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The effect of the CH;NH;PbCl,I;_, perovskite layer thickness and
grain size on its electrophysical and optical properties

Lead halide perovskite CH3;NH;PbCl,I;  thin films are widely used as photoactive layers in perovskite solar
cells. CH;NH;PbCL L5 is a low band gap semiconductor with a broad absorption spectrum and a high
conductivity showing excellent compatibility with exciting hole and electron selective layers in terms of
electronic energy alignment, which provide efficient charge generation, separation and transport in perovskite
solar cells. In this paper, CH;NH;PbClI;_, layers were deposited on the TiO, surface by one step spin-coating
technique from a methylammonium iodide (MAI) and lead chloride (PbCl,) solution. To prepare the
perovskite solution, PbCl, (Sigma-Aldrich)230 mg of PbCl, and 394 mg of MAI were dissolved in 1 ml of N,
N-Dimethylformamide (Sigma-Aldrich) solvent. As expected, the elevation of the spin-coating rate resulted
in CH3NH;PbCl,l;,, thickness reduction, which should lead to a decrease in the Rj; resistance in
CH;NH;PbCL ;... However, the impedance spectroscopy revealed that with thickness reduction from 955 nm
to 753 nm, the Rj resistance of CH;NH;PbCl ;. declines from about 2590 Q to 2258 ‘Q reaching the
minimum value at 505 nm. The further decrease in CH;NH;PbCl,I;, thickness increased CH;NH;PbCl,I;
film resistance. The study of CH;NH;PbCl,I;_, absorbance and luminescence spectra showed that the change
in CH3NH;PbCl 15, defect density occurred, which explains the decrease in CH;NH;PbClI;, resistance.
According to the absorbance and luminescence spectroscopy study, the CH3;NH;PbCl 15, thickness reduction
led to a decrease in the density of interstitial CH;NH;PbCl,I5., " defects. CH;NH;PbCLI;.," species form deep
levels trapping free electrons and as a result, increasing CH3;NH;PbCl, 15, resistance. The PSCs based on a
505 nm thick CH3;NH;PbClI;, layer showed the highest performance with the improved short current
density and fill factor. The champion device had a power conversion efficiency of 9.92 %.

Keywords: Perovskite solar cells, photoactive layer, CH;NH;PbClI;,, copper phthalocyanine, iodine ions,
impedance meter, electron transport layer, hole transport layer.

Introduction

Organic-inorganic metal halide materials with a perovskite structure are at the stage of intensive studies.
Hybrid perovskites are direct-gap semiconductors with a unique set of optical and electronic properties,
which makes them practically ideal materials for photovoltaics and optoelectronics. The power conversion
efficiency (PCE) of perovskite solar cells (PSCs) has reached 25.7 % [1]. The high PCE in combination with
inexpensive fabrication methods makes PSCs the most promising devices for modern photovoltaics. They
have become the main competitor to traditional inorganic solar cells [2].

Organic-inorganic metal halide perovskites have bipolar conductivity, which allows effective transport
and separation of electrons and holes at perovskite/electron transport layer (ETL) and perovskite/hole
transport layer (HTL) interfaces. The electronic energy level consistency at the interface perovskite/charge
selective layer (ETL and HTL) plays crucial role for the efficient extraction of charge carriers from the
perovskite.

For effective hole extraction, VBM (valence band maximum) level in HTL should be slightly higher
than VBM level in the perovskite. In addition, a higher position of CBM (conduction band minimum) level
in HTL relative to CBM level in the perovskite blocks electrons and prevents electron transport to the
anode [3, 4]. Recent studies have shown that the charge transfer properties at the perovskite/HTL interface
are a major factor limiting the efficiency and stability of PSCs [3].

In recent years, improvements in the crystallinity and morphology of the perovskite layers have led to
further boost in PCE of PSCs. However, more deep and advanced studies are still needed to optimize charge
transfer processes in PSCs in order to minimize charge recombination, eliminate hysteresis and to increase
device stability. The perovskite layer’s crystallinity, uniformity, roughness and thickness are critical
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parameters to control during the film deposition. Obtaining uniform, smooth and pin-holes and crack free
perovskite layer are necessary to fabricate high efficient devices. Currently there are two solution
processable deposition techniques of perovskite thein films: one step and two-step sequential deposition
techniques. Perovskite thin films deposited by the one-step method have large grains, however the film
surface is rough and they have relatively high defect density [4]. Kim et al. demonstrated a two-step
sequential deposition method, which can alleviate challenges inherent the one-step methods. PSCs fabricated
by Kim et al. showed PCE of around 15 % [5]. Except, the solution processable methods, there are other
deposition methods, which also demonstrates high efficient PCSs. The Liu et al. reported planar PCSs with
PCE of 15.4 % where refers to uniform perovskite layers were deposited by a sputtering technique [6]. It is
very easy to study the morphology of the thin film.

