITO or FTO/ETL/MAPbBr3/PTAA/AZO as N-I-P;



e Inverted (P-1-N): Glass/ITO/HTL/MAPbBrs/PCBM/ZnO/AZO as P-I-N.

For the direct structure, we fixed poly(triaryl)amine (PTAA) as hole transport layer (HTL), while for
the indirect we fixed (6,6)-Phenyl-C61-Butyric Acid Methyl Ester (PCBM) and zinc oxide (ZnO)
[8][20] as electron blocking layer (EBL) and electron transport layer (ETL), respectively. For the
transparent back electrode, we consider only aluminum doped zinc oxide (ZnO:Al or AZO) since it
exhibits suitable features like tunable work function (WF), low sheet resistance and high transparency
in the visible and NIR range, [21] which are very suited for the tandem architecture we are studying.
Regarding the top transparent electrode which includes the glass substrate, we consider both
optimized ITO and FTO for the direct architecture and only the optimized ITO for the inverted

architecture.

A preliminary screening of solar cell performances achievable for MAPbBTr3 and for several choices
of the other transporting layers has been performed via optical calculations considering the refractive
indexes and the extinction coefficient reported in Figures S3 and S4. By varying the thickness of
MAPbBr3 and the transporting layers we obtain a map (Figure S5) for AVT and Js (see Sl). For the
n-i-p architecture we consider both tin oxide (SnO.) or titanium dioxide (TiO2) as ETL and FTO or
ITO as transparent conductive electrodes (see Figures S5a-c). For the p-i-n architecture we
considered nickel oxide (NiO), poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) and PTAA as possible alternatives for HTL (Figures S5d-f) [22]. The results show
that the use of ITO/SnO> for the direct n-i-p structure (Figure S5a) and ITO/NiO for the indirect p-i-

n structure (Figure S5d) permit the best trade-off between photoconversion and AVT.

These two most performant structures were further investigated through electro-optical simulations.
TMM calculations are performed to determine the AVT and generation profile, while JV
characteristics and consequently all the photovoltaic parameters are determined by performing DD

simulations.



The inverted and direct PSC stack simulated were modelled by using the energy levels as depicted in

Figure 3(a,c) and electrical parameters reported in Table S1.
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Figure 3: (a, ¢) Band alignments and (b, d) 2D color maps indicating the AVT and PCE calculated with electro-optical simulations for
the P-I-N and N-I-P planar architectures by varying the MAPbBrs and AZO thickness. The thickness of each transport and blocking layer
of the structures is considered constant for all calculations and is set in order to limit the optical losses but keeping efficient charge
carrier extraction (10 nm-thick NiO;, 15 nm-thick PCsoBM, 50 nm-thick ZnO, 20 nm-thick SnO; and 25nm-thick PTAA).

Figure 3b and 3d display the obtained 2D color maps representing the AVT achieved for the inverted
and direct PSCs, respectively, and the corresponding PCE indicated by contour lines. The results
show that although both configurations allow to achieve PCE values of around 9.3-9.4% in the range
of thicknesses explored, the n-i-p structure exhibits a larger AVT (61.4% for a PCE of 9.34%)

compared to the p-i-n structure (AVT=58% at PCE of 9.31%).



Semi-transparent organic solar cells

In order to design the bottom cell, we evaluated the performance of the selectively absorbing NIR
OSC composed by the following stack: Glass/ITO/PEDOT:PSS/PTB7-Th:IEICO-4F/ZnO/Back-
electrode. In particular, we investigated and compared the electro-optical performance achievable by
adopting either a transparent conductive oxide (AZO) or a very thin silver layer coated by a one-

dimensional photonic crystal (PC) as back-electrode [14], [23].

Electro-optical simulations are performed by using the optimized Glass(0.7 mm)/ITO(142 nm)
substrate as front electrode (see Figure S2a), 40 nm-thick PEDOT:PSS (HTL) [14] and 50 nm-thick
ZnO (ETL). The thickness of both transport layers is the same in all simulations and is chosen to

guarantee a good carrier extraction at both contacts.

The light management through the use of photonic crystals is aimed to provide a selective back-
reflection for the NIR component centered at the Bulk HeteroJunction (BHJ) PTB7-Th:IEICO-4F
absorption peak (840 nm), thus increasing its absorption by the OSC, without compromising the
transparency in visible range. Here again, preliminary optical calculations have been performed in
order to determine the most effective design of PC giving the best trade-off between photoconversion
and AVT. We considered and compared a conventional Distributed Bragg Reflector (DBR) made by
a molybdenum trioxide (MoQz)/ lithium fluoride (LiF) multilayer [24] and a specific PC structure

based on alternating LiF and MoOs [14].

