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Abstract. This work investigates the effect of the hole transport layer (HTL) thickness of Spiro-OMeTAD on
the electrical transport properties in perovskite solar cells (PSCs). Spiro-OMeTAD films were obtained by the
spin-coating method at centrifuge rotation speeds from 2000 to 7000 rpm. The thickness and morphology of the
Spiro-OMeTAD films were studied by atomic force microscopy (AFM). From the obtained AFM image data, an
increase in the surface root mean square (rms) value is observed with decreasing film thickness. A decrease in
film thickness leads to an increase in Energy gap (Eg from 2.97 eV to 3.01 eV. We observe that at a layer
thickness of 260 nm, the efficiency of the cells reaches its maximum value; further increasing the layer thickness
reduces the efficiency. Analysis of the impedance spectra of PSCs showed that the optimal layer thickness reduces
the HTL resistance and increases the recombination resistance at the perovskite/HTL interface, which increases
the effective lifetime of charge carriers. Images of the surface and current distribution of Spiro-OMeTAD on the
surface of the perovskite layer were studied. A non-uniform current distribution on the surface of the samples was
revealed, the observed spots with high conductivity are interpreted as perovskite quantum dots, which have better
photovoltaic characteristics.

Keywords: Perovskite solar cells, hole transport layer, Spiro-OMeTAD, conductive-AFM, current-voltage
characteristics, impedance measurements.

1. Introduction

In recent years, organic-inorganic perovskite solar cells have attracted much attention from the global
scientific community. The unprecedented development of PSCs is driven by their high optical absorption
coefficient, tunable bandgap, low cost, ease of fabrication, and great potential to achieve higher efficiency
compared to c-Si solar cells [1-3]. To increase the efficiency and stability of PSCs, work is being done to
search and optimize the composition of all parts of the solar cell, not only the perovskite itself, but also the
so-called transport layers. The hole-conducting transport layer plays an important role in the efficiency of
charge transfer and extraction of photoexcited perovskite, HTL is important for power conversion efficiency
(PCE) and stability in PSCs. Transport layers typically consist of small organic molecules, polymers, or
inorganic materials such as oxides. The energy level of the HTL material must coincide with the maximum
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of the perovskite valence band. The difference between these two energy levels allows for hole transport,
but too large a difference in energy levels can lead to energy loss [4-6]. Thus, when using a hole transport
material in PSCs, various basic requirements must be met, such as solubility, suitable energy level, and
high hole mobility [7]. The organic molecule Spiro-OMeTAD (2,20,7,70-tetrakis (N, N-di-p-
methoxyphenylamine)-9,90-spirobifluorene) is the most abundant HTL material in PSCs. This is due to its
suitable glass transition temperature, high transparency in the visible spectrum and almost perfect energy
band matching with MAPbI; [8, 9]. The Spiro-OMeTAD layer above the photoactive layer is used as an
HTL to block electrons and pass holes to the bottom electrode. In addition to transporting holes into PSCs,
Spiro-OMeTAD avoids direct contact between the photoactive layer and the bottom electrode. Currently, the
efficiency of converting light energy into electrical energy in PSCs exceeds 25%. These indicators were
obtained as before using HTL based on Spiro-OMeTAD [10,11].

Studies have shown that charge transport properties at the perovskite/HTL interface are the main
factor limiting the efficiency and stability of high-performance PSCs [12,13]. It was shown in [14] that
recombination between holes in HTL and electrons in perovskite is the main mechanism of recombination
losses in PSCs. The amount of interfacial recombination can be influenced by the electronic coupling
between the HTL and the perovskite, the number of trap states in the HTL, and the conductivity of the
HTL [15-17]. Fast charge transfer through HTL is also important for the efficiency of PSCs; the
conductivity of hybrid perovskites is orders of magnitude higher than that of used HTLs, which can cause
the accumulation of high hole densities at the interface [18]. Therefore, the reduction in the transit time of
charges through the HTL can be increased due to the optimal thickness of the HTL, or by increasing its
conductivity by doping with various materials, which will significantly improve both the fill factor (FF)
and V,. of the device by improving charge extraction and reducing the probability of passage
recombination in HTL [19]. Various thicknesses of perovskite and HTM layers have been reported, and an
optimal value is required for each layer. A thick perovskite layer greater than 1000 nm results in decreased
hole collection efficiency due to increased resistance and recombination within the perovskite layer. Thin
perovskite layers less than 100 nm cause low photocurrent due to lower photo-absorption. The likelihood
of recombination is reduced because the holes travel a shorter distance to reach the electrode. Device
performance improves when using a thinner HTM. The probability of hole accumulation depends on the
thickness of the HTL. Therefore, an ideal HTL thickness is required for a high-performance device. In
addition, since the perovskite surface contains crystallites, which can protrude through the HTM and
contact the electrode if a very thin HTL is used [20, 21]. In addition to this, concomitant light absorption
by HTL can also reduce the efficiency of PSCs by negatively affecting the short-circuit current density
(Jse) [22]. Therefore, ideal HTL thickness is required for high-performance PSCs.

