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Abstract (max 100 mots): We present an iterative method to model the optical properties of a
complete semitransparent perovskite solar cell. It is based on spectroscopic characterizations
and accounts for porosity and incoherence effects. We provide the complex refractive indices
of each layer, and we identify the main sources of optical losses. The optical model is also
coupled to an electrical model of 4T perovskite/silicon tandem solar cells. It allows to evaluate
the interplay between the optical and electrical losses, and the balance between the efficiency
of the top and bottom cells. These models provide an effective way to design future tandem
devices.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The cumulative installed solar photovoltaics power capacity reached more than 630 GW in
2020, representing an increase by a factor of 15 during the last 10 years. However, the silicon-
based solar cells that dominate the current market are getting closer and closer to the single-
junction Shockley-Queisser limit, around 29.4% [1]. The most promising and successful
approach to overcome this limit is the tandem architecture associating a silicon bottom cell and
perovskite top cell [2].

Perovskite is a highly regarded class of material to be included as a light absorber in a
semitransparent top solar cell structure. Synthesized for the first time in 2009 by Kojima et
al [3], its development has been extremely rapid and it has now reached an efficiency of 25.5%
for a single junction solar cell [4]. Interestingly, perovskite semiconductors have an adjustable
bandgap between 1.2 and 2.2 eV when modifying its composition and are regarded as a
promising option for low-cost 2- or 4-terminals (2T/4T) tandems. Recently, a 2T
perovskite/silicon tandem solar cell reached an efficiency of 29.5% [4]. In comparison, the
record efficiency for a 4T tandem perovskite/silicon is 29.2%, reached by the consortium
European Solliance Solar Research, with a semi-transparent perovskite cell and a filtered IBC-
SHI silicon efficiencies measured at 17.8% and 11.4% respectively [4].

To build an efficient tandem, the perovskite top cell must maintain optimal electrical
properties while keeping maximum transparency below its band gap. 2T tandem structures
maintain good IR transmission towards the silicon cell by reducing the number of interfaces
and layers such as transparent conductive oxide (TCO) known for their parasitic absorption.
On the other hand, 4T tandem structures allow to use the best manufacturing processes and the
most adapted layers for each cell while respecting their constraints related to the temperature,
the roughness of the substrate, the solvent used and the chosen polarity (type n-i-p or p-i-n).
Moreover, under operation each cell can work at its maximum power point because the



electrical systems are completely separated. 4T tandem devices are therefore more resilient to
light variations [5-7].

With this in mind, a 4T tandem composed of a triple cation perovskite cell and a
commercially available Aluminium Back Surface Field (Al-BSF) silicon cell was synthesized
in our laboratory and reached an efficiency of 21.7% with a perovskite cell at 16.6% and a
filtered silicon cell at 5.1% [8]. The spectral response of the silicon cell as well as the infrared
transmission of the semitransparent perovskite cell shows significant optical losses that limit
the efficiency of the device. In order to identify their origin, numerical simulations based on
the propagation of optical waves in planar layers have been performed by several groups [9—
17]. They are used to tune the thickness of each layer [15,17], to test different materials [10],
or to adapt the perovskite bandgap to 2T or 4T tandem solar cells [10-13].

However, their use is often hindered by the lack of accurate data for the complex refractive
indices of each layer constitutive of the device, i.e. the triple cation perovskite, the spiro-
Ometad extraction layer or the unannealed and amorphous Indium Tin Oxide (ITO) deposited
on the top of the perovskite absorber. Indeed, the optical indices of a thin layer such as ITO can
depend on the deposition and post-treatment conditions such as annealing. Moreover, different
compositions of the perovskite layer as CHs;NHs;Pbls (MAPDI) [12], NH.CH=NH.Pbl;
(FAPDI) [18], CH3NH3Pbl:«Clx (MAPbLCI) [13] or Csy(NH2CH=NH2):1.yPb(Brxlix)3
(CsFAPDBTrI) [11] can be used, impacting the optical properties of the whole cell. In addition,
Jiang et al. have highlighted discrepancies in the optical indices values considered by different
groups using a similar MAPbI perovskite deposited by spin-coating [10]. A reliable
determination of the refractive index of perovskite layers is still highly needed to be
implemented in the optical simulation of complete solar cells. This becomes particularly
relevant for the complex high band gap perovskite composiOtion, as triple cations perovskite
Cs0.05((CH3NH3)0.166(NH2CH=NH2)0.833)0.9sPb(Bro.16610.833)3 (CsSMAFAPDIBr), that are used in
semitransparent top cell of a tandem device.