The result of this optimization process (Figures S6 and S7) shows that the PC structure based on
Ag(20 nm)/LiF(165 nm)/MoO3(65 nm)/LiF(95 nm)/Mo0O3(120 nm) has to be preferred over a DBR
and the thin Ag contact (20 nm). In fact, the use of a PC on the Ag thin layer allows to increase both
the AVT (of 20-22%) and photocurrent density (of 0.1-0.25 mA/cm?) for a BHJ with thicknesses up
to 60 nm. For BHJ thicker than 60 nm the PC only influences the AVT (increase of 15-19%) while

the absorption remains practically unchanged.
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Figure 4: (a, c) Band alignments and (b, d) 2D color maps indicating the AVT and PCE calculated with electro-optical simulations for
the OSC by varying the PTB7-Th:IEICO-4F and back electrode (AZO and Ag) thickness. Photonic crystal are composed by the following
stack: LiF(165 nm)/MoOs(65 nm)/LiF(95 nm)/Mo0Q3(120 nm).

Electro-optical simulations comparing OSCs with AZO and PC electrodes have been performed by
considering the energy level alignments reported in Figure 4(a,c) and the electrical parameters given
in Table S2. For the OSC, in both TMM and DD simulations the BHJ layer made by PTB7-
Th:IEICO-4F is considered as an effective material, therefore it is modelled by using global optical
constants (Figure S3) and effective acceptor-donor energy levels, such as LUMO=-4.19 eV
HOMO=-5.24 eV [25]. Simulation results are shown in the 2D color maps of Figure 4b and Figure
4d for AZO and PC based OSCs, respectively. The importance of light management is clearly

demonstrated owing to its beneficial effect on the PCE: for AVT=50% the PCE increases from 7.8%

for the AZO electrode to 10.3% when the Ag/PC is used. On the other hand, the results highlight that



the thickness of the Ag layer is quite crucial, since a drop of AVT occurs for thick Ag. Therefore, by
evaluating the electrical and optical requirements we selected a 20 nm-thick Ag [14], which ensures
at same time low sheet resistance of 1-5 Q/o [20] and good transparency, showing AVT of 43-58%.
The use of a transparent back electrode, instead, has a strong impact on the transparency, in fact a

100 nm-thick AZO allows to have a gain of up to 20% on AVT.

Semi-transparent tandem solar cells

2T, 3T and 4T tandem solar cells are designed by combining the individual semi-transparent PSCs
and OSCs as described and optimized in the previous sections. As shown in Figure 2(b-d), the P-I-
N PSC is used as top cell in the 2T and 4T, while the N-I-P PSC is used in the 3T since here the p-
type terminal is in common [16]. The PCE of the tandem cell is maximized in order to preserve the
AVT around 50%, using an optimization process that can be summarized in the following steps: 1)
combine the top and bottom cell as individually designed, ii) tune of top cell bandgap by varying the
chlorine content of the MAPbBrsxClx perovskite, iii) evaluation of the use of photonic crystals in the
NIR selective OSC to improve the performance, and iv) find the best thickness for materials
constituting the front and intermediate anti-reflection coating (F-ARC and I-ARC, respectively) as

introduced in Figure S8 and Figure S9).

The 2D color maps in Figure 5(a-c) show the results of the optimization process obtained for the
three tandem configurations investigated. These maps provide a full overview of the electro-optical
performance achievable for the three configurations as a function of the thickness of the top and

bottom absorbers.
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Figure 5: (a-c) 2D color maps indicating the AVT vs. MAPbBr3..Cly and PTB7-Th:IEICO-4F thickness which summarize the results
obtained on the 2T, 3T and 4T tandem devices. The black level curves included in plots indicate the PCE achievable depending on the
individual thickness of absorbers. (d-f) External quantum efficiency (EQE) of the top (blue) and bottom (red) cell of the different
tandem configurations including the integrated current density; the transmittance (black) is used to evaluate the global AVT.

The 2T tandem is the only one for which the perovskite bandgap tuning and photonic crystals are not
required since AVT > 50% can be achieved (Figure S10a) by using MAPbBrsand a transparent back
electrode. This is due to the limited number of TCOs needed, and to the fact that the current matching
is already achieved without increasing the NIR absorption. Thus, the use of only AZO as final
transparent electrode represents a benefit for the global AVT of a 2T tandem (Figure S10b). In
particular, when the PC is added to the bottom cell, replacing the AZO electrode, the increase of PCE

is accompanied by a dramatic drop of the AVT (Figure S10c).

