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System approach to the analysis of solar cell efficiency: mesostructured

perovskite solar cell
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A method for analyzing the photocell efficiency is proposed, based on the procedure of statistical averaging of
experimental data. The method enables an assessment of the overall quality of the device and to determine the
conditions for increasing its efficiency by optimizing the functional layers thicknesses. By means of the developed
approach, the characteristics of the functional layers of the experimental perovskite solar cell with a mesoporous
TiO, layer were established, and the excellent agreement between the theoretical and experimental values of the

current-voltage characteristics was obtained.
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Due to their remarkable electrical and optical proper-
ties, organic-inorganic halide perovskites (OIHPs) attract
great attention of researchers due to their potential for
using as light-absorbing material in the field of photo-
voltaics. Photovoltaic cells with OIHP-layers, for which
an energy conversion efficiency of 25.8% [1] has recently
been achieved, are the most promising competitors of
silicon-based photovoltaic cells. Cheap production, high
radiation absorption coefficient, big diffusion length and
high mobility of charge carriers, as well as a high power
conversion efficiency (PCE) are undoubted advantages of
OIHPs. Moreover, various modifications of perovskite
compositions are being actively developed today for the
purpose of achieving their great stability and utilization
in wide ranges of absorbed radiation [2]. Obviously, the
analysis of the optical and electrical properties of different
functional layers in the device architecture is crucial for
further improvement of the efficiency of perovskite solar
cells (PSCs). However, some parameters of these layers are
hard to measure. For example, estimates of charge carrier’s
mobility in perovskite are quite approximate. Problems also
arise when measuring the thicknesses of different functional
layers of an experimental sample of PSC. Thicknesses can
vary not only from sample to sample, but also for an
individual synthesized layer of the sample. One of the
main goals of this work is to elaborate an efficient approach
combining the analysis of optical and electrical properties
of mesostructured PSC that allow to obtain an objective
estimate of the properties of different functional layers of
the experimental sample.

To achieve this goal, we will analyze the properties of
PSC with a well-proven architecture (Fig. 1), which was
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fabricated by us using the methodology of the work [3]. The
device looks like a n—i —p-diode. A thin and compact layer
TiO, (c-TiO,) was applied on a complex glass substrate
to facilitate the collection of photogenerated electrons from
the perovskite material. To improve the efficiency of charge
carriers collection, a layer of mesoporous TiO, (mp-TiO;)
was introduced to improve the further growth of perovskite.
Moreover, partial infiltration of perovskite into the layer
of mp-TiO; reduces the number of traps at that boundary.
To improve the hole transfer between perovskite and gold
electrode we used Spiro-OMeTAD (CgiHegN4Os). Note
that at the moment there is no consistent methodology for
determining the thickness of the mesoporous layer and its
quantitative effect on the PCE for PSC. Then, we considered
an efficient approach to the analysis of the optical and
electric characteristics both of the mp-TiO, layer and the
device as a whole.

Since electronic and optical measurements cannot be per-
formed on the same PSC sample, two batches of 24 samples
made in the same conditions were prepared. The first
batch was used for optical measurements with interruptions
at each phase of the process of PSC fabrication, and the
second — for the measurements of current-voltage curves
(CVQC).

Considering the application of a new layer of material
as a separate stage of the process, we measured the optical
transmittance of the obtained structure (T®P(1)) for a given
interval of wavelengths 4. At the stage 1, a multilayer
glass substrate was fabricated, which is formed by the
layers of SnO,, SiO; and fluorine-doped tin oxide (FTO).
At the stage 2, a layer of c-TiO, with a thickness about
dozens of nanometers was added by spray pyrolysis. Then,
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Figure 1. a —schematic image of the architecture of the experimental PSC layers; b —typical image of the experimental sample obtained

by means of scanning electron microscope.

Table 1. The range of thicknesses of the layers of the material in
PSC samples measured by scanning electron microscopy

Material Thickness, nm
SiO, 10—-30
SnO, 10—-30
FTO 500—600
¢c-TiO, 10—-30
mp-TiO, 180—300
Perovskite 400—-550
Spiro-OMeTAD 200—250

at the stage 3, a layer of mp-TiO, was deposited, which
was followed by application of perovskite (stage 4) and
Spiro-OMeTAD (stage 5). The last three layers were applied
by centrifugation. Then, we measured CVC of PSC for the
second batch of 24 samples by means of a solar energy
simulator. These measurements resulted in the mean value
of short-circuit current for JS" = 20.07 mA/cm? with a
standard deviation of 0.99 mA/cm? at an illumination of
1000 W/m2.  Measurements of the transmittance of the
whole device were performed using a UV-VIS CARY
4000 spectrophotometer at normal incidence within the
wavelength range of 200—800nm. Our measurements
showed that it is sufficient to fabricate six samples at each
stage to get a reliable result for the mean value. The
approximate thickness of each layer of the material (Table 1)
was estimated by means of scanning electron microscopy
techniques.

To theoretically analyze the amount of transmitted T"(1),
absorbed «(1), and reflected light in each of the materials
forming the PSC architecture, we used ray tracing simula-
tion by means of the OTSun python software package [4].
The simulation is based on the Monte Carlo method. At

that, the optical characteristics were described by using
the Fresnel equations in their most general form with the
addition of the transfer matrix method (TMM) to consider
the interference phenomenon [5] (see details in [6]).

