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S1. Device Characteristics

The device fabrication and the experimental work, presented in this pa-
per, have been carried out at the facilities of the Institut Català de Nanocièn-
cia i Nanotecnologia (ICN2) in collaboration with the Nanomaterials for
Photovoltaics Energy research group. The perovskite solar cells have been
fabricated with the FTO/c-TiO2/mp-TiO2/Perovskite/Spiro-OMeTAD/Au
configuration using multi-cationic perovskite. Each of these materials has its
own synthesis and deposition process; all fabrication details are discussed in
(1). Example of final samples is shown in Fig.S1.
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Figure S1: Image of the perovskite solar cell samples at the final stage of the manufacturing
process.

Figure S2: Mean values and standard deviations of the optical transmittance measure-
ments for each manufacturing stages of the perovskite solar cell. Standard deviations have
been calculated at each wavelength for six experimental samples (see also the main text).

Transmittance
Transmittance measurements have been done by means of the UV-Vis

CARY 4000 spectrophotometer at normal incidence, using the solid sample
holder accessory. The incident radiation consists of 200−800 nm wavelength
range of the optical spectrum. The results of the mean value of the optical
transmittance measurements for each stage as a function of the wavelength
are shown in Fig.S2. Our measurements make manifest that it is enough to
fabricate six samples at each stage to obtain a reliable result for the mean
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value. Additionaly, we indicate the standard deviation from the mean value
for each curve, corresponding to each stage. The largest deviations are ob-
tained for the c-TiO2 and mp-TiO2 depositions (stages 2 and 3, respectively).
Noteworthy, up to now there is no any available criterium in literature re-
garding definition of the effective border line between c-TiO2 and mp-TiO2

depositions. In fact, one of our goals is to propose such the effective method-
ology.

Figure S3: Cross-section image of the samples, obtained by means of the scanning electron
microscope. It is quite visible the degree of the gold layer roughness. The extracted
approximate thickness of each layer is presented in Table S1.

Layer Thicknesses
The approximate thickness of each material layers has been estimated

using scanning electron microscopy (SEM) techniques (see Fig.S3). These
images are essential for modelling the PSC, since each layer thickness ass-
esment is a key parameter in the following model calculations. The hetero-
geneity observed in the layer thicknesses is due to the experimental process
itself, subject to variations in the initial conditions, the experience and skill
of the technician, the correct stoichiometric balance of the compounds, etc.
The less accuracy for the estimation of the c-TiO2 layer thickness is due to
its extension diapason in the range of a few tens of nanometers.

Note that the substrate is formed by four different materials. The thick-
ness of each component in the compound is provided by the manufacturer
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Material Thicknesses (nm)
SiO2 10-30
SnO2 10-30
FTO 500-600
c-TiO2 10-30
mp-TiO2 180-300
Perovskite 400-550

Spiro-OMeTAD 200-250

Table S1: Thickness range of the material layers present in the PSC samples measured by
scanning electron microscopy.

itself: 2.2 mm of glass, 25 nm of SnO2 and SiO2, and 540 nm of FTO. Even
so, in the images (see Fig.S3) it can be seen that the FTO is not completely
homogeneous. Consequently, we consider a certain range of thicknesses, in
which the calculations for the characterization are carried out. From the
images obtained by SEM, the thickness ranges considered for the materials
in the successive calculations, are shown in Table S1.

S2. Detailed elaboration of thickness configuration

In order to fit theoretical and experimental transmittances, a concrete
thickness configuration of the PSC structure is needed. Since scanning elec-
tronic microscope images show that the thicknesses of the layers is not com-
pletely homogeneous, we must consider a range between which each layer
thickness lies. Before to resolve this problem we have to analyse the optical
properties of each layer.