Thus, the use of Spiro-OMeTAD as HTL is extremely popular for perovskite solar cells, making the
study of charge transfer and recombination dynamics at the perovskite/HTL interface a highly relevant task.
Optimizing the thickness of the hole transport layer is an important procedure for the fabrication of high-
performance PSCs. Despite the fact that work has already been carried out around the world to optimize the
thickness of HTL, studies that include various characterization methods that provide a complete
understanding of the processes of hole transport in PSCs remain relevant. In this work, we fabricated Spiro-
OMeTAD-based solar cells and studied the effect of HTL thickness on the electrical transport performance
in PSCs.

2. Experimental part. Materials and Methods
2.1. Sample preparation and deposition process

Solar Cell Fabrication. Perovskite solar cells were constructed on glass substrates coated with a thin
conductive layer of FTO (15 Ohm/cm?), which acted as an external electrode (cathode). A TiO, film (Ti-
Nanoxide BL/SC-Solaronix) was applied to the surface of the FTO substrate using the spin-coating method
from a solution at a rotation speed of 5000 rpm, followed by annealing at a temperature of 500°C for 60
minutes. Next, a perovskite layer and a Spiro-MeOTAD hole-transport layer were sequentially deposited on
the TiO, surface. Spiro-OMeTAD films were obtained at different centrifuge speeds of 2000, 3000, 4000,
5000, 6000 and 7000 rpm. Finally, an Ag electrode was deposited onto the surface of the films in a vacuum
atmosphere at a pressure of 10~ Pa.

Perovskite Materials. PbCl, (Sigma Aldrich) and Methylammonium iodide (MAI Sigma Aldrich) were
used to prepare perovskite. Solutions were prepared by dissolving weighed portions of PbCl, (230 mg) and



Eurasian Physical Technical Journal, 2024, 21, 4(50) Materials science 25

MAI (394 mg) powder in 1 ml of N, N-Dimethylformamide (Sigma Aldrich). The resulting solution was
stirred on a magnetic stirrer at a temperature of 60°C for 2 hours. To ensure complete crystallization, after
deposition, the perovskite films were annealed for 2 hours at 100 °C. The crystallization process is
accompanied by a change in the color of the film from yellow to dark brown.

Composition of HTM. The hole transport layer was made from 1 ml chlorobenzene (Sigma Aldrich) and
75 mg Spiro-OMeTAD. The resulting solution was stirred on a magnetic stirrer at a temperature of 30°C for
1 hour. To reduce the oxidation process, all operations were carried out in a sealed glove box with an inert
atmosphere. Structural formulas (a) and a scheme for producing perovskite solar cells (b) are shown in Fig.1.
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Fig.1. Structural formula (a) and preparatlon scheme perovskite solar cells (b)
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2.2. Analysis methods

The surface topography and thickness of the samples were studied using a JSPM-5400 atomic force
microscope (AFM, JEOL). To process the AFM images, a modular program for analyzing scanning probe
microscopy data (Win SPMII Data-Processing Software) was used. A SolverP47 (NT-MDT) AFM was used
to measure the local current distribution. When measuring current, a voltage was applied to the sample, while
a conductive probe coated with a gold film was grounded. To measure surface topography and determine
rms, a semi-contact scanning mode was used (NSC14 probe, Micromash); current measurements were
carried out in contact mode (CSC37/Au probe, Micromash). The thickness of the deposited layers and the
distribution of PSCs elements were measured using a scanning electron microscope (SEM, MIRA 3 LMU,
Tescan). The absorption spectra of Spiro-OMeTAD thin films were investigated on an AvaSpec-
ULS2048CL-EVO spectrometer (Avantes). A combined deuterium-halogen light source AvaLight-DHc
(Avantes) with a working range of 200-2500 nm was used as probing radiation.