The complex refraction indices of the following materials
were taken from the reference publications: FTO [7],
TiO, [8], Spiro-OMeTAD [9]. In the case of SnO, and
SiO,, data from the material manufacturer were used.
The refraction index of the glass was calculated based
on the transmittance measurements. An average volume
theory model was used to determine the complex index
of the material mp-TiO, [10]. Properties of mp-TiO, were
associated with efficient medium containing the mixture of
C-TiO; and air (see below). The complex refraction index
of perovskite (FAPbI3) was taken from the work [11].

For comparison of theoretical and experimental transmit-
tance values, it is necessary to determine the combinations
of thicknesses of functional layers (hereinafter referred
to as configuration) of the PSC structure. Using the
measured value ranges (Table 1), we calculated the sample
configuration at each stage of the fabrication process using
TMM to get the best concordance with the experimental
data. In order to achieve our goal, we calculated the root-
mean-square error (RMSE)

1 =800 2
RMSE = — Texp(1) — Tth(A)| . 1
Ty 2 TR T

Here N —is the total number of steps for a given interval
of wavelength with the increment of 1 nm. For example, at
first, we performed calculations for the stage 1 considering
configurations from the following thickness ranges (nm):
10-30 for SnO, and SiO,, 500—600 for FTO. As a
result, we selected configurations that fall within 1% of the
least RMSE. Then, similar calculations were performed for
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Table 2. Characteristics of the semiconductors in question: TiO,, FAPbI; (perovskite), Spiro-OMeTAD (for the model [14])

Layers
Parameter
c-TiO, mp-TiO, Perovskite Spiro-OMeTAD
X, eV 4 4 375 2.12
Eg, eV 3.05 3.05 1.66 3.1
ms/me 1 1 1 1
m; /me 1 1 1 1
Nad/a, cm™> 1-10% Variable 0 1-10%
u,cm?/(V -s) 0.006 0.006 Variable 0.0001
e 60 42.45 60 3
Ip, nm 4 4 Variable 0.5

Note. x — electron affinity, Eg — band gap width, m; /h/me — effective mass of electron/hole, Ng/a — concentration of donors/acceptors, ¢ — mobility,
& — permittivity, I[p — diffusion length. Determination of the permittivity of mp-TiO, (the value is highlighted bold) is discussed in the text (see equation

)
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Figure 2. Current-voltage curves. A wide band around the
experimental curve indicates the boundaries of deviations from
the mean value when measuring experimental samples.

subsequent stages, subject to the reduced ranges found at
the previous stage.

The thickness values that gave the best match between
the measured short-circuit current JSaP and the theoretical
value J were considered as final mean values of layer
thicknesses in the fabricated PSCs. The method proposed
in [12] and the TMM library [13] were used for the
calculation of JM. The results of the short-circuit current
calculations showed relatively small sensitivity to the change
in thickness of perovskite and Spiro-OMeTAD. According
to our analysis, an ,optimum“ configuration having the
best correlation with the obtained experimental data had
the following thicknesses (nm): 11 (SiO,), 16 (SnO),
565 (FTO), 24 (c-TiOy), 240 (mp-TiO,, porosity 20%),
500 (perovskite), 250 (Spiro-OMeTAD).

Using the ,optimum® configuration of thicknesses, we
calculated the CVC of PSC by solving the transport
model equations [14]. The input parameters were the
characteristics of the functional layers (Table 2). There
were ,variable® parameters in them. Their values were
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determined based on the condition of the best match of
the measured mean and calculated CVC of the PSC.

For example, in order to perform transport model calcu-
lations, we had to determine the permittivity and electrical
conductivity of the layer of mp-TiO; omp = QumpNmp, Where
Ump — 1s the majority charge carriers mobility and Ny — is
the dopant concentration. Analysis of the optical properties
showed that the mp-TiO, layer contains air-filled holes
(porosity). Since the concentration of these holes is small
(20%), the dielectric permittivity of such a mixture can be
approximated by (see details in [15]):

3(a — €1i0,) €TI0,
Emix = €1io, t C—————————— 2
mix i0; €a -+ 25Ti02 ( )
where etio, and €4 — are permittivities of TiO, and air,
respectively, ¢ — 1is the airfilled holes concentration. It

can be assumed that the electrical conductivity in that
layer shall also be reduced by at least 20%. In the
calculations, it was assumed that the mobility of carriers
remains the same as in the layer of C-TiOy (Ump = tc),
while the donors concentration was determined by the
ratio of Nmp < 0.8N¢, where N — is the concentration
of donors in the layer of c-TiO,. Therefore, the following
parameters were found based on the condition of the
best match between the measured mean and calculated
CVC: efficient concentration of donors in the layer of
mp-TiO2 (Nmp = 1-10'7 em~3), mobility of carriers in the
perovskite layer (u = 50cm?/(V -s)) and the time of their
life (r = 0.7ns). This allowed us to estimate the diffusion
length in perovskite Ip = \/ukgT7/|€| = 0.3 um. Note that
the values we obtained for Npyp/u fall within the limits
known from the referenced publications: 10'°—10! cm—3
for Nmp [16] and 5-50cm?/(V-s) for p [17]. With
these parameters, an excellent correspondence between
the calculated and measured averaged CVC was ob-
tained (Fig. 2): short-circuit current Jec"(JI) = 20.072
(20.076) mA/cm?, open-circuit voltage Vea (Vi) = 0.985
(0.984) V, CVC filling ratio FF®P/FF™" = 0.695(0.703),
PCE®P (PCE™) = 13.735(13.882)%.
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Therefore, the proposed approach allowed us to deter-
mine the averaged characteristics of the different functional
layers of the experimental sample and its efficiency. This
approach can be used to optimize the architecture of the
developed PSC for the purpose of obtaining a high PCE of
the fabricated sample.
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