In this paper, we present a comprehensive iterative method to model the optical properties
of a complete semitransparent perovskite solar cell. It is based on the experimental
characterization of the optical properties of the PV devices (EQE, reflection and transmission,
absorption, and reflection spectra) and of each layer separately using various spectroscopic
techniques. Porosity and incoherence effects are considered, and the dispersion models are
refined in an iterative way until the numerical results are in good agreement with the complete
dataset. As a result, we provide accurate values for the complex refractive indices of each layer,
and we identify and quantify the main sources of optical losses in the top perovskite solar cell.
The accuracy of these results will be put into perspective with simulations based on literature
data and without the use of the iterative method presented in this work. Further improvements
would require more transparent electrode layers, resulting in a trade-off between transparency
and conductivity, and a balance between the performances of the top and bottom cells,
respectively. Indeed, the transparency and conductive properties of Transparent Conductive
Oxides (TCO) are in opposition, the improvement of one of these two parameters will most
often be in spite of the other. The optical model is coupled to a simple electrical model to predict
these effects and the performances of 4T perovskite/silicon tandem solar cells.

2. Experimental details
2.1 Synthesis of experimental the PV devices

The semitransparent perovskite top cell stack used for the 4T tandem is represented in Fig.1.A
and B. The detailed synthesis of each layer is described in references [19,20]. A compact-
mesoporous TiOz bilayer is firstly deposited at 450 °C on a commercial FTO covered glass
substrate (TEC7 -Solems) composed of fluorine-doped SnO2 (FTO) coated on a soda-lime glass
(thickness: 3 mm). The triple cation perovskite solution
Cs0.05(MAo.166F Ao.833)0.95Pb(Bro.16610.833)3 is deposited on TiO2 by spin coating and annealed at
100°C. Films of Spiro-OMeTAD and ITO are subsequently deposited on the top of the



perovskite layers by spin coating, and by RF magnetron sputtering respectively. Finally, a gold
contact is thermally evaporated on ITO as shown on the cell photograph in Fig.1.C.

For specific characterizations of the opto-electrical properties of individual layers, TiOz,
perovskite, spiro-OMeTAD or ITO are synthesized on soda-lime glass using the same processes
as for a complete solar cell. For the substrate TEC7, the top layer of FTO is removed by the
combination of hydrochloric acid (HCI) solution and zinc powder to obtain the sample called
“etched TEC7”, composed by three layers: Glass, SnO2 and SiOx.

The silicon cell is an Al-BSF device. The original cell of 156 x 156 mm? was downsized by
creating smaller samples with 1 cm? active area (including 6 metallic fingers). Then, two
electrical wires were soldered on the front and back of the reduced Si cell to keep access to
bottom cell contacts when top cell was stack over.

2.2 Characterization

Perovskite solar cells are measured in superstrate configuration, the cell is illuminated by the
glass. I-V characteristics are measured using a digital source meter (Keithley 2400) for bias
voltages between -0.2 V and 1.2 V with a sweeping rate of 20 mV.s™\. A AM1.5G solar
illumination is obtained with an AAA sun simulator (Oriel Sol3A). Semitransparent cells have
an active area of 0.16 cm? (corresponding to the pink square visible on the cell image in Fig.1.C)
and a black metallic mask is used to illuminate only 0.09 cm?in order to avoid the gold finger
shading on the silicon cell. The External Quantum Efficiency (EQE) is measured between 300
and 850 nm for perovskite cells, and between 300 and 1200 nm for the silicon cell using an
Oriel IQE200 system connected with a source meter (Keithley 2400). An Uvisel 2 ellipsometer
from Horiba is used to measure the optical parameters of the different layers of the perovskite
cell. The measurement is made for photon energies between 0.68 and 5.4 eV with an integration
time of 300 ms and a step of 0.02 eV. The spot size is 2030*705 pm? with an angle of 70°. The
software DeltaPsi2 developed by Horiba is used to analyze the data. To access the thicknesses
of the different layers, cross-section images are carried out with a Scanning Electron
Microscope (SEM - ZEISS Leo Supra 35 field emission gun (FEG) with 15 kV voltage).
Thicknesses are also measured with a profilometer (Dektak). Roughness is determined by
Atomic Force Microscopy (Agilent — Picosun 300) mapping, with a probe ACT from Appnano.
A spectrophotometer (Agilent - Cary 5000) is used to measure the transmission (T) and the
reflection (R) spectra between 200 and 1300 nm. The absorption (A) is obtained from:

A(Y) = 100% — R(X) — T(1) (1)

Substrat
TEC7

Fig. 1.A. Sketch and B. SEM cross-section image of a semitransparent perovskite cell. C.
Photograph of a semitransparent perovskite cell in substrate configuration. The pink square
corresponds to the cell covered by an ITO layer and defines the active area (5x5 mm? including
the U-shaped gold contact).



3. Determination of the optical indices of the different layers
3.1 Method

An iterating process described in Fig.2 was used to build an optical model that matches well to
our actual perovskite cells. The first step “A” focused on the determination of the optical index
(real part n(A) and extinction coefficient k(L)) of each layer of the structure. Each layer was
deposited on glass and its thickness and roughness are measured with a profilometer and a SEM
cross-section image.