The morphology and structure of the perovskite thin films are very sensitive to the synthesis conditions,
such as nature of precursors and solvents, deposition and annealing temperature and environment, and a
deposition rate [4-7]. Recently, highly smooth perovskite thin films with high crystallinity were obtained by
annealing in mixed solvent vapor at room temperature, and PCSs showed PCE of 16.4 % [8]. In 2015, Ko et
al. reported PCSs with PCE up to 15.76 % by keeping the substrate temperature at the range of 40 °C-60 °C
to control the perovskite layer crystallization [9]. All of these studies imply that the crystallinity and
morphology of the perovskite layers are very important to fabricate high-performance solar cells.

In the last few years, record PCE of PSCs has increased from 3.8 % to more than 20 % [7-11].
Compared to other types of solar cells, PCSs have many promising advantages. Compared to silicon-based
solar cells, the mass production cost of PSCs will be lower. At the same level of energy conversion
efficiency, HPSCs cost only 1/20th the cost of silicon-based solar cells. Currently, record efficiency of PSCs
is 25.2 %, which is close to the efficiency of silicon-based solar cells (~27.1 %), and PCE as high as 30 %
are predicted for them [10].

With the great efforts of researchers and engineers around the world, PCSs efficiency has now set a
record for thin-film solar cells. Structure engineering, morphology optimization and interface modification
have been the main research focus to ensure the high efficiency of PSC [8-10]. The morphology and degree
of crystallinity of the perovskite films were found to be crucial factors for the development of highly
efficient and stable solar cells [11]. The main goal of optimization studies is to deposit highly crystalline
perovskite films with large grains and pin-holes free. This is accomplished by optimizing deposition
conditions: solution concentration and temperature, drying and annealing conditions [12-14]. In this paper,
we also demonstrate the importance of obtaining high-quality perovskite thin films by optimizing
crystallization process. Because the morphology of the perovskite absorber thin film is one of the most
important factors affecting the overall power, and conversion efficiency of perovskite solar cells [15-16]. To
improve the homogeneity of the film, efforts are made to improve the crystallization of the perovskite shell,
and these processes should be well understood and studied [17-20].

Methods of making perovskite thin films with low cost, easy energy conversion, quick preparation, and
easy application have been studied [21-22]. Therefore, the preparation methods are optimized for growing
larger perovskite crystals, improving a homogeneous and pore-free thin film and a closer arrangement of
crystal grain boundaries for better interfacial bonding. In this research paper, we investigated the
optimization of perovskite morphology to achieve highly efficient and stable perovskite solar cells.

In this work, we optimize the deposition conditions of CH;NH;PbCl,I; ,layers, and in addition, study
the effect of double hole transport layers based on CuPc and MoO; on PSCs performance. The use of CuPc
and'MoO; as HTLs in PSCs will significantly reduce the cost of perovskite solar panels. The optimization
and using double HTL led to enhanced absorption and significantly the growth of the current density. The
champion device revealed PCE as high as 9.92 %.

Materials and Methods

Sample preparation and deposition process

Solar Cell Fabrication. Perovskite solar cells were fabricated on glass substrates coated with an FTO
layer (15 Ohm/cm?®). FTO serves as an external electrode (cathode). First, substrates were thoroughly cleaned
in acetone, hot deionized water, and 2-proponal followed by UV-ozone treatment. For the electron transport
layer, a TiO, sol-gel solution prepared, at first, 15 mL of the aqueous solutions of titanium VI
isopropoxide(TTIP)(TifOCH(CH3),]4 99.999 % purity, Sigma-Aldrich, USA) was slowly added to 30 mL of
acetic acid (HCOOH 99.9 % purity, Sigma-Aldrich, USA) in a three-neck flask, and the mixture was stirred
for 5 minutes to avoid agglomeration. The mixture of deionized water (4 mL) and isopropanol
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(CH;CH(OH)CH;99.9 %, Sigma-Aldrich, USA) (15 mL) was added dropwise to the solution and then
stirred vigorously for another 10 minutes. After mixing the solution, 4 mL of nitric acid (HNO;) was added
to the solution as a stabilizer, and the mixture was further subjected to vigorous stirring for 20 minutes. TiO,
Nano solution formed from the hydrolysis and condensation reactions of titanium Alco oxide precursors. In
the presence of water, titanium Alco oxide hydrolyzed and subsequently polymerized to form 3-dimensional
TiO, nanoparticles, which dispersed on the FTO glass substrates and spun at 5000 rpm. Further, the spin-
coated pre-TiO, film was annealed at a temperature of 500°C for 60 minutes to obtain crystalline a TiO,
layer.

Perovskite Materials. In the next step, a photoactive perovskite layer was deposited on the TiO, surface
by one step spin-coating technique from a methylammonium iodide (MAI) and lead chloride (PbCl,)
solution. To prepare the perovskite solution, PbCl, (Sigma-Aldrich)230 mg of PbCl, and 394 mg of MAI
were dissolved in 1 ml of N, N-Dimethylformamide (Sigma-Aldrich) solvent. The resulting solution was
stirred on a magnetic stirrer at 70 °C for 2 hours to get a uniform solution. The perovskite solution was spin-
coated at 2000, 3000, 4000, 5000, and 6000 rpm. The perovskite layer was annealed for 2 hours at a
temperature of 90 °C to form a crystalline perovskite layer. The crystallization process was accompanied by
a change in the color of the film from yellow to dark brown. All steps including perovskite formation carried
out in a glove box filled with nitrogen.