Thermal deposition of films was carried out using a vacuum deposition machine CY-1700x-spc-2
(Zhengzhou CY Scientific Instruments Co., Ltd). The preparation and assembly processes of PSCs were
carried out in a glove box with an inert atmosphere. Impedance spectra were measured using a P45X
potentiostat-galvanostat in impedance mode. The current-voltage characteristics of photosensitive cells were
determined using a Sol3A Class AAA Solar Simulators (Newport) with PVIV-1A I-V Test Station device.
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3. Results and Discussion
3.1. Structural analysis of the prepared films

Figure 2 shows AFM images of the surface of the HTL layer of Spiro-OMeTAD, obtained at different
centrifuge rotation speeds. As can be seen from Figure 2a, the surface morphology of the HTL layer obtained
at the lowest rotation speed is uniform and smooth. The rare pores observed are apparently associated with
the evaporation of the solvent when the film dries. As the rotation speed increases, a structure with
characteristic sizes of regions of several hundred nanometers appears on the surface of the film (Figures 2b-
21). The appearance of such a structure can be explained by the influence of the FTO substrate surface.
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Fig.2. Surface morphology of Spiro-OMeTAD films, obtained at different substrate rotation speeds:
a) 2000 rpm.; b) 3000 rpm.; c) 4000 rpm.; d) 5000 rpm.; €) 6000 rpm.; f) 7000 rpm.

Figure 3a shows the dependence of the thickness of Spiro-OMeTAD films on the centrifuge rotation
speed. The thickness was determined from the step height obtained by scratching the surface of the film by
measuring the height difference using statistical analysis. The solid line in the figure shows the well-known
dependence of thickness on centrifugation speed t~1/"w, fitted to the data obtained using the least squares
method.
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Fig.3. Thickness (a) and standard deviation (b) of the surface of the spin-coated Spiro-OMeTAD film as a
function of rotation speed: a) blue symbols — experimental data, red line — dependence t ~ 1/w”?; in the inset - the same
data in coordinates t (1/w"’); b) data 1 — for FTO film, data 2 — for film on glass; the lines show the average value for 2

and the rms~w"> dependence for 1.
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It can be seen that the obtained thicknesses are in good agreement with the theoretical dependence and
decrease monotonically with increasing rotation speed. Apparently, as the rotation speed increases, the film
thickness decreases and the structure of the substrate appears in the AFM image.

Figure 3b shows surface root mean square deviation (rms) versus spin speed for Spiro-OMeTAD films
deposited on FTO and glass. For a film on FTO, a sharp increase in surface rms is observed when the
rotation speed increases to 4000 rpm, then the dependence saturates. The stabilization of rms can be
explained by the stabilization of thickness at high speeds: the structure of the substrate appears
approximately the same for samples obtained at speeds from 4000 rpm. The rms dependence for FTO films
is well approximated by the rms~w"~ dependence. Thus, dependences of thickness and rms on rotation speed
are inverse for FTO substrate. For Spiro-OMeTAD films deposited on glass, no dependence of rms on
rotation speed is observed; the average rms value of films on glass is close to the rms value of the thickest
film on FTO. The SEM image of the cross-cleavage and the element distribution of PSCs are shown in
Figure 4. From the figure 4, it can be seen that the thickness of the FTO film is 360 nm, the thickness of the
TiO, film is 65 nm, the perovskite layer is 340 nm, the Spiro-OMeTAD layer is 260 nm, the Ag electrode
layer is 70 nm.
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Fig.4. SEM images of transverse cleavage a) and distribution of PSCs elements b)
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3.2. Optical properties

Figure 5a shows the absorption spectra of Spiro-OMeTAD films. The absorption spectrum of Spiro-
OMeTAD has three maxima, the most intense is at a wavelength of A=228 nm, and the other two maxima are
less intense and are located at A=308 nm and A=373 nm.
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Fig.5. Absorption spectra (a) and band gap (b) Spiro-OMeTAD films with different thicknesses
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As the film thickness decreases, a shift in the absorption edge of Spiro-OMeTAD is observed. This shift
to short wavelengths is associated with a change in the surface structure of Spiro-OMeTAD films. In
addition, decreasing the film thickness leads to a decrease in the optical density of Spiro-OMeTAD.

From the absorption spectra of the films, the energy gap (E,) of Spiro-OMeTAD was determined using
the TaucPlot method (Figure 5 b). Analysis of the data shows that with a decrease in film thickness, an
increase in the band gap is observed, respectively, from E, = 2.97 eV to Eg = 3.01 eV. The optical
characteristics of Spiro-OMeTAD films are presented in Table 1.