Differently, the 3T and 4T tandem architectures need a bandgap tuning optimization step. For this
purpose electro-optical simulations are performed by varying the CI content of the MAPbBr3.«Clx
x=0.12, 0.39, 0.6 and 0.78, shifting the energy of the absorption edge of the top cell to higher energies
with a consequent increase of the AVT. Optical constants used in TMM calculations and electrical

parameters used in DD simulations are reported in Figure S3 and Table S3, respectively.

All architectures have been further optimized by considering a frontal anti-reflecting coating of

magnesium fluoride (MgF2), which is widely used in TPV applications [26][27] since it exhibits



intermediate refractive index between the air and glass substrate (Figure S8a). Its optimal thickness
is calculated for each architecture in order to reduce the optical losses by reflection at the top interface
between the air and the glass substrate. The results obtained from optical calculations show that the
optimal frontal ARC is slightly different depending on the terminal configuration. Indeed, both the
PCE and AVT where optimized by using a front ARC (F-ARC) thickness of 105, 95 and 100 nm for

the 2T, 3T and 4T tandem cell, respectively (Figure S9(a-c)).

An additional intermediate ARC (I-ARC) is applied to the 4T tandem, whose structure is the only one
based on the mechanical integration of the top and bottom cell, thus the I-ARC should work as
adhesive layer. Polyimide (PI) represents the ideal candidate thanks to a refractive index compatible
with the AZO/Glass interfaces (Figure S8b), low absorption in visible range [28], low temperature
processability and its adhesive properties. This makes P1 suitable for fully inorganic tandem solar cell
devices [29][30]. Simulations results reported in the 2D color map of Figure S9d show that a 80 nm-
thick polyimide layer can be successfully included in the 4T tandem architecture to improve the PCE
and AVT performance. Notably, a detailed overview of intermediate and final results obtained on the
2T, 3T and 4T solar cells is summarized in Figure S10, S11 and S12. In each color map reported in
the Supplementary Information we show the impact on AVT and PCE of the: ii) MAPbBr;«Cly

bandgap tuning, iii) photonic crystals, iv) frontal and intermediate anti-reflective coating.

The design workflow, as described, allowed to explore several combinations in terms of thickness
and composition between the perovskite and bulk-heterojunction based absorbers, in the range of
100-300 nm and 30-60 nm, respectively. The stack design of the most performant tandem solar cells

having AVT = 50% are summarized in Table 1.



Table 1: Dimension of each layer for the best performing tandem solar cell stacks showing AVT=50% obtained for the 3 different

architectures (2T, 3T and 4T).

Device | Cell | ARC Substrate TL Absorber EBL TL Contact | PC
2T PSC | MgF; Glass/SiO/ITO NiO MAPbBr3 PCsBM Zn0O AZO -
105 nm 0.7mm/20nm/142nm | 10 nm 275 nm 15 nm 50 nm 190 nm -
osC | - - PEDOT:PSS | PTB7-Th:IEICO-4F | - Zn0O AZO -
- - 40 nm 50 nm - 50 nm 110 nm -
3T PSC | MgF; Glass/SiO,/ITO SnO, MAPbBr,4Clog - PTAA | AZO -
95 nm 0.7mm/20nm/142nm | 20 nm 240 nm - 25nm 180 nm -
0osC | - - PEDOT:PSS | PTB7-Th:IEICO-4F | - ZnO Ag LiF/MoOs
- - 40 nm 55 nm - 50 nm 20 nm 2 pairs
4T PSC | MgF; Glass/SiO/ITO NiO MAPbBI; 2Clo 78 PCsBM Zn0O AZO -
100 nm 0.7mm/20nm/142nm | 10 nm 225 nm 15 nm 50 nm 110 nm -
OSC | Polyimide | Glass/SiO./ITO PEDOT:PSS | PTB7-Th:IEICO-4F | - Zn0O Ag LiF/MoO;
80 nm 0.7mm/20nm/142nm | 40 nm 40 nm - 50 nm 20 nm 2 pairs

In addition, for these stacks we show in Figure 5(d-f) the individual external quantum efficiency
(EQE) obtained for the top (blue) and bottom (red) cell, and the overall transmittance (black) in the
investigated range of wavelength of 300-1000 nm. The tandem cell transmittance takes different
shapes depending on terminal layout and perovskite composition. In fact, unlike in the 3T and 4T
tandem, the current matching condition in 2T affects the balance between the UV and NIR absorption

with a larger transmittance in the red part of the spectrum compared to the 3T and 4T configurations.