Then ellipsometry measurements are performed and analyzed to create a model of the
complex optical indices. Different dispersion models listed in Table I are chosen according to
the material nature (dielectric, wide-bandgap material, TCO, semiconductor absorber). The
value of the least square error coefficient X? obtained after an iterative procedure indicates the
good agreement between the model and the experimental data. In principle, there is no target
value for X2, which would depend on materials, stack complexity and morphology. The value
of X2 must be evaluated on a case by case basis. However, we consider here that X? lower than
15 for complex stacks or materials is acceptable, and lower than 5 for simple layers. It should
be noted that the ellipsometry analysis only guarantees that the values obtained for indices,
thickness and roughness allow to reach a local minimum for X2. The thickness can be measured
experimentally with a profilometer and can be bounded quite finely in the ellipsometric model.
Ellipsometric simulation of roughness is based on effective medium and not on experimental
values i.e. Root Mean Square (RMS) or Sa which can be obtained by AFM or confocal
microscope respectively. Thus, roughness has to be adjusted using the iterative process as the
optical indices.

The optical indices extracted from the fit are subsequently used in a MATLAB code
developed by the McGehee group at Stanford University [21] and based on the Transfer Matrix
Method (TMM) to model the transmission, reflection and absorption of the structure. The
simulated spectra are compared with the experimental ones measured by spectrometry
experiments. The result is considered as acceptable if the Mean Absolute Error (MAE) is
smaller than 3%, see the results in Table II. If the MAE is above 3%, the values of indices,
thickness and roughness in the optical model used to fit ellipsometry measurements are
modified until reaching a new minimum for X2, and the TMM simulations are repeated until a
good match is obtained. There is no number of iterations to perform to reach a MAE above 3%,
it is just a matter of finding the right set of values (indices/thickness/roughness). As an example,
Fig. S1 shows a diagram of the evolution of X*> and MAE as a function of the number of
iterations with the perovskite layer on glass. The optical indices for the perovskite layer are
those obtained in iteration #10 because they allow a MAE value below 3%, although it is not
the iteration with the lowest X or the last one performed.

This iterating process and the implementation of the roughness of interfaces and
incoherence of thick layers allow us to refine our results compared those previously
published [19,20]. A better agreement between the model and the experimental data was also
obtained by the used of new dispersion models.

Once the results are satisfactory for every layer, the optical indices can be used to model
the complete perovskite solar cell, see Fig.2.B with a similar method as described above.
However, in that case, the optical indices of the different layers are considered similar to those
deposited on glass. Thus, the iteration is done only on the TMM simulation by modifying
slightly the thicknesses of the layer according to the SEM cross-section measurements, and the
roughness of interfaces. As before, the results are in good agreement with the experimental
measurement and are discussed in Section 4. As before, the results are in good agreement with
the experimental measurement and are discussed in Section 4. Ellipsometry models and fits, as
well as simulated and experimental transmission, reflection and absorption spectra for each
layer are provided in the supplementary data (Fig. S1 and S2) and compared to models without
the iterative method.
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Fig. 2. The process with two steps used to find the optical indices with the iteration cycle and
the final model: A) layer deposited on glass and B) complete perovskite solar cell

Table I. Dispersion models used to fit the optical indices in ellipsometry measurements for each material, and
value of the least square error coefficient X2

Sample Models of dispersion X2
Glass (TEC7) Herzberger 0.1
SnO» (TEC7) Lorentz oscillator 1.4
Si02 (TEC7) Lorentz oscillator 1.4
FTO (TEC7) New Amorphous + Drude 3.9
Compact TiO2 Lorentz oscillator 4.4
Mesoporous TiO2  Lorentz oscillator 2.3
Perovskite 5x Tauc Lorentz + Lorentz oscillator 1.4
Spiro 4x Tauc Lorentz + Lorentz oscillator 1.7
ITO New amorphous + Drude 13.1

Table II. MAE between the fitted model and the experimental data for transmission (T), reflection (R) and
absorption (A), for layer on glass and the semitransparent perovskite cell.

Cell T (%) R (%) A (%)
Glass 0.99 1.08 1.50
TEC7 without FTO 1.87 2.02 1.96
TEC7 with FTO 2.33 1.58 243
Compact TiO2 1.35 242 1.89
Mesoporous TiO2 2.74 1.28 0.99
Perovskite 2.05 2.29 2.98
Spiro 1.60 1.82 1.19
ITO 2.14 2.44 1.61

Semi-transparent perovskite cell 1.19 1.21 1.12




3.2 The soda-lime glass substrate modeled as an incoherent layer

To model the TEC7 substrate, the analysis is performed in three steps: the glass alone, the
“etched” TEC7 and the complete substrate stack. For the soda-lime glass alone, transmission
measurements revealed residual absorption. We used the optical indices given by Rubin [22],
based on simplified form of the dispersion equations from Herzberger [23].

Conventional TMM codes simulation of thick transparent substrates considers planar
interfaces inducing interferences that due to the light reflection at both planar interfaces.
However, the bottom and top surfaces of glass substrates are not perfectly flat and parallel and
such oscillations are not visible in their optical response. In addition, the coherence length of
the light is much shorter than the thickness of the glass, which causes a complete disappearance
of the interference patterns. To account for this behavior, thick glass layers can be modeled as
incoherent layers in the TMM code by following Troparevsky et al. [24]. The propagation
matrix Z; of an incoherent layer j placed anywhere in the stack is calculated by adding a random
phase &:

L= 7" 0 @)
’ i gt
0 e 2 '

with # the thickness of the layer j, n; the complex refractive index of the layer j, A the wavelength
and ¢ a random number between -1 and 1. If f = 0, the phase is not randomized, the layer
simulated is coherent. In the following, we choose =7 to simulate a completely random phase
in the incoherent glass substrate.