Composition of HTM. After the perovskite layer formation step was done, copper phthalocyanine
(CuPc) serving as a hole transport layer (HTL) was deposited on the perovskite surface. HTL with a
thickness of 80 nm was deposited by thermal evaporation of CuPc powder (Sigma-Aldrich) at a vacuum
level of 10 Pa. Further, a 30 nm MoO, layer was thermally evaporated from MoO; (Borun New Material
Technology Co., Ltd.) on the CuPc surface at the vacuum level of 10~ Pa. Finally, an Ag electrode (anode)
with a thickness of 100 nm thermally evaporated at a vacuum of 10~ Pa.

Structural formulas of CuPc, MAI, and PbCl,, a diagram of perovskite solar cell fabrication steps (b),

Thermal evaporation Thermal evaporation Thermal evaporation

§85055 T

Figure 1. Structural formulas (a), a scheme of perovskite solar cell fabrication steps (b) and PSCs structure with
functional layers’ energy diagrams

Analysis methods

The surface topography and thickness of the samples were probed by a JEOL JSPM-5400 atomic force
microscope (AFM). The AFM data were processed by Gwyddion Data-Processing Software, a modular
program for SPM (scanning probe microscopy) data visualization and analysis. To measure the local current
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distribution, an AFM SolverP47 (NT-MDT) was used. When measuring the current, a voltage was applied to
the sample, while the conductive probe covered with a gold film was grounded. The surface topography and
surface standard deviation (rms) were measured in the semi-contact mode (NSC14 probe, Micromash), and
the current was measured in the contact mode (CSC37/Au probe, Micromash).

The thickness of the deposited PSCs layers was measured using a scanning electron microscope (SEM,
MIRA 3 LMU, Tescan).

The absorption spectra of the samples were measured by an AvaSpec-ULS2048CL-EVO spectrometer
(Avantes). A combined deuterium-halogen light source AvaLight-DHc (Avantes) with an optical range of
200-2500 nm was used as a light source.

For thermal deposition, the CY-1700x-spc-2 vacuum sputtering unit (Zhengzhou CY Scientific
Instruments Co., Ltd) was used.

The photoluminescence decay kinetics was measured on a pulsed spectrofluorometric with picosecond
resolution and registration in the photon-counting mode.

The impedance spectra were measured by a P45X potentiostat-galvanostat with. an FRA module.
Current-voltage (I-V) characteristics of solar devices were measured with PVIV-1A [-V Test Station-under
the light illumination from Sol3A Class AAA Solar Simulator (Newport).

Results and Discussion

Structural analysis of the prepared films

Figure 2 shows the top and cross sectional SEM images of perovskite thin films deposited at different
spin-coating speeds. As can be seen from SEM images, the surface morphology of the perovskite filmsvaries
with increasing the rotation speed (Figures 2a-2c). At lower speeds (2000-4000 rpm), films have irregular
grain sizes and have high roughness. At higher speeds, the distribution of grain sizes becomes significantly
narrower and it is noticeable that films become smoother (more flat) (Figure 2d-e). Figure 2f shows the
dependence of the thickness of the perovskite films on the rotation speed. As it was expected the film
thickness decreases with increasing in the rotation speed.

2000 rpm Byp 3000 rpm
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Figure2. SEM images of perovskite films deposited at different spin speeds (a-e) and their thicknesses (f).
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Figure 3 shows the AFM images of perovskite films deposited at different rotation speeds. The AFM
images are consistent with SEM data. In general, the film roughness decreases as spin-coating rotation speed
increases. The observed pores in the films are associated with the evaporation of the solvent during the
drying of the films. With an increase in the rotation speed, a structure appears on the surface of the film with
characteristic sizes of regions of several hundred nanometers (Figures 3a-3e). The appearance of such a
structure can be explained by the FTO substrate surface influence.

Figure 3f shows the dependence of the film surface roughness (RMS) on the rotation speed. As it was
expected the surface roughness falls as the rotation speed increases. However, it should be noted that we
observe a slight growth in thoroughness at 6000 rpm (Table 1).

o

2000 3000 4000 5000 6000

Spin-coating rate, rpm

a) 2000 rpm.; b) 3000 rpm.; ¢) 4000 rpm.; d) 5000 rpm.; ) 6000 rpm.
Figure 3. AFM images of perovskite thin films deposited at different rotation speeds

Table 1
Perovskite film roughness and components surface size
Spin-coating rate, rpm | Layer thickness (t), nm Ry, nm Daye, nm
2000 955 41.6 200
3000 753 29.9 220
4000 629 18.4 250
5000 505 11.5 162
6000 405 14.6 120
Optical properties