20 30 -

| |Tandem + ARC u  PSK+OPV * This Work
L] Tandem + PC OPV+OPV
OPV 25 v SS-DSSC+SS-DSSC
[ Ipsc 5 ¢ aSi+cSi
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Tandem architecture
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Figure 6: (a) Summary of simulations results showing the performance achievable for the different terminals configuration of
tandem devices including splitting contributions to the overall given by: the top cell, bottom cell, photonic crystals and anti-
reflecting coatings. (b) Efficiency vs. the AVT of the published and theoretical results obtained in this work.

The JV characteristics of the best performing stack for each tandem configuration as obtained with
DD simulations is reported in Figure S13 (a-c). The PCEs of the tandem cells with AVT of 50% are

summarized in Figure 6a where we also indicate the contribution to the efficiency for each



component of the cell, namely PSC, OSC, PC and ARC. PCEs of 11.69%, 15.03% and 12.9% can be
achieved for the 2T, 3T and 4T tandem architecture, respectively. For the 2T configuration the
theoretical result of 11.69% is in good agreement with the experimental value of 10.7% [8]. These
results show that the current record efficiency for transparent PV can be improved by more than 50%

by a proper choice of the architecture (Figure 6b).

The bar plots in Figure 6a show that the best design strategy allowing to maximize the performance
and transparency varies depending on the number and configuration of terminals. The current
matching condition imposed by the series connection of the 2T architecture limits the optimization
of the PCE and AVT, and therefore the absorption in the perovskite based top cell represents the
bottleneck. In fact, a shift of the absorption edge to higher energies increases the AVT, but at the
same time it reduces the photocurrent in the tandem device, thus affecting the global PCE. For the
same reasons, the use of frontal anti-reflective coating aimed at reducing the optical losses provides
some improvement but is not crucial, as demonstrated by the modest increase of only +0.2% on the
global PCE. Results obtained for 3T and 4T architectures suggest a different design strategy based
on the interplay between perovskite bandgap tuning and light management. The reduced absorption
in the UV by shifting the perovskite absorption edge to higher energy can be compensated by the
increase of the absorption in the NIR range thanks to the one-dimensional photonic crystal. The lower
PCE of the 3T and 4T tandems before optimization compared to the 2T tandem is easily overcome
when the PC is added, leading to a substantial increase in PCE of +2.09% and +1.69%, respectively.
Therefore, the use of a PC in these structures has a high impact on the performance and represents

the crucial step capable of pushing this technology beyond the current state of the art.

The color appearance of the designed tandem solar cells are summarized in the CIE xy chromaticity
diagram of Figure S13d, including aesthetical implications such as the color rendering index (CRI)
and correlated color temperature (CCT) [31] (see also Figure S14 and discussion therein). The

difference in the UV-NIR selective absorption coming from the architecture affects the neutrality,



brightness and perception of transmitted light. The 2T tandem shows a CRI = 62.6%, which is 7%
and 12% more than the 4T and 3T, respectively. In terms of color temperature, the 2T tandem has a

CCT of 3405 K, while the 3T and 4T cells exhibit higher CCT of 4442 K and 4467 K, respectively.

Conclusions

In this work, we have presented electro-optical simulations for the design of highly efficient semi-
transparent Perovskite/Organic tandem solar cells using a combined UV and NIR selective absorption
approach. Initial simulations with hypothetic rectangular absorption spectra highlight the requirement
of choosing absorbers with optimized absorption spectra to achieve high PCE and high AVT at the
same time. The investigation of the 2T, 3T and 4T architectures for the realization of tandem cells
provided a full overview over the potential of methylammonium lead mixed bromide-chloride
perovskite (MAPbBr:«xClx) and non-fullerene based bulk heterojunction (PTB7-Th:IEICO-4F)
absorbers. The investigation allowed to extract important guidelines in terms of: stack dimensioning,
use of frontal and intermediate anti-reflective coating and impact of the light management on

performance by using one-dimensional photonic crystals.

The results obtained clearly show that the current record efficiency of 10.7% for semi-transparent
tandem technology can be improved with all the three architectures proposed, and that a breakthrough
PCE of ~15% can be achieved while guaranteeing an AVT = 50%, thus making this PSC/OSC tandem

approach very appealing for BIPV applications.
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Figure S1: a) Stack used for the initial simulations with idealized rectangular absorption spectra. b,c): Efficiency and AVT obtained for
~30% absorption in the first OSC band, d),e): Efficiency and AVT obtained for ~50% absorption in the first OSC band.