Table 1. Optical characteristics of the Spiro-OMeTAD transport layer at different thicknesses

Film thickness, nm D,, AU. D,, A.U. D;, A.U. Bandgap, eV
(A=228 nm) (A=308 nm) (A=373 nm)
440 3.49 1.68 2.39 2.977
360 3.39 1.41 2.13 2.982
300 3.03 1.23 1.72 2.987
260 2.95 1.14 1.54 2.991
230 2.79 0.96 1.35 2.995
200 2.57 0.73 1.14 3.012

3.3. Electrophysical characterizations

To study the current-voltage  characteristics, perovskite solar cells with the
FTO/Ti0,/CH3NH;1;PbClx/Spiro-OMeTAD/Ag structure with different HTL layer thicknesses were
constructed. To study the effect of Spiro-OMeTAD thickness on photovoltaic properties, solar cell layers
were prepared under the same conditions except for the Spiro-OMeTAD layer. The current-voltage
characteristics of PSCs and the energy diagram of the components are presented in Figure 6. From Figure 6
and Table 2 it can be seen that with a decrease in the thickness of the Spiro-OMeTAD film from 200 to 230
nm, an increase in the transmission coefficient of up to 8.6% is observed. The solar cell with Spiro-
OMEeTAD, obtained with an HTL layer thickness of 260 nm, showed the highest energy conversion
efficiency characteristics, reaching 9%. Further increase in the thickness of the Spiro-OMeTAD layer to 440

nm. results in lower photovoltaic performance values of PCSs compared to cells with thin layers of Spiro-
OMeTAD.
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Fig.6. Current-voltage characteristics (a) and energy diagram (b) of perovskite solar cells

The current-voltage characteristics show that the current density increases with increasing Spiro-
OMeTAD thickness; the highest current density value J,. = 24.94 mA/cm?® is found in PSCs with a Spiro-
OMEeTAD film with a thickness of 260 nm. A further decrease in the thickness of the HTL films leads to a
decrease in the current density to the value J = 23.41 mA/cm’. The findings indicate that the optimal
thickness of Spiro-OMeTAD, obtained at a thickness of 260 nm, increases the charge transfer efficiency and
reduces the recombination of charge carriers in the transport layer of PSCs.
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The change in fill factor (FF) with Spiro-OMeTAD thickness is an indication of a change in series
resistance. As the Spiro-OMeTAD thickness decreases to 260 nm, cell efficiency increases from 6.0% to
9.0% due to an increase in fill factor from 0.43 to 0.47 (Table 2). Further reduction in thickness from 230 to
200 nm. Reduces the fill factor to 0.46 and efficiency to 8.3%, respectively.

Table 2. Photovoltaic characteristics of perovskite solar cells

Film thickness, Voo(V) Jo(mA/cm?) Vinax (V) Jmax(MA/cm”) FF PCE %

nm

440 0.74 19 0.50 12.6 0.43 6.0
360 0.76 20.1 051 13.5 0.44 6.8
300 0.80 223 0.53 14.8 0.45 7.8
260 0.83 24.9 0.55 16.5 0.47 9.0
230 0.82 24.1 0.54 16.1 0.46 8.6
200 0.81 23.4 0.54 155 0.46 8.3

To understand the influence of the thickness of the HTL layer of Spiro-OMeTAD on the charge carrier
transport mechanisms, measurements of the impedance spectra of PSCs were carried out (Figure 7a). The
impedance spectra were analyzed using standard equivalent electrical circuitry, where Ry is the high-
frequency resistance, R, is the low-frequency bulk recombination resistance, and CPE is the phase constant
between layers (Figure 7a - insert).
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Fig.7. Impedance hodographs in Nyquist coordinates (a) for PSCs with different Spiro-OMeTAD thicknesses,
equivalent electrical circuit in the inset; (b) enlarged image of the initial values of the impedance hodographs

The value of the effective charge carrier recombination rate k.swas determined from the maximum arc
of the hodograph using the formula:

e =Koy (1
o=1/rc,
where is angular frequency, rc is a time characteristic of a simple electrical circuit in which the charge of

capacitor C changes due to its discharge through resistance R.
The effective lifetime of charge carriers in films is calculated using the formula:

Tofr =1/Kegy (2)

The effective free path of charge carriers was calculated using the formula:
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Dy=Ry/R, ok L? 3)

where L is the film thickness.

As a result of the analysis of impedance spectra, the following electrical transport characteristics were
determined: R — a parameter characterizing the series resistance of all functional layers of the cell; Ry is the
resistance characterizing the recombination channels of charge carriers; t.s is the effective lifetime of charge
carriers, Table 3 shows the parameters listed. P - parameter of constant phase element (CPE), preexponential
factor, n is the number of points in the impedance spectrum. Figure 7 b shows an enlarged image of the
initial values of the hodographs characterizing the values of the parameter R;.