One of the most common theoretical tools used to analyse the optical
properties of complex solar systems with a high accuracy is the so called
Monte-Carlo ray tracing simulation. It consists of a set of techniques that de-
termine the path of light through matter in a three-dimensional environment
with computer simulations (2). We implement in our approach the Monte-
Carlo ray tracing technique, adding the transfer-matrix method (TMM) to
characterize the optical response of the PSC with the aid of the ray trace
OTSun python package (3; 4; 5). In order to carry out simulations in a sim-
pler and faster way, first, we use the TMM only to determine the thicknesses
configuration. Based on the results discussed hereafter, the OTSun will be
used (see the main text) as the subsequent step where more accurate calcu-
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lations are needed. Consequently, using the ranges shown in Table S1, each
possible configuration is considered to provide the transmittance with the aid
of the TMM calculation, to obtain those that are closer to the experimental
curves. To reach our goal we introduce the root mean square error (RMSE)
of each thickness configuration for a given material thickness

RMSE =
1

N

√√√√λ=800∑
λ=300

[T exp(λ)− T th(λ)]2 . (1)

Here, N is the total number of wavelength steps; the step is equal to 1 nm in
all cases; T exp(T th) is the experimental (theoretical) optical transmittance.
Hereafter, it is convenient to introduce the range limits of the thickness
variation for each layer as [a,b] (in nm).

First, we carry out the calculations for the stage 1. To this aim we
consider the following thicknesses: [10,30] for SnO2 and SiO2; [500, 600] for
FTO. As a result, we choose those configurations that lie within 1% of the
lowest RMSE.

Next, we proceed to the stage 2 (repeating similar calculations), using the
range limits obtained from the stage 1: [10,20] for SnO2 and SiO2; [550,600]
for FTO; [10,30] for c-TiO2. These calculations reduce the starting range
limits to [10,16], [14,20], [550,600], [22,30] for SnO2, SiO2, FTO, c-TiO2,
respectively.

Afterwards, we move to the stage 3, where both the thickness and the
porosity of the mp-TiO2 are added to the system. An initial sweep is made
considering the previous ranges plus the mp-TiO2 [180,300] layer and its
porosity considered between 1% and 50%. Considering the configurations
that lie within 1% of the lowest RMSE, the material thicknesses are varied
in the following intervals: [10,12] for SnO2; [14,18] for SiO2; [555,580] for
FTO; [23,25] for c-TiO2; [200,300] for mp-TiO2, and its porosity reduced to
the 10%–20% range.

From our previous experience (see details in (6; 7)) it follows that small
changes in layer thicknesses (in order of a few nanometers) at the stage 2
do not affect the optical transmittance of the device. Therefore, we choose
the mean values 11, 16, 565, and 24 nm (associated with SnO2, SiO2, FTO,
c-TiO2 layer thickness, respectively), which are defined within the ranges
imposed by the stage 3. By fixing these values, we also reduce significantly
the calculation time, enabling us to explore the mesoporous material and its
subsequent influence on the properties of the absorbing layer.

5



We recall that the stage 4 includes the perovskite layer considered in the
[400,550] interval, while keeping the variability of the porosity and thickness
of the mp-TiO2 layer as mentioned above. Since there is a complex interplay
of the transmittance through the mp-TiO2 layer and its effect on the trans-
mittance through the perovskite, we consider the ranges of three parameters
simultaneously: i) the mp-TiO2 layer thickness; ii) its porosity; iii) the per-
ovskite thickness within 5% of the lowest RMSE selection. As a result, we
obtain that: the mp-TiO2 porosity oscillates between 10% and 20%, while its
thickness between 260 and 300 nm; the perovskite layer thickness oscillates
between 450 and 500 nm.

In the stage 5 the Spiro-OMeTAD layer is added with a thickness defined
in [200,250] nm interval. Our calculations yield that the configurations within
5% of the lowest RMSE lie in the following interval (in nm): [270,300] for
the mp-TiO2 layer; the porosity is defined between 15% and 20%; [450,470]
for the perovskite layer; [200, 250] for the Spiro-OMeTAD layer.

Notice that the configurations that fit better the optical behaviour of the
experimental samples are not necessarily those that fit better the electronic
properties of the experimental samples. Consequently, our analysis is sup-
plemented by one more parameter: the short-circuit current Jsc. Therefore,
considering the ranges of parameters for each material obtained under the
previous procedure and making them less restrictive, we proceed to the cal-
culations of the short-circuit current Jsc, which will involve adding the gold
metal layer to the system. Again, we have to vary the discussed parameters
within the above limits (see below). Taking this fact into account, the maxi-
mum possible photocurrent is calculated in the assumption that all absorbed
photons generate electron and holes and contribute to the current (8). In an
efficient PSC this current is closely related to the short-circuit current, Jsc.
As a result, to reach a consistently between optical and electronic properties
we calculate the short-circuit current for every configuration, taking into ac-
count that the mean value of the measured current Jsc = 20.07 mA/cm2 (see
details in the main text).