Figure S1 shows the stack used for the simulation results from Figure 1 in the main manuscript, and

also efficiencies and AVT obtained for higher absorption (30% and 50%) in the second OSC band.
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Figure S1: Simulated AVT and corresponding values of sheet resistance extracted from commercial data-sheet for (a) Glass(0.7, 1.1
mm)/SiO»(20 nm)/ITO(50-250 nm) and (b) Glass(1.1, 2.2, 3 mm)/Sn0O2(25 nm)/SiO5(30 nm)/ITO(250-500 nm). (c) Comparison
between transmittance calculated for best the ITO and FTO coated glass substrate.

The TCO data in Figure S2 are based on data sheet of the following glass/TCO producer/vendor

ITO

e MTI Corporation - https://www.mtixtl.com/itocoatedglasssubstrates.aspx

e Crystal-Materials - http://www.crystal-material.com/Substrate-Materials/ITO-coated-glass-
conductive.html

e Prazisions Glas & Optik - https://www.pgo-online.com/intl/ito.html

e Sigma-Aldrich -
https://www.sigmaaldrich.com/catalog/substance/indiumtinoxidecoatedglassslidesquare123
4550926119117?lang=it&region=IT

e Techinstro - https://www.techinstro.com/ito-coated-glass/

FTO
e MTI Corporation - https://www.mtixtl.com/ftoglass.aspx
e Techinstro - https://www.techinstro.com/fto-coated-glass/
e MSE Supplies - https://www.msesupplies.com/blogs/products/fto-glass-price-italy
e Crystal-Materials - http://www.crystal-material.com/Substrate-Materials/FTO-coated-glass-

conductive.html
e Ossila - https://www.ossila.com/products/fto-glass-unpatterned?variant=21518956481

Optical constants

Figure S3 contains the refractive index and extinction coefficient of both the perovskite and polymer

blend used for optical calculations. The bandgap of MAPbBr3«Clx compound is experimentally tuned



by varying the volume ratio between the precursor solutions of MAPbBr3 and MAPbCIz; as 0%,

5%,15%, 20% and 35%.
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Figure S3: Refractive index (a) and extinction coefficient (b) used in TMM calculations for MAPbBr3.«Cly and PTB7-Th:IEICO-4F.

The resulting perovskite compounds show a linear increase of the optical bandgap from 2.33 up to
2.48 eV, and a consequent shift of the wavelength onset from 532 nm to 500 nm as shown in Figure
S3(b). The refractive index of each compound is calculated from the MAPbBr3 [1] and MAPbCI3 [2]
by using the effective medium approximation theory (EMA). The experimental refractive index and

extinction coefficient of the PTB7-Th:IEICO-4F have been reported in Xia et al. work [3].

All the other optical constants used in optical calculations are reported in Figure S4. Panels (a-b)
contain the n and k related to materials constituting the ITO and FTO coated glass substrates [4]-[7]
and AZO [8], the panels (c-d) parameters related to both the electron and hole transport layers [9]-
[13]. At last, panels (d-e) show the optical constants of silver (Ag) [14], lithium fluoride (LiF) [14]

and molybdenum trioxide (MoOs3) [14] used in photonic crystal for light management in OSCs.
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Figure S4: Refractive indices (a-c) and extinction coefficients (d-f) used in TMM calculations to model materials used in TCOs, HTLs,
ETLs and PC.

Optical calculations on PSCs

We performed preliminary optical calculations on P-I-N and N-I-P planar PSC architectures, in order
to choose the most effective stack in terms of both the AVT and power conversion efficiency (PCE).
In particular, for the N-1-P configuration we investigated the effect of different TCO/ETL, including
the 1TO/SnO2, FTO/SnO2 and ITO/TiO2, while for the P-I-N one we perform the same study by
varying the HTL as NiO, PEDOT:PSS and PTAA. In Figure S5 we report the 2D color maps
indicating the AVT obtained for the different stacks investigated. Black level curves indicate the ideal

Jsc (with IQE=100%) achievable depending on the stack dimensioning.
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Figure S5: Color maps of AVT depending on the MAPbBrs and AZO thickness. Black level curves indicate the theoretical Jsc
photogenerated within the perovskite layer. Panels (a-c) are related to the N-I-P planar architecture for which we varied both the TCO
and ETL as follow: ITO/SnO,, FTO/Sn0O, and ITO/TiO,. Similarly, panels (d-f) are related to the P-I-N planar architectures for which we
varied the HTL as NiO, PEDOT:PSS and PTAA.