With this solution, the TMM code has been run with different € values, and the results have
been averaged to eliminate the random variation of the phase and interference effects. 50
iterations are required to accurately smooth the modeled optical response as shown in Fig.3.
Alternatively, the approach proposed by Santbergen et al could considered for further
improvements in cases where the calculation time would become too long [25].

2" bl
T ool PV b WIJJ
£ ‘ —

Wavelength (nm)

Fig. 3. Simulated transmission spectra of soda-lime glass using random phases to smooth
interference effects, as function of the number of iterations N.



3.3 Complete substrate stack

Usually the commercially available FTO covered glasses include the presence of a SiO2 / SnO2
bilayer between glass and the TCO layer [9,10]. The thin film of SnO: is used to increase the
hardness of the glass and facilitates the adhesion of SiO2. Then the SiO: layer acts as diffusion
barrier of alkali oxides from the glass into the upper layers. These layers must be taken into
account for the optical modeling even if they have no electrical role in the structure, just like
the substrate. The “etched TEC7” substrate was successfully modeled described considering 9
nm of SnO: and 30 nm of SiOz, leading to a least square error coefficient X?of 1.4. The indices
of these two materials are modeled with a single Lorentz oscillator. For the FTO layer itself,
another dispersion model is considered, due to its wide bandgap of 3.8 eV and its free-carrier
absorption in the infrared region. The new amorphous dispersion model (NAM), develop by
Horiba and based on the Forouhi-bloomer formulation [26,27], is used for the absorption in UV
range and the Drude model is used for the absorption in the infrared region. The fit of the
complete substrate Glass / SnO2/ SiO2 / FTO gives slightly degraded but still satisfying square
error X? of 3.9 for such a complex stack with 4 different layers. The higher value of X?
compared to the TEC7 etched stack originates from the presence of the additional FTO layer
and can be attributed to the roughness of the FTO layer (RMS=11.73 nm, see Fig.4.A), not
considered in our models. This assumption is confirmed by the comparison between
experimental and simulated reflection and transmission spectra plotted in Fig.4.B, where the
fringes at short wavelengths are attenuated in experimental spectra. For the sake of simplicity,
we stay with a model with no roughness effect, and we obtain a good overall agreement (MAE
of less than 3%).
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Fig. 4. A. AFM measurement of the FTO surface. B. Simulated and experimental spectra of
reflection and transmission for TEC7 substrate.

3.4 ITO electrode modeling

The same dispersion model is used for ITO as for FTO (NAM and Drude). In this case X? is
higher than that of other films, therefore (13.1). This can be explained by the variation of the
crystalline properties of this layer as a function of its thickness. Thus, ITO is deposited at room
temperature to avoid the damage on the Spiro-OMeTAD layer. In these soft growth conditions,
the ITO layer has been shown to evolve from amorphous to polycrystalline for thickness higher
than 200 nm [28-31]. Thus, in our case, with a thickness of 280 nm and a sheet resistance of
17.5 Q.sq, the film may be no longer homogeneous in depth, with a material potentially
amorphous near the substrate and polycrystalline close to the surface. Since the degree of
crystallization of a material impact its optical properties, the refractive indices average the
contributions of the different crystalline states present in the actual layer. Fig. 5 shows the
optical index n and & of different ITO layers deposited in the same conditions but with different



deposition times in to vary the thickness. The sheet resistance decreases from 29 Q.sq for a
thickness of 180 nm to 17 Q.sq for a thickness of 270 , and then is constant for thicknesses up
to 470 nm (16 Q.sq), see Fig. S3. In parallel extinction coefficient k continues to increase in
the infrared when the thickness of the ITO layer increases.

A B
3.0 0.4
——470 nm
470 nm [~ 270 nm
251 ——270 nm 0.3 180 nm
—— 180 nm
c 201 x 02
1.5 0.1
1.0 ; ; ; : 0.0 : — ; .
400 600 800 1000 1200 400 600 800 1000 1200
Wavelength (nm) Wavelength (nm)

Fig. 5. A. Refractive index and B. Extinction coefficient & of ITO layers with different
thicknesses.

3.5 Spiro-OMeTAD and Perovskite layers modeling

Spiro-OMeTAD and perovskite have been poorly characterized by ellipsometry in the
literature, and their optical characteristics vary as function of material compositions and
preparation method condition, as shown in Fig.6 for the perovskite [32]. In addition, different
dispersion models and fitting method can be used for these materials as their optical index show
different peaks that cannot be fit with single oscillator. Here, the Tauc Lorentz model [33] is
implemented for both Spiro-OMeTAD and perovskite materials. It describes the electronic
transition parameters such as the optical band gap and the peak transition energy that can be
found in the typical continuum of band absorption of these materials. For example, concerning
the perovskite, the three peaks observed at 400 nm, 516 nm and 754 nm, correspond to optical
transition energies [34] and are attributed to direct semiconductor-type transitions at the X, M,
and R points in the pseudo-cubic Brillouin zone, respectively [35,36].
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Fig. 6. A. Refractive index n and B. extinction coefficient k for different perovskite
composition: MAFACsPbIBr of this work, CsSFAPbIBr [11], MAPbI [12], FAPbI [18] and
MAPDLCI [13].