Figure 4a shows the absorption spectra of the CH;NH;PbCl,I;., photoactive layer. That’s seen from the
obtained spectra, absorptions are located at 300 — 700 nm. As known, CH;NH;PbCl,I;, is a well-absorbing
photocell, which has strong absorption in the visible ranges [23, 24]. When measuring the absorption spectra
of CH;NH;3PbCl,l;.,. it was found that with increasing thickness, the maximum of the absorption spectrum
shifts from the short-wavelength to the long-wavelength region A.,.x= 478 nm at a thickness of 400 nm, A=
519 nm at a thickness of 505 nm, A« = 524 nm at a thickness of 640 nm, A= 540 nm at a thickness of
753 nm, A= 630 nm at a thickness of 955 nm. This shift to the short wavelength region is associated with a
change in the surface structure of the CH;NH;PbCl 1. films. Figure 4c shows the luminescence spectra of
CH;NH;PbCl, 15 films with different thicknesses. As can be seen from the figure, when CH;NH;PbCIL; «
films are photoexcited at a wavelength of 650 nm, changes in the luminescence intensity are observed. The
maximum luminescence intensity of CH3;NH;PbClL ;. films with a thickness of 955 nm was observed at
773 nm (1.6 eV).
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For CH3NH;PbCl,I; films with a thickness of 955 nm, a luminescence peak is observed at a
wavelength of A= 773 nm and a spectral half-width of FWHM A=53 nm; 773 nm and spectral half-width
FWHM A=50 nm, films with a thickness of 505 nm are observed A= 773 nm and spectral half-width
FWHM A=51 nm, films with a thickness of 405 nm are seen A= 774 nm and spectral half-width FWHM
A=51 nm. The band gap was calculated from the intrinsic absorption edge of the UV and visible spectra. The
band gap of the CH;NH;PbCl,J; 4 films was estimated using the Tauc Plot method. As can be seen from the
figure, the CH;NH;PbCl,I;. film with a thickness of 405 nm has a band gap of about E,=1.57 eV. With an
increase in film thickness from 505 and 629 nm, an increase in the band gap of CH;NH;PbCl I films is
observed, respectively, E,=1.58 eV and E,~1.59 eV. A further increase in the thickness of the films 753 and
955 nm does not change the band gap E,~1.57 eV (Figure 4b). Optical characteristics of CH;NH;PbCl,I;.,
films are presented in Table 2.

For hybrid (X = I, CI) perovskite (Fig. 4a), the optical absorption band between 2.5 and 2.7 eV is due to
the Pb-Pb intracomponent transition. When these transitions are further separated into the most important
contributions of angular particles, the results show that these transitions mainly came from s (Pb)-p (Pb) and
with a smaller proportion of s (I) -p(I) and p(Pb)- p(I). Following our results, this band was attributed [25] to
the transition from Pb2+(6s) to Pb2-+(6p). Our results also agree with the results of [26], in which three peaks
appear in the absorption spectra at approximately 1.65, 2.20, and 3.10 eV. The first peak at about 1.65 eV is
mainly associated with the excitation of s(Pb)-p(Pb). The second, with a maximum of about 2.20 eV, is also
mainly due to the s(Pb)-p(Pb) transitions with a smaller contribution from the s(I)-p(I) excitation. The last
peak at about 3.10 eV is due to similar contributions from s (Pb)-p (Pb), s (I)-p (D), and p (Pb)-p ().

Further, we studied the dynamics of the perovskite quality and crystallization process depending on
photoactive layer thickness by observing the photoluminescence spectra of the perovskite. In Figure 4c
photoluminescence spectra of perovskite layers deposited on glass substrates with various photoactive layer
thicknesses are illustrated. The photoluminescence band of the perovskite has a maximum at A, = 785 nm.
As seen in PL spectra, the luminescence intensity of the perovskite layer deposited on the spin rate at
5000 rpm had the highest PL intensity. It has indicated that the photoactive layers’ best quality and
crystallization rate reached a thickness of 505 nm.
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Figure 4. Perovskite films absorbance coefficient (a), optical bandgap (b), PL spectra (c), and TRPL decay plot (d)
We studied the dynamics of charge transfer from a perovskite layer to ETL and how the charge transfer

depends on photoactive layer thickness by the time-resolved photoluminescence (TRPL) technique was used

to compare PL intensity decays and evaluate PL lifetimes (Tpr) in the perovskite layers with different
thicknesses deposited on TiO, layer. As seen from TRPL (Figure 4d) and Table 2, the PL intensity decay
occurs faster in the perovskite layer with a thickness of 505 nm. Similarly with the PL intensity quenching, at
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first, PL lifetime decreases with reducing perovskite layer thickness reaching a minimum value of ~0.8 ns at
a perovskite layer thickness of 505 nm, which confirms that effective charge transfer occurs from the
perovskite into ETL at the perovskite layer thickness of ~ 500 nm. However, at the lower thickness, the
thickness decay time increases indicating the worsened charge transfer.