Maps depicted in Figure S5(a-c) related to the N-1-P architecture show that the ITO/SnO; allows to
obtain higher photocurrent and AVT comparable to the others. Whereas maps depicted in Figure
S5(d-f) show that the HTL importantly affect the performance of the P-1-N architecture, in fact the

use of a very thin NiO (10 nm) allows to achieve good photocurrent keeping high AVT value.

Therefore, the Glass/ITO/SnO2/MAPbBrs/PTAA/AZO and
Glass/ITO/NiIO/MAPDbBr3/PCeoBM/ZnO/AZO stacks have been selected for the following

optimization steps.
Design and optimization of photonic crystals

The multilayer structure for light management used in OSCs is designed in order to increase at the
same time both the AVT and the PCE. This is possible by exploiting the coherent interferences due

to the presence of alternating high and low refractive index dielectric materials at final interface of



the structure. Here we compare and evaluate a distributed Bragg reflector (DBR) and a photonic
crystal structure [3], both aimed to increase as much as possible the reflection of spectral component
at the PTB7-Th:IEICO-4F absorption peak (840 nm) and at same time reducing it within the visible
range. The dimensioning of structures depicted in Figure S6a is performed analytically for the DBR,

and through TMM [15] calculations for the PC.
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Figure S6: Comparison of: (a) designed DBR and PC structures; (b) reflectance dependency by the addition of DBR (red plot) or PC (blue
plot) on a 20nm-thick Ag single layer (black plot). Results were obtained with TMIM calculations.

Figure S6b shows the reflectance obtained with TMM calculations for the designed structures
compared with a single very thin Ag layer (black plot). Although the DBR structure (red plot) gives
the best reflectance at 840 nm it will not provide a substantial increase of AVT due to the harmonics
affecting the visible range. On the other hand, the photonic crystal structure shows a better
compromise between reflectance magnitude at 840 nm and AVT, indeed the R(X) within the 450-650
nm results quite reduced. To this end, the use of photonic crystals represents the best choice for this

design.

As further confirmation of the importance of the photonic crystal we report in Figure S7 the

comparison of AVT and Jsc obtained by varying the thickness of the BHJ absorber.
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Figure S7: Comparison of short-circuit current density (Jsc) and AVT calculated for the OSC with (red and blue plots) and without (cyan
and orange plots) photonic crystals (PC).

These results demonstrate that for an unfiltered OSC with thin absorber (below 60nm) the addition
of PC principally leads to dramatically increase the AVT of 15-20% and modestly the Jsc of 0.1-0.25

mA/cm?. For thicker absorber the second effect tends to disappear.
Design of anti-reflection coatings

Figure S8(a-b) show the comparison between the target refractive index (black plots) and suitable
materials for both the frontal and intermediate anti-reflection coating (ARC). The frontal ARC is
aimed to reduce the top surface reflection by exploiting destructive interference phenomena. The
intermediate ARC has the double functionality to reduce the reflections between the sub-cells and to
ensure the mechanical stacking in the 4T tandem device. The ideal refractive index indicated (n1) in
both plots are determined by using the formula in Eq. (S1) such that the optical coupling is

maximized.

no=_|n, 'n, (S1)



Where, no and nz represent respectively the previous and next layer to the ARC.
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Figure S8: Optical constants of the MgF, [16], NORLAND, Kapton [17], and Polyimide [9] used for the (a) frontal and (b) intermediated
ARC employed in tandem structures. In both panel the black plots indicate the ideal refractive index maximizing the optical coupling
between the previous and next layer.

Regarding the frontal ARC (F-ARC), from comparison in the MgF. represents the best candidate. For

the intermediate ARC (I-ARC), instead, shows two possible candidates such as the Kapton and

Polyimide. Although the Kapton shows a better matching with the target function, it is typically

available as very thick film sheet (15-100 um) [18][19], therefore, the polyimide is more suitable also

considering its low-temperature processability and adhesive properties [20].
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Figure S9: Optimization of the MgF, based F-ARC performed by maximizing the AVT for the (a) 2T, (b) 3T and (c) 4T tandem solar

cell. (d) Optimization of the Polyimide based I-ARC for the 4T tandem solar cell.

Optimization of the tandem solar cells

Figure S10-S12 and Figure S11 show the evolution of the electro-optical performance for the 2T, 3T

and 4T tandem solar cells, respectively. The step-by-step optimization of devices starts from the

choice of the perovskite compound (MAPbBrsxClx) and through the implementation of photonic

crystals to increase the absorption within the bottom-cell. The last step regards the design of proper

frontal and intermediate ARC in order to improve the optical coupling. Notably, due to the limited

number of TCOs in the 2T tandem architecture, the use of MAPbBr3 is enough to guarantee

AVT>50%, therefore the bandgap tuning optimization step was not performed.
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Figure S12: 2D color maps obtained by electro-optical simulations for the 4T tandem solar cell considering: (a) MAPbBrs; as top cell
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In Table S1 we report the stack related to the 2D color maps depicted in Figure S10, S11, S12.