Nevertheless, Spiro-OMeTAD and perovskite layers deposited on glass are different from
the layers in the complete stack. In particular, both the thickness and roughness of the spin-
coated layers depend on the underlayer. In order to obtain reliable optical indices, the thickness
and roughness of layers are first measured on glass, and then in the complete stack using the
SEM cross-section shown in Fig.1.A.

3.6 TiO2 Bilayer modeling

A single Lorentz oscillator is also used for the refractive indices of the mesoporous and compact
TiOz layers, as the SnO:z and SiO: layers, as it adequate to model semiconductors.

The mesoporous TiO:z is described by the following structure which allows to obtain after
several iterations the lowest X? equal to 2.3: a layer made of 50% of TiOz and 50% of air (22
nm) is placed between two layers which contain 25% of TiO2 and 75% of air (90 and 44 nm)
to take into account the fact that the air and the mesoporous TiO2 are mixed during this step of
determination of the optical indices. The final optical indices of this TiO2 material are, however,
combined with those of the perovskite and not of the air, since the mesoporous TiO2 layer is
filled by perovskite in the complete semitransparent cell, as evidenced by scanning transmission
electron microscopy analyses. This stack follows AFM observations (Fig. 7.A) which shows
thickness variations of 107 nm while the layer is between 100 and 120 nm thick, and was
required to fit the transmission and reflection spectra, see Fig.7.B.

Another solution has been tested to simulate the optical behavior of the mesoporous layer
by modeling the roughness of its bottom and top interfaces. A roughness factor is implemented
in the refraction matrix of a rough interface between two layers i and j as suggested by
Szczyrbowski [37,38] :

1 T,i'
j 1
Ii—>' = ’ *— (3)
J T ij 1 t’ij
2
w1thr'i]-=;*ez*( 1) andt'ijz ‘*e(l)* 2
ni+n]-

ni+n]-

where n; and »; are the complex refractive indices of the layers, ’; and ¢’ the reflection and
transmission Fresnel coefficients of the interface, and o the roughness factor. The surface is flat
when o =0. As show in Fig.7.B, the best fit of the experimental data is obtained with this second
model and o =200, in particular between 300 and 600 nm.

107.4 nm B

Reflection (%)

400 600 800 1000 1200
0.0 Wavelength (nm)

Fig. 7. A. AFM measurement of the mesoporous TiO: surface. B. Experimental and simulated
spectra of reflection with a “mixed” layer (TiO2/ Air) or with roughness factor o for
mesoporous TiOzon glass.



In parallel, the compact TiO2 is modeled as a single layer of 40 nm, leading to a least square
error coefficient X?> of 4.4. The same optical indices cannot be used for compact and
mesoporous TiO2 because they have different bandgap. As these two materials are not deposited
by the same method (Spin-coating vs. spray) and by the same solution, chemical differences
are likely to exist (contamination or oxygen deficiency).

4. Modeling the complete solar cell
4.1 Optical model

The final indices n and k obtained for each layer after the iterative method are presented in
Fig.8. A and B, respectively. The indices obtained without the iterative method are presented
in Fig. S5. Differences can be observed for all layers. In the case of perovskite, the intensities
of the peaks of the optical transition energies for the indices n and k present strong variations.
Another striking example is ITO, whose index n has a different behavior in the IR which will
lead to different properties of reflection.

The second step B of the iterating process described in Fig.2.B is carried out to model the
optical properties of the complete solar cell. The cell is in a superstrate configuration and
modeled as illuminated through the glass first. Using the TMM, absorption, transmission, and
reflection spectra of the semitransparent perovskite solar cell without front contact grid are
simulated and compared with experimental data in Fig.9. A very good agreement is obtained,
with MAE around 2% in each case (see Table III). The bandgap of the perovskite absorber is
Eg=1.58 eV, corresponding to a wavelength of 785 nm. If the incident photons are fully
absorbed for wavelengths below 500 nm, a slow increase of optical transmission is observed
between 500 nm to 750 nm. This behavior that is usually described in the literature is related
to the thickness of the perovskite layer that remains too thin to absorb all the incident light in
this range (650 nm). Beyond the perovskite bandgap wavelength, transmission reaches a
maximum of 72% at 820 nm, and decreases until 1200 nm at 52%. The total reflection is
constant and below 10% over the whole spectral range, except between 800 and 1000 nm where
interference fringes appear and are responsible for a reflection maximum of about 17% at 900
nm. Additional interference fringes are observed in transmission spectra that are well described
by the simulation. Finally, an unexpectedly high absorption is observed above 800 nm, rising
from 20% to 40% at 1200 nm.
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Fig. 8. A. Final optical indices n for each layer. B. Final optical indices & for each layer.