Table 2
PL, optical bandgap, and TRPL characteristics
t, nm Maximum PL A, nm FWHM A, nm Bandgap, eV ToL.
ns
955 772.66 52.93 1.57 23
753 775.49 50.42 1.57 1.9
629 772.66 50.01 1.58 1.1
505 773.23 51.31 1.59 0.8
405 774.36 50.05 1.57 1.0

Photoelectrical characterizations

The current-voltage characteristics and the energy diagram of the components of perovskite solar cells
are shown in Figure 5. Figure 5a shows that PSCs with CH;NH;PbCl s films at a deposition rate of
2000 rpm have the worst photovoltaic parameters, which are due to a low fill factor (FF) of 47.27 %. Cells
with CH;NH;PbCl,l;_, films obtained at rotation speeds of 3000 rpm, 4000 rpm, and 6000 rpm show the best
solar-to-electrical energy conversion efficiency, which are n=7:93 %, n=8.83 %, and n=8.67 %, respectively,
compared to the efficiency of PSCs at 2000 rpm (n=7.13 %). The maximum value of the increase in the CVC
parameters is observed for the composite cell obtained at rotation speeds of 5000 rpm, the short circuit
current density (J.) increased by 30 %, and the efficiency value was 9.92 %.

The energy diagram was constructed according to the data from [25, 26]. According to these works, the
position of the valence band maximum (VBM) of TiO, is 4.0 eV, CH;NH;PbCl,I;, is 5.4 eV, the VBM for
MoO; films is 5.38 eV, and for CuPc films the VBM is 5.2 €V. As can be seen from the diagram, the energy
levels of the CH;NH;PbCl ;. and CuPc MIGs are in good agreement, which should ensure efficient
injection of holes from the photoactive layer (PS) into CuPc. The CVC parameters of solar cells are given in
Table 3.

However, it is not limited and further optimization is needed to boost photovoltaic performance and
eliminate hysteresis (Fig. 5b). We also studied the reproducibility of the PCE of our devices. It fabricated 10
devices for each type of PSC under the same conditions. Figure 5c shows the statistical deviation of PCE
from the average value.
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N ——753nm
W\ 955 nm

J, mA/em?

0.0 0?2 014 0:(: 0?8 1.0 0.0 0:2 ﬂ:4 0:6 0:8 I10

V, voltage V, voltage

<

= l:?]

o

=

81 @ 1955 nm
:l 753 nm

.|

Figure 5. Current-voltage characteristics of perovskite solar cells a), current-voltage characteristics of the champion
device for forward and reverse scans b), and PCE statistics c¢)

405 nm
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Table 3
Parameters of current-voltage characteristics of perovskite solar cells
t nm JSC UDC ‘lmax Umax F F ’7
’ mA/cm \% mA/cm’ \Y % %
955 16.96 0.89 11.69 0.61 47.27 7.13
753 18.14 0.90 12.67 0.63 48.87 7.98
629 19.33 0.92 13.58 0.65 48.05 8.83
505 20.76 0.94 15.04 0.66 50.82 9.92
405 19.14 0.95 13.55 0.64 47.68 8.67

To understand the effects of perovskite thickness and defects on charge transfer processes, we used the
impedance spectroscopy (IS) technique. IS responses of PSCs were measured in the dark-at 0.8 V.In
Figure 6 (a) IS spectra in Nyquist coordinates are presented. Dotted and solid lines represent the measured
and fitted data, respectively. Overall, in IS spectra we observe two semicircles, one in a high-frequency (HF)
region and another in a low-frequency (LF) region. Nowadays, the interpretation of IS spectra of PSCs is
controversial [25-27], however, it is accepted that HF is attributed to charge transfer processes in PCSs,
whereas R3C; is related to electrochemical processes inside the perovskite layer.

The equivalent circuit shown in Figure 6 (a (insert)) was used to fit IS spectra. According to the
works [28], R; is a series resistance of charge collectors ETL and hole collectors HTL. R,C, characterizes
perovskite/selective contact interfaces, and R;C; is attributed to the slow electrochemical processes inside the
perovskite absorber. We are interested in R; and R, due to these two resistances reflect the effect of
perovskite thickness and R; reflects the electrochemical processes defects on charge transfer processes. In
our work, all functional layers of PSCs, except the perovskite layer, were deposited under the same
conditions and for this reason, the changes of R;, R, and Rj values are related significantly with changes of
perovskite properties and HTL/perovskite/ETL interface quality.

Parameters affecting charge transfer processes in PSCs estimated from IS spectra are presented in
Table 4. As seen from Table 4, with the reduction of perovskite thickness R, becomes lower by reaching a
minimum value of 24.3 Ohms at the thickness of 505 nm, and with further thickness decrease it starts to
grow. This trend in R, is consistent with trends in Jsc and FF confirming that by decreasing perovskite layer
thickness, HTL/perovskite/ETL interface resistance should decrease, however, the increase of the intrinsic
ionic defects density, observed from the absorbance and luminescence study, oppositely influences series R,
resistance. The two competitive charge transport processes take place in perovskite: electron transport
through the CH3;NH;PbClI;, conduction band and electron trapping by deep trap levels formed by
CH;NH;PbCl 15, species. Therefore according to the IV and IS studies, the ideal CH;NH;PbClI;., layer
thickness at which there is a balance between that competitive photo conversation and charge transport
processes is about 505 nm for our deposition condition.