Table S1: Summary of device stacks used for the design of the 2T, 3T and 4T tandem solar cell during the design workflow step-by-
step as shown in Figure $10, S11, S12.

Terminals: | Step: Cell: Device stack:

x=0 Top: Glass/SiO/ITO/NiO/MAPDBrs/PCsoBM/ZNO/AZO

+

Bottom: | PEDOT:PSS/PTB7-Th:IEICO-4F/ZnO/AZO

ARC Top: MgF2/Glass/SiO./ITO/NiO/MAPhBrs/PCsBM/ZNO/AZO
2T T+
Bottom: | PEDOT:PSS/PTB7-Th:IEICO-4F/ZnO/AZO
PC Top: MgF2/Glass/SiO./ITO/NiO/MAPhBrs/PCsBM/ZNO/AZO

+

Bottom: | PEDOT:PSS/PTB7-Th:IEICO-4F/ZnO/Ag/PC

x=0 Top: Glass/SiOz/ITO/SnO2/MAPbBrs/PTAA/IAZO
+
Bottom: PEDOT:PSS/PTB7-Th:IEICO-4F/ZnO/AZO
x=0.6 Top: Glass/SiO/ITO/SnO/MAPDBBT2 4Clo s/PTAA/AZO

+

Bottom: | PEDOT:PSS/PTB7-Th:IEICO-4F/ZnO/AZO

T PC Top: Glass/SiO,/ITO/SnO/MAPDLBT, 4Clo 6/PTAA/AZO
+
Bottom: | PEDOT:PSS/PTB7-Th:IEICO-4F/ZnO/Ag/PC
ARC Top: MgF2/Glass/SiO2/ITO/SnO./MAPLBrs/PTAA/AZO
+
Bottom: | PEDOT:PSS/PTB7-Th:IEICO-4F/ZnO/Ag/PC
x=0 Top: Glass/SiO/ITO/NiO/MAPLBrs/PCsoBM/ZNO/AZO/Air/
+
Bottom: | Air/Glass/SiO,/ITO/PEDOT:PSS/PTB7-Th:IEICO-4F/ZnO/AZO
x=0.78 | Top: Glass/SiOz/ITO/NIO/MAPDBT; 2,Clg 78/PCeoBM/ZNO/AZO/ Air
+
- Bottom: | Air/Glass/SiO,/ITO/PEDOT:PSS/PTB7-Th:IEICO-4F/ZnO/AZO
PC Top: Glass/SiO/ITO/NiO/MAPDBr2 2,Clo.7s/PCeoBM/ZNO/AZO/ Air
+
Bottom: Air/Glass/SiO2/ITO/PEDOT:PSS/PTB7-Th:IEICO-4F/ZnO/Ag/PC
ARC Top: MgF2/Glass/SiO2/ITO/NiO/MAPbBI; 2,Clo 78/PCsoBM/ZnO/AZO/PI
+

Bottom: | PI/Glass/SiO,/ITO/PEDOT:PSS/PTB7-Th:IEICO-4F/ZnO/Ag/PC
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Figure S13: (a-c) JV characteristics obtained with DD simulations for the 2T, 3T and 4T tandem solar cells, including the calculated
individual/global performance. (d) CIE xy chromaticity diagram indicating the color appearance obtained for designed devices with
AVT=50% and including the related estimated CRI and CCT.

Color Rendering Index and Correlated Color Temperature

The aesthetical properties of designed devices are evaluated by calculating their color rendering index
(CRI) and correlated color temperature (CCT) [21], since both of them describe the nature of the light
source under different concepts. The first parameter indicates the ability of the light to display all the
wavelengths of natural sunlight spectrum, as compared to the color temperature, therefore, the lower
the CRI the less the source, or in our case the light transmission, reproduces the natural sunlight. The

CCT, instead, determines the color characteristic of the light, where temperatures around 2700 K



indicate the warm and around 5000 K the cool color, thus values intermediate allow to have a neutral

light.
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Figure S14: Bi-facial transmittance (red), frontal (blue) and rear reflectance (cyan) obtained for the best (a) 2T, (b) 3T and (c) 4T
tandem device and used to calculate the CRI and CCT.

Electrical parameters for DD model

Table S2: Electrical parameters used in both the P-I-N and N-I-P PSC device simulations.