In order to better evidence the influence of the iterative method on MAE, the simulated spectra
are compared with results obtained using optical indices published in the literature and
determined using our experimental data without the iterative method, see Fig. 9. The stack and
the thicknesses of each layer are similar for the 3 simulations and only the optical indices and
the interface roughness change. The total absorption fits approximately the experimental data
when the iterative method is not used (MAE =2.69%), but the transmission spectra (Fig. 9 B)
show that only the simulation using the iterative method allows to correctly fit the interference
figures in the range 800 nm — 1200 nm. This is reflected in the MAE values, which remain
above 3% when the iterative method is not used, see Table III. Looking in detail at the
simulations obtained without iterative methods on each individual layer in Fig S3, a similar
phenomenon is observed. In particular, TiO: layers show transmission and reflection spectra
far from the experimental measurements, and the TEC7 substrate features important
interferences in transmission spectra. The use of unsuitable indices leads to a poor evaluation
of the different phenomena of reflection and transmission in individual layers, which is
reflected in the interference figures observed on the complete stack.
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Fig. 9. Experimental and simulated spectra for A) absorption, B) transmission and C) reflection
of the semitransparent perovskite solar cell stack using indices from the literature (as close as
possible to our materials) and using fits of our experimental data with or without the iterative

method.




Table III. MAE between experimental and simulated absorption, transmission and reflection spectra of the
semitransparent perovskite solar cell stack with indices from the literature, and from experiments fitted with
or without the iterative method.

Cell T (%) R (%) A (%)
Iterative method 1.19 1.21 1.12
No iterative method 2.57 4.20 2.69
Indices of literature 4.59 3.14 4.21

Simulation by TMM allows to separately quantify the absorption in each single layer of the
structure, and to reveal the origin of the main losses, as shown in Fig.10.A. The main parasitic
absorption occurs in the infrared region and can be attributed to free-carrier absorption in the
TCO. The FTO electrode is the most problematic layer absorbing 15% of incident light at 1000
nm. At this wavelength, the second top ITO electrode also absorbs 7.3%, the soda-lime glass
5.2% and the Spiro-OMeTAD 2.5%. In the visible between 400 nm and 800 nm, the absorption
in the perovskite layer is limited by the one of the FTO (5.2% at 600 nm). Similarly, Fig.10. B
and C present the simulated absorption of each layer using indices published in the literature
and fitted from experiments without the iterative method. Table IV gives the absorption values
of the different layers at 400 and 1200 nm for each simulation. Although the total absorption
simulated with these two models presented in Fig.9.A seems accurate compared to the
experimental spectrum, its decomposition in every layer shows marked differences between the
3 models. Fig. 10 and Table III exhibit striking differences in the parasitic absorption in TCO
layers (FTO, ITO and TiO>) at short (400 nm) and long (1100 nm) wavelengths. Overall, the
iterative method leads to more balanced parasitic absorption between these TCO layers, and a
significantly higher absorption efficiency in the perovskite layer. The accuracy of the model is

of high importance to further improve semi-transparent perovskite solar cells for tandem
devices.
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Fig. 10. A. Simulated (blue curve) and experimental (blue dashed curve) total absorption of the

perovskite cell and simulated absorption into each layer of the semitransparent perovskite solar

cell stack using our experimental data A. with or B. without the iterative method, and C. using
indices from the literature (as close as possible to our materials)



Table IV. Simulated absorption into each layer of the semitransparent perovskite solar cell stack using our

experimental data with or without the iterative method and using indices from the literature.

Iterative method No iterative method Indices of literature
Layers A.at400nm  A.at 1100 nm | A.at400 nm A.at 1100 nm A. at 400 nm A.at 1100 nm
(%) (%) (%) (%) (%) (%)
Glass (TEC7) 1.55 4.1 1.5 4.08 1.69 4.03
SnO2 (TEC7) 3.87 0.24 0.06 0.32 0.07 0.34
SiO2 (TEC7) 0 0 0 0 0 0
FTO (TEC7) 2.05 17.82 12.24 23.88 5.31 17.43
TiO2 0 0 0.22 0 11.74 0.29
Perovskite 86.59 0 75.8 0 64.51 0
Spiro 0 3.44 0 3.96 0 4.78
ITO 0 9.84 0 0.62 0 3.52

Total reflection is also responsible for significant optical losses. These last are analyzed by
simulating gradually the reflection of the different parts of the whole stack starting from the
first air / glass interface and successively adding each layer of the perovskite solar cell stack
one after the other. Thus, the reflection at the ITO / air interface considers the contribution of
the whole stack and the reflections at the other interfaces. Each reflection intensity is defined
as the square module of the reflection coefficient 7; on the stack made of the layers 1 to j-1,
including the interface between the layer j-1 and a semi-infinite layer j. It is derived from the
TMM:

2|5yl Sj’1,1 51"1,2 -1
RJ' = |T]| = ﬁ and Sj’ = [ j’21 5],’22 = (Hizll(v—l)vl‘v)'l(f—l)/]' 4)

with I, the refraction matrix, L, the phase matrix and S; the partial transfer matrix of the system
including the first layer until the layer j-1.