R, determines the charge transfer rate at the HLT/perovskite/ETL interface. We observe the increase
of Ry, which imply on the electron—hole separation increases with the CH3;NH;I;PbCl, thickness reduction.
The charge transfer rate at perovskite/ETL interface depends on the energy level alignment. As seen from
Table 2, the decrease of CH;NH;PbCIxI;« layer thickness results to widening of CH;NH;PbClIxI; « bandgap,
which may be due to the rise of the electron quasi-Fermi level. When CH3;NH;PbCIxI;., electron quasi-Fermi
level approaches the perovskite conduction band level the drive force becomes stronger and this will increase
the electron transport rate. Additionally, R, increase can be associated with the decrease of the recombination
rate in perovskite layer. R; decrease is associated with the decreased density of CH;NH;PbCl 15, — related
defects, which can form electron trap levels for the electron—hole separation.
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Figure 6. Nyquist impedance curves and equivalent circuit diagrams (insert) (a), increased high-frequency region
curves (b), and photocurrent transformation and recombination mechanisms for perovskite solar cells(c), (d)

Figure 6¢, d shows the PSCs' photocurrent transformation and recombination mechanisms. As seen in
the figure, the sample illuminated electron-hole pairs that were photo-generated inside CH;NH;PbCl,I;_(blue
arrow). The holes are transferred to CuPc with MoO; (HTL), then transported to the metal contact. While the
electrons are moving towards the TiO, (ETL), a consequence of the tunnel injection, the electrons will be
transferred to the FTO, thus generating a current. However, perovskites have intrinsic ionic defects as iodine
ions immigrate rapidly under operating conditions and accumulate at the TiO,/perovskite interface because
of the self-doping effect. These ions explain the trap levels near the valence band, where photo-generated
holes accumulations to attract recombination (green arrows).

Decreasing the photoactive layer thickness to 505 nm leads to increases in the graduate of
CH;NH;3PbCl,I; crystals. The increase in crystal size and graduates was the reduction of grain boundaries,
which act as the source of mobile defects. Therefore, the light absorption cross-section increases, increasing
photo generation and directly improving J.. Then, recombination decreases at the outer boundaries, resulting
in a higher ability to accumulate electrons in the conduction band, which leads to an upward shift in the
electron quasi-Fermi level and an increase in V. (see Figure 6 d). As a result, improving the quality of the
TiO,/perovskite film interface and perovskite/CuPc-MoQO; films interface leads to a reduction in leak
sources, which leads to an increase in FF. Thus, the quality of the photoactive layer simultaneously improves
three photovoltaic parameters, which leads to a significant increase in photo conversion efficiency. The
exponent n defines the deviation from the capacity ideal behavior and is related to the angle 0, p-capacity.
Moreover, for n = 1, p has Farad units indicating that CPE behaves as an ideal capacitor.

Table 4
The value of charge transport parameters of perovskite solar cells

Thickness photoactive R, R,, R3, pi n; P2 n,

layer, nm Q Q Q

955 30.5 880 2590 3-107 0.95 2410 0.93

753 27.5 915 2258 6.2:10° | 0.96 5.7-10°% 0.88

629 25.9 1003 1779 26-10° | 0.98 4510 0.91

505 243 1069 1547 25107 | 0.98 1.6:107 0.95

405 29.9 1051 1969 1.3:107 | 093 9.1-10” 0.96
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Conclusions

CH;NH;PbCl,];  perovskite films were deposited by spin-coating technique from a methylammonium
iodide (MAI) and lead chloride (PbCl,) solution. The effect of the spin-coating rate on CH3;NH;PbCILL;«
thickness and surface roughness was investigated. The CH;NH;PbCl,I;., films were used as photoactive
layers for perovskite solar cells (FTO/Ti0,/CH;NH;PbCl,l; /CuPc/M0O,/Ag). The deposition conditions of
CH;NH;PbCl,I; layer affect recombination resistance in PSCs. We observed two competitive effects on the
CH;NH;3PbCl, 15, resistance. As expected, the elevation of the spin-coating rate resulted in CH;NH;PbCl, 15,
thickness reduction, which should lead to a decrease in CH;NH;PbClJ;R; resistance. However, the
impedance spectroscopy revealed that with thickness reduction from 955 nm to 753 nm, the R;resistance of
CH;NH;PbCl,I;_« declines from about 2590Q to 2258Q reaching the minimum value at 505 nm. The further
decrease in CH;NH;PbClI;, thickness increased CH;NH;PbCl ;. film resistance. The study of
CH;NH;PbCl,I;_ absorbance and luminescence spectra showed that the change in CH;NH;PbCl,I;., defect
density occurred, which explains the decrease in CH;NH;PbCl, 5 resistance. According to the absorbance
and luminescence spectroscopy study, the CH3;NH;PbCl ;. thickness reduction led to a decrease in the
density of interstitial CH;NH;PbClI5., " defects. CH;NH;PbCL ;" species form deep levels trapping free
electrons and as a result, increasing CH;NH;3I3PbCl, resistance. The PSCs based on a 505 nm thick
CH;NH;3PbCl,I;., layer showed the highest performance with the improved short current density and fill
factor. The champion device had a power conversion efficiency of 9.92 %. This work revealed that two
competitive charge transport processes occur in CH3;NH;PbCl,I; photoactive layer: electron transport
through the CH;NH;PbCl,I;, conduction band and electron trapping by deep trap levels formed by
CH;NH;PbCl,J;.," species. The balance between these charge transport processes is about 505 nm for our
deposition condition.
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T.M. Mykametkanu, K.C. PoxkoBa, A.K. Aiimyxanos, b.P. Nnbscos,
K. Aome, A K. 3eliHueHOB