We recall that all the effects regarding the radiation-matter interaction
mentioned above, are needed to elucidate the number of absorbed photons
inside active materials. To this aim the photogeneration rate G of the cre-
ation of pairs of electrons/holes should be considered a position-dependent
function within the material thickness. To this aim we employ the method
proposed by Ball et al. (9) and the TMM library (10) to calculate the short-
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Figure S4: The short-circuit current Jsc as a function of mp-TiO2 porosity (a), mp-TiO2

thickness (b), perovskite thickness (c) and Spiro-OMeTAD thickness (d).

circuit current Jsc as:

Jsc = q

∫
G(λ, z)dλdz , (2)

where q is the electron charge, and z is the depth from the semiconductor
surface.

Turning to the calculation details of the discussed procedure, first, we fix
the multilayer glass thicknesses at 11, 16, 565 (nm) for SnO2, SiO2, FTO,
respectively; and 24 nm for c-TiO2. Second, it is observed that the pho-
tocurrent is very sensitive to the thickness and porosity of the mp-TiO2

layer. Indeed, it should be noted that at stages 2 and 3 that correspond to
the deposition of the c-TiO2 and the mp-TiO2 layers, respectively, a stan-
dard deviation 10 times higher relative to those for other stages (see Fig.S2).
Including the Jsc calculations to the RMSE result obtained from the trans-
mittance fitting, we weakend the boundaries found above, in particularly, for
the porosity and for the mp-TiO2 layer thickness. Consequently, we vary the
porosity and thickness of the mp-TiO2 layer (from 2% to 20%, from 200 to
300 nm, respectively); the perovskite thickness (from 450 to 550 nm); the
Spiro-OMeTAD thickness (from 200 to 250 nm). As a result, we do calcula-
tions by varying the following parameters:
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Figure S5: The short-circuit Jsc as a function of the RMSE, calculated by fitting the
experimental and theoretical transmittance of stage 5. The optimal configurations (red
solid points) are located in the range of ±5% deviation from the experimental value of the
short-circuit current. Black point corresponds to the selected case, used for comparison of
experimental and theoretical J-V characteristics (see main text).

1. porosity takes 10 possible values;
2. mp-TiO2 thickness takes 11 possible values;
3. perovskite thickness takes 11 possible values;
4. Spiro-OMeTAD thickness takes 6 possible values,

i.e. we have a set of 10×11×11×6 = 7260 combinations determined by the
parameters variations. Altogether the chosen parameters provide the basis
for the calculation of the set Jsc values (see Fig.S4).

Among all the possible configurations, we have selected those that hold
the following criteria: i) be ≤ |5|% with respect to the experimental value of
the short-circuit current Jsc; ii) be ≤ 5% of the lowest RMSE (red region in
Fig.S5). From this selection, the configuration with the highest Jsc has been
chosen denoted by the black point on Fig.S5.

The results for the short-circuit current Jsc demonstrate: i) its less sensi-
tivity to the variation of the perovskite and Spiro-OMeTAD thicknesses; ii)
while the close correspondence to the experimental value of the short-circuit
current Jsc takes place at the thickness 240 nm and the porosity value = 20%
of the mp-TiO2 layer.

Summarising, according to our analysis the theoretical configuration, cho-
sen to model the experimental samples, consists of the following layer thick-
nesses (in nm): 11 (SiO2), 16 (SnO2), 565 (FTO), 24 (c-TiO2), 240 (mp-TiO2,
the porosity = 20%), 500 (Perovskite), 250 (Spiro-OMeTAD). This configu-
ration is obtained as a result of optimization of the optical transmittance of
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the device configuration at the value of the short-circuit current Jsc = 19.83
mA/cm2.
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