Fig. 11 shows that the main interference patterns visible in the total reflection spectrum at
780 nm and 880 nm are due to two different interfaces: the perovskite / spiro-OMeTAD one,
which firstly generates two peaks up to 7.1% and 9.2%, and the ITO / air interface, which
further increases the reflection maxima up to 9.5% and 17.2%, respectively. This is caused by
the high difference between the refractive indices of the couples perovskite / spiro-OMeTAD,
and ITO / air at 900 nm (2.19 — 1.55 and 1.67 — 1 respectively). This is also the case for the
SnO2 / SiO: interface but due to the very low thickness of the SiOz film, a large part of the
evanescent wave generated at the interface reaches the rear face and spreads into the stack
without generating reflection. The first air / glass interface is also responsible for a non-
negligible reflection of 4.4% over the entire spectrum. Finally, a small interference pattern is
also visible at 360 nm (reflection maximum of 7.1%) and it is related to the FTO / compact
TiO: interface.
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4.2 Electrical model

4.2.1 Theoretical modelling details

The optical and electrical performances of the tandem solar cell are intrinsically linked
because it is always a question of finding a compromise between transparency and conductivity.
Indeed, the power generated in the silicon cell depends on the optical transmission through the
perovskite stack, and particularly on the transparency of TCO layers. Then the optical and
electrical properties of the TCO layers must be carefully balanced to optimize the whole tandem
cell. In the following, we propose a simple electrical model to predict the performances of a 4T
tandem device when the perovskite stack is tuned compared to the experimental reference
structure presented here.

Firstly, the internal quantum efficiency (IQE) of the perovskite cell is defined using the
ration between the experimental EQE (EQEp peror) and the simulated absorption (Asimu-peror):

EQEEX —pero (A‘)
IQEpero (A) e (5)

Asimu—pero 1 (4

with EQExp peror 1s the measured external quantum efficiency of the experimental perovskite
cell and Asimu-peror 1s the simulated absorption of the perovskite layer in the reference stack.
IQEpero s close of 90% in the entire spectra and then is used to predict the EQE for the
perovskite cell for optically different structures:

EQEsimu—pero (A) = IQEpero (’1) * Asimu—pero 2 (A) (6)



with Asimu-pero2 1s the simulated absorption of the perovskite layer in the new stack. For the
silicon solar cell, we define the normalized EQFEnorm as:

EQEexp-si(d)
EQEyorm(1) = TZU (M

With Tey the measured transmission of the experimental perovskite cell and EQEey.-si the
measured external quantum efficiency of the silicon cell. The EQE predicted for a silicon cell
filtered by Tiimu is given by:

EQEsimu—Si(A) = EQENorm(/D * Tsimu(A) (8)

With Tsime the simulated transmission of the perovskite cell. If the perovskite solar cell
architecture is modified with no change of the active layers (absorber and TiO2 / spiro-
OMeTAD selective contacts), IQFpero and EQEnorm can be considered as unchanged to evaluate
the performances of the resulting tandem cell.

The simulated electrical characteristics of both perovskite and silicon cells (Jsc-simu and Voe-
simu) are derived as follows [36]:

]sc—simu = -q f;;l EQESlmu(A)d)(A)dA (9)

mk,T
¢ —b°

Voc—simu =In (lSC_Simu)
q

Jsc—exp " Voc_exp (o
with EQFsim. the simulated EQE of the cells, m the ideality factor, Jicexp and Voceyp the
experimental electrical characteristics of the reference cells.

In the semitransparent perovskite solar cell, the FF is strongly affected by the sheet
resistance of TCOs. Thus, FF can be divided into two contributions: (1) losses due to the sheet
resistance of the TCOs and (2) the other contributions. In the case of our experimental devices,
the contact design is asymmetrical. The two TCOs are made of two different materials, do not
have the same conductivity and geometrically, the current does not travel the same distance
inside. This results in different equations for the front and back electrodes. The power loss Prco
due to the sheet resistance of the rear (ITO) and the front (FTO) TCO electrodes can be
calculated as follows [40]:

D/2 Rsh—rear 2LD3RS —rear
PTCO—rear= flzydR=2f0/ (ij)Zthy= ]1—2}1 (11)

da RS —=Jjron ]2Ld3RS —=Jjron
Preo-pront = [ 1?y dR = [ (JLy)* == dy = e (12)

with D the distance between the gold contact and the center of the rear electrode and d the
distance between the gold contact and the center of the front electrode, see Fig.12.C, L the
finger length, Rs the sheet resistance of the TCO, y the distance between a gold contact and a
point of the TCO surface, / the current and J the current density. Afterwards, Prco is normalized
by the power estimated at the maximum power point (Purp) to find the losses X due to the sheet
resistance of one TCO:

Prco-rear — Rsh*D2 * JmpP (]3)
Pmpp 12 Vmpp

XTco-rear =



P _ R 2
TCO-front _ Rsp*d % JmppP (14)

X _ =
TCO—-front PMpP 3 Vmpp

with Jurp and Vurp the current and voltage at the maximum power point, respectively. Finally,
the efficiency of the cell can be estimated by:

1
PCEsimu = *]sc—simu * Voc—simu * FF

Py

with FF = FFy = Xrco-rear = Xrco—front (15)

with P; the incident light power and FFy is the FF without electrical losses in the electrodes.