P-1-N PSC N-1-P PSC
Layer Material Parameter Value Material | Parameter Value
Anode AZO:PVP | Work function [eV] -4.5 [22] ITO Work function [eV] | -4.7 [23]
ETL ZnO CB [eV] -4.3[24] SnOz CB [eV] -4.1[26]
VB [eV] -7.4[24] VB [eV] -8.4 [26]
Hn, Kp [cm? V1 s1] 1,1[25] n, Kp [cm? V1s1] | 5, 1[27]
Permittivity 8.5 [25] Permittivity 14 [28]
HBL PCesBM LUMO [eV] -4.0[29] - - -
HOMO [eV] -6.1[29]
Hn, Up [cm? V-1 s 104, 10 [30]
Permittivity 3.9[31]
Absorber MAPbBr: | CB [eV] -3.4[32] MAPDBr3 | CB [eV] -3.4[32]
VB [eV] -57¢ VB [eV] -5.7[32]
Hn, Kp [cm? V-1 s1] 8.6, 9 [33] Hn, Kp [cm? V1s1] | 8.6, 9 [33]
Permittivity 25.5 [34] Permittivity 25.5 [34]
Direct rec. [cm3 s 5x1019[35], [36] Direct rec. [cm3s1] | 5x107° [35], [36]
n, Tp [NS] 100, 100 n, Tp [NS] 100, 100
Trap density [cm™] 3.5x10%° [37] Trap density [cm®] | 3.5x10%° [37]
HTL NiO CB [eV] -1.8[23] PTAA LUMO [eV] -2.2 [40]
VB [eV] -5.4[23] HOMO [eV] -5.2 [40]
Hn, Kp [cm? V-1 s1] 102, 102 [38] n, Mp [cm? V-1 s] | 1073, 107 [41]
Permittivity 11 [39] Permittivity 3.5[42]
Cathode ITO Work function [eV] -5.0 [23] AZO Work function [eV] | -4.9 [22]
Table S 3: Electrical parameters used in DD simulations for the OSC.
0sC
Layer Material Parameter Value
Cathode ITO Work function [eV] -5.0 [23]
HTL PEDOT:PSS LUMO [eV] -3.5[43]
HOMO [eV] -5.2 [43]




Hn, Kp [cm? V1 s7] 1, 0.3 [44]
Permittivity 3 [45]
BHJ PTB7-Th:IEICO- | LUMO [eV] -4.19 [46]
4F HOMO [eV] -5.24 [46]
Hn, Kp [cm? V2 s 9.35x10°5, 4.56x10°
Permittivity [46]
Direct rec. [cm® s] 3
2x1013 [12]
ETL ZnO CB [eV] -4.3[24]
VB [eV] -7.4 [24]
Hn, Mp [cm? V1 s 1,1[25]
Permittivity 8.5 [25]
Opaque anode Ag Work function [eV] -4.7 [22]
Transparent anode AZO Work function [eV] -4.5 [22]

Device simulations are performed by using the drift-diffusion simulation tool TiberCAD [47]. Table
S2 and Table S 3 contain the full list of electrical parameters used for the PSCs and OSCs. The
charge transport calculation is performed by consistently including the generation rate profile
carried out through TMM. According with experimental results reported in literature for ITO and
AZO based transparent contacts [22], [23], we set different value of work function depending if

they represent the n or p contact.

The electrical parameters of the methylammonium lead bromide/chloride (MAPbBr3.xCly)
compound used to enhance the transparency of the top cell in the 3T and 4T tandem devices are
obtained by linear interpolation from parameters collected for the MAPbBr3; and MAPDLCIs. In Table
S4 we summarize the electrical parameters considered for each perovskite variation depending on

the chlorine addition (x).

Table S4: Electrical parameters of MAPbBrs.Cly, such as energy levels and carrier mobility, estimated by linear interpolation. The
energy gap values are experimentally extracted from extinction coefficients depicted in Figure S3.

Parameter MAPbBrz | MAPbBr2gsClo12 | MAPbBr261Clozs | MAPDBr24Clos | MAPbBr22:Clo7s | MAPDOCI3
CB [eV] 340[32] | -3.38 -3.34 331 -3.28 -2.82 [48]
VB [eV] -5.70[32] | -5.70 5,71 5.72 -5.73 -5.82 [48]
Energy gap [eV] 2.3[32] 2.32 2.37 241 2.45 3.0 [48]
bn, ko [cm? V1s1] | 8.6,9[33] | 8.5,8.9 8,8.4 77,8 7.4,7.7 4, 4[49]
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