CH;NH;PbCL ;. nepoBcKUT Ka0aThIHBIH KAJBIHBIFbI KdHEe TYHipiikTep
MOJILIEPIHIH 3JIeKTPO(PU3UKAJIBIK KOHE ONTUKAJIBIK KacueTTepiHe dcepi

Kopracein ramorenai mepoBckutr CH3NH3PbClls, mmieHkamapbl NHEpOBCKUT KyH OarapesuapblHIa
(dotoakTuBTi Kabartap perinae keHiHeH Kommaneuiagsl. CH3NH3;PbClls, -KyTeuly cHekTpi, SHEpPrusHbI
TYPJICHAIPY THIMILUIII JKOHE THIHBIM CalbIHFAaH aiMaKTa OTKI3TIITIri KeH JXOJIAKThI JKapThUlad ©TKI3riml,
SHEPTHSHBI TEHECTIPYy TYPFBICHIHAH METAJUIOTAMATI IEepPOBCKUTTEpAE >KOFaphl (POTOAKTHBTI KaOaTTHI
KepceTei, OyIT 2JIeKTpOHIap/Abl TackiMaliay Ke3iHae 3apsaTapAblH THIMII OeJIiHYIH JKoHe DIEKTPOHIAP/IbIH
SHEPTUSHBIH a3 KOFalyblH KamTamachi3 ereii. by sxkymeicta CH3;NH;PbClI;., kabarTtapsl MeTHIaMMOHUI
tomuninen (MAI) xone kopraceiH xiopuai (PbCl2) epitingicinen Oip caTbutel aiiHanabIpy omiciMen TiO2
OetiHe xarputanbl. [lepoBckuT epitinmicin paibiHAay yuria PbClI2 (Sigma-Oldrich) 230 mr PbCI2 xone 394
mr MAI 1 ma N, N-Tumerandopmamun (Curma-Onapux) epitkiminge epitingi. Kyrinrennei, aitHangsipy
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JKaOBIHBI KBUIaMABIFBIHBIH >korapeutaybl CH3NH3;PbClls KanbIHABIFBIHBIH TOMEHAEYIHE OKelnai, Oy
CH;NH;PbCL 5., R3 xenmepriciHiH TeMeHIEyiHe oKelyi Kepek. JlereHMeH, Kemepri CIeKTPOCKOMHSCHI
KaJIBIHIBIFEI 955 HM-1eH 753 uM-re neitin keickapraH ke3ge CH3NH3PbClI;  R3 kenmeprici mamamen 2590
Q-nan 2258 Q-re neitin Temenaen, 505 HM-m1e MUHHUMaIb MoHre kereTiHi aHbikTaaasl. CH;NH;PbCl ;.
KaJbIHIBIFBIHBIH ofaH opi Temenaeyi CH3;NH;PbCl ;. tutenka kexepricin aptreipasl. CH3NH;PbClLI;
KYTBUTY JkoHe JroMuHecueHuus crektpiepin 3eprrey CH3NH;PbCl ;. akaynblk THIFBI3IBIFBIHBIH ©3repyi
opbiH anraHbiH kepcerTi, Oyi1 CH;3;NH3;PbClL ;3 kemepriciHiH TemeHneyiH TyciHmipeni. AGcopOuus sxoHe
JIOMHUHECIEHINS CHEKTPOCKOMMACHHBIH 3epTreyiHe coiikec, CH;NH;PbCl 5 (KalbIHABIFBIHEIH —a3ar0bl
uaTepcrunnangsl CH3;NH;PbClL 15, + akaynapbIHBIH THIFBI3ABIFEIHBIH ToMeHaeyine okenai. CH;NH;PbCLI;
+ Typrepi 00c AMEKTPOHIAPABI YCTAHUTHIH TepeH AeHreinepai Kypaiasl sxoHe HoTmkecinae CH3;NH3PbCl L5
keznepricid aprreipaasl. Kansraaersr 505 am CH3NH3PbCIxI3-x kabateiHa HerizgenreH PSCs Kpicka TOK
TBIFBI3JIBIFEl JKOHE TONTHIPY KOA(GQUIMEHTI KaKCapThUIFAaH €H JKOFapbl OHIMALTIKTI kepceTTi. EH iKakchl
KYPBUIFBIHBIH KyaTThI TYpJIEHIIpY THIMALTIr 9,92 % 6oL

Kinm ce30ep: nepoBckutT KyH Oatapesutapsl, Gportoaktubti kadar, CH;NH;PbCl 15, MbIC ¢Tanonuanuy, itox
HOH/Iapbl, UMIIEIAHCOMET], JIEKTPOH/IBI TAaChIMaIIIay KabaThl, KEMTIKTEp/Ii TaChIManaay KabaThl.