4.2.2 Experimental results

The experimental perovskite top cell used to develop this optical model reached 16.6%
efficiency and allowed to build a 4T tandem at 21.7% of efficiency by associating it to a filtered
commercial silicon bottom cell at 5.1% [8]. This device suffers from electrical and optical
losses and constitutes an interesting starting point to validate our model. Once the main losses
are identified, different pathways are proposed to simultaneously optimize the performances of
both perovskite and silicon subcells. For that purpose, the experimental electrical performances
of the perovskite, silicon solar cells and filtered silicon cells have been obtained with the I-V
characteristic under one-sun AM1.5G illumination. The results are given in Table III and in
Fig.12.A.

The IV curve of the experimental perovskite cell is fitted with a diode model to obtain the
value of the ideality factor m, i.e. m=3.3. While the ideality factor is generally between 1 and
2, higher ideality factor can be observed in perovskite cell, and it is due to the presence of strong
coupling between ions and electrons near the electrode interface. A presence of such interfacial
defects are known to give an abnormally large ideality factor for organic photovoltaic
cells [41,42]. For the silicon cell, we consider m=1. As visible on Fig.12.B, simulated EQE for
the silicon cell has a slight discrepancy with the experimental measurement, with no impact on
the Jsc because losses and gains offset each other. EQE is mainly limited by the transmission
through TCO at the front side and the rear side of the perovskite cell.

In the case of the perovskite device, the losses are also due to the sheet resistance of TCO.
Losses due to sheet resistance can be obtained using d is 8 mm for the anode (FTO) and D is 3
mm for the cathode (ITO), see diagram in Fig.12.C and D. Consequently, XTCO-rear loss is
equal to -4.58% and XTCO-front loss is equal to -0.28% following the equations (13) and (14),
respectively. Consequently, by using equation (15), FFO is equal to 78% to obtain the same fill
factor and efficiency as experimentally measured, see Table III. In interesting to note that,
according to the Shockley-Queisser model, the upper limit of FF is close to 90% for perovskite
solar cells with open circuit voltages of 1.2V and an idealized factor m=1. This first percentage
of loss (10%) is due to radiative recombination which is an unavoidable loss mechanism.
However, in many cases as here, the maximum reachable FF to about 83% [43]. In such
devices, it is then mainly limited by non-radiative recombination losses. In addition, best
practical devices have generally lower FF (around 70-75%). The presence of defects in the
absorber material, inefficient charge extraction or current leakage through shunts can already
limit the achievable FF below the maximum value, even in the absence of resistance effects in
the electrodes or other layers [43,44]. That shows the good quality of the perovskite solar cell
used in this work regardless the electrodes.
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Table V. Electrical characteristics of the perovskite and silicon solar cells under one-sun AM1.5G
illumination, and of the filtered silicon cell.

Cell Eff. (%) Jsc (mA.cm?)  Voc (mV) FF (%)
Perovskite 16.6 21.1 1075 73
Silicon 18.1 389 619 77
Filtered Silicon 5.1 11.5 590 77
Tandem 21.7 - - -

5. Conclusion

In conclusion, we developed an optical model and an iterative methodology to simulate
accurately an experimental perovskite cell, and a 4T perovskite/silicon tandem device. It is
based on an iterative method: the determination of the optical indices of every layer of the
structure, and the model of the complete structure. Optical losses in the perovskite cell have
been analyzed. Parasitic infrared absorptions are mainly caused by the electrodes (ITO and
FTO), spiro-OMeTAD and the glass substrate. Furthermore, the air / glass and ITO / air
interfaces are responsible of parasitic reflection.



In addition, to predict the impact of changes in the initial structure, for instance new TCO
layers, we developed a simple electrical model to simulate the full tandem cell. In our design,
FTO is the main factor limiting the FF of the perovskite cell, even if its sheet resistance is lower
than ITO.f

Our models can be used to further improve the efficiency of the 4T tandem solar cells. It
provides a simple way to test many materials in order to optimize the complete device, for
instance by replacing Spiro by PTAA, or using IZO and IO:H for the electrodes. Parasitic
reflection could be reduced by the use of additional anti-reflective coatings, and by adding an
optical coupling layer between the cells. Finally, the interest of using more efficient bottom
silicon cells from different technologies can be easily evaluated thanks to the electrical model
mentioned.

More generally, the methodology detailed here can be easily applied to other technologies
of solar cells and allow building optical models based on experimental devices when the
morphology, the optical, and electrical properties can be characterized. It can accound for a
wide variety of materials and stacks, and oblique incidence angles. In addition to the analysis
of optical losses, the ability to finely model interference patterns may be of particular interest
in structures where their influence on transmission and reflection properties needs to be
enhanced/suppressed for optical management.
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