T.M. Mykamertkanu, K.C. Poxkosa, A.K. Aiimyxanos, b.P. Nibscos,
K. Anmre, A K. 3eitanneHoB

Biusinue TOJHUHBI M pa3Mepa 3epeH Ha YJIeKTPOo(Pu3nIecKue u
onTu4yeckue cpoiicta nepoBckuTHOro ciaoa CH;NH;PbCLLI;

ITnenkn mnepoBckuta u3 ranorenuna ceuHna CH3NH;PbCL s, mmpoko wucnoms3yroTcss B KauecTBe
()OTOAKTUBHBIX CJOCB B IEPOBCKUTHBIX cosiHeuHbIX snementax. CH3;NH;PbCl ;. mpencraBiser coboit
MOJIYTIPOBO/IHUK € OOJiee Y3KOW 3alpelieHHO 30HO ¢ MIMPOKUM CIIEKTPOM HOTJIoeHus, 3P )eKTHBHOCTBIO
npeoOpa3oBaHus SHEPTHHM M MPOBOANMOCTBIO, IEMOHCTPHUPYIOIINI HPEBOCXOAHBIH (OTOAKTUBHBINA CIIOW B
METaJIOTaJIOTCHUIHBIX TIEPOBCKUTAaX C TOYKH 3PEHUS BBIPABHUBAHUS OHEPTUH, OOCCICUYMBAIOIIECTO
3QPEeKTUBHOE pa3[elicHue 3apsIoB W MEHBINYI0 IMOTEPI SHEPTHH DICKTPOHAMH BO BpeMs IepeHoca
anekTpoHoB. B Hactosmelt padore cion CH;NH;PbClL 15, Obiin HaHeceHsI Ha OBepxHOCTH Ti0, MeTOomOM
OJTHOJTAITHOTO LEHTPU(YTHPOBaHUS U3 pacTBopa noauna mermiammonnst (MAI) u xnopuna ceunna (PbCly).
Jlnst mpurotoieHus pactBopa neposckuta PbCl, (Sigma—Aldrich), 230 mr PbCl, u 394 mr MAI pactBopsiiu
B 1 mxt pactBoputens N, N-mumerunpopmamuaa (Sigma—Aldrich). Kak 1 oxuaanocs, yBelnueHne CKOPOCTH
ueHTpudyrupoBanus npuseno Kk ymensienuio tommuasl CH;NH3PbCL ., 4To 10mKHO OBLTO HPHBECTH K
cumkennto conpotusnenust R;CH3;NH;PbClLLs.,. OnHako nmrmenaHcHast CIEKTPOCKOMHMS TT0Ka3ana, YTo Mpu
YMEHBIICHHH TOJIUHEL ¢ 955 HM 0. 753 HM compotuBienue R;CH;NH;PbCL s cHmkaeTcs mpuMepHO ¢
2590 Om 5o 2258 Owm, pocturasi MUHUMAJIbHOTO 3HaueHust npu 505 um. JlanbHeiiliee yMeHbIIEHUE TOIIIUHBI
CH;NH;PbCl 15, yBenmuuuBaio conpotuenenue mieHkd CH3;NH;PbCl, ;. 3ydenue cekTpoB MOTTIOMIEHUs
n momurecueHimn  CH3NH;PbClls mokasano, 4To MNpOHM30ILI0 HM3MEHEHHE IUIOTHOCTH Je(eKToB
CH;NH;PbCL 5., uTo oOwsichsier. chmkenue ycroitunBoctd CH3;NH3;PbCLI;,. Ilo maHHBIM cCIieKTpoB
MOTJIOIIEHUST ¥ JOMUHecHeHund, ymenbuieHne toiumubl CH;NH3;PbCLI;, mpuBeno k CHHKEHHIO
wiotHocTH Mexy370BbiX aedekroB CH;NH;PbCL s +. Yactuusr CH;NH;PbCLI; + o6pasytor riaybokue
YPOBHH, 3axBaThIBAIOLIME CBOOOAHBIC 3JIEKTPOHBI M, KaK CJIEACTBUE, YBEIMYMBAIOIINE CONPOTHUBIICHHE
CH;NH;PbClLl5.,. PSC Ha ocnHoBe cmost CH3;NH;PbCl s, TommuHOi 505 HM mMmoka3anw Hawrydinmie
XapaKTePUCTHKH C YIYUYIICHHBIMH TUIOTHOCTHIO KOPOTKOTO TOoKa W Kod(¢uimentom 3amomHenus: KI1J]
npeoOpa3oBaHus SHEPTUH YCTPOICTBa ToCTHUTIH 9,92 %.

Kuiouesbie cnoéa: TEPOBCKUTHBIC COJMHEYHBIC OJJIEMEHTHI, (ortoaktuBHbid cnoit, CH3;NH;PbCLI;,,
(hrasonMaHUH MeIW, HOHBI HOJa, UMIIEAAaHCOMETpP, TPAHCHIOPTHBIN CIIOW 3JIEKTPOHOB, TPAHCHOPTHBIN CIIOH
JBIPOK.
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