Table 3. Parameters of charge injection and transport in perovskite solar cells

Film thickness, R,, Ohm Ry, Ohm Ry /Rg n P Ketr, T Tefp, MS

nm

440 121.9 1537.6 12.6 0.86 1.18*10° 501.1 1.9
360 96.1 2016.1 20.9 0.98 3.25%107 251.1 3.9
300 67.5 1777.8 26.3 0.81 1.67*10° 645.6 1.5
260 26.7 2405.4 90.1 0.84 2.38%10° 158.5 6.3
230 39.6 1901.6 48.1 0.80 3,33*10° 301.9 33
200 51.9 2206.1 42.5 0.95 5.80%107 234.4 4.3

As can be seen from Table 3, the R, value is the lowest for a cell with a Spiro-OMeTAD HTL layer
with a thickness of 260 nm. Further increase in layer thickness leads to an increase in the value of R;. Since
all functional cell layers were obtained under the same conditions, the decrease in Ry is due to the
improvement in the efficiency of injection and hole transport. As can be seen from the energy diagram in
Figure 6 (b), the positions of the CH;NH;I;PbCl, cost center are more negative compared to the Spiro-
OMeTAD cost center, which generates a stronger built-in electric field for efficient extraction of holes into
the anode.

Resistance Ry is also an important parameter characterizing the recombination of charge carriers. From
the fitting data it follows that Ry has a low value for cells with a Spiro-OMeTAD HTL layer with a thickness
of 440 nm. As the HTL thickness decreases, Ry for cells with an HTL layer of Spiro-OMeTAD at a thickness
of 360 nm. and 300 nm increased by 30% and 15%, respectively. At an HTL thickness of 260 nm, Ry
reached a maximum value of 2405.4 Ohm, which led to an increase in the resistance efficiency in the charge
carrier recombination channels. With further reduction in thickness to 200 nm. there is a decrease in the
value of R, which in turn leads to a deterioration in the performance of the solar cell. Thus, the Spiro-
OMeTAD film, with a thickness of 260 nm, contributes to efficient electron blocking.

A significant increase in the effective lifetime of charge carriers (t.) is three orders of magnitude
higher for films with a thickness of 260 nm. The significant increase in T.¢ can be explained by a decrease in
the recombination of charge carriers due to the blocking effect and partly by an improvement in hole
transport. When comparing the photovoltaic and electrical transport parameters of cells with an HTL layer of
Spiro-OMeTAD, with a thickness of 200 nm up to 440 nm, the following features are observed: a cell with
an HTL layer with a thickness of 260 nm. showed an efficiency of 40% more compared to a cell with an
HTL layer with a thickness of 440 nm, which is largely due to an increase in photovoltage and fill factor. In
cells of the ITO/TiO,/CH3NH;I;PbCl,/Spiro-OMeTAD/Ag structure, the photovoltage is caused by the
difference between the Fermi level of electrons in TiO, and the Fermi level of Spiro-OMeTAD holes.The
lower position of the quasi-Fermi level of the Spiro-OMeTAD holes gives an increase in the observed
photovoltage. The higher fill factor is largely due to the lower R,. According to the impedance spectra, the
lifetime of charge carriers in a cell with a Spiro-OMeTAD HTL layer with a thickness of 260 nm is almost 3
times greater than teff in a cell with a Spiro-OMeTAD HTL layer with a thickness of 430 nm. As described
earlier, the optical band gap width of a hole-transport layer film with a thickness of 260 nm is almost 0.02 eV
greater than that of a film with a thickness of 440 nm, which is due to the lower position of the valence band
maximum. This generates a stronger built-in electric field to effectively extract holes into the anode, thereby
reducing the likelihood of charge carrier recombination.
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Figure 8 shows images of the surface and current distribution of Spiro-OMeTAD on the surface of the
peroskite layer. The use of conductive-AFM (CAFM) made it possible to identify a significantly
inhomogeneous current distribution on the surface of the samples. In addition to inhomogeneities associated
with the perovskite structure, current images of some samples show spots with increased conductivity, which
stand out sharply against the general background and are located along the boundaries of crystallites.It was
shown in [23] that when this type of AFM is used, the probe-sample contact area is illuminated by the
microscope laser. The instrument used to measure the current distributions shown in Figure 8 uses a laser
with a wavelength of 650 nm, which falls within the absorption spectrum of the perovskite used in the work.

Thus, the contrast in Figures 8b and 8d contains both dark current and potentially photocurrent. The
observed spots of increased conductivity can presumably be interpreted as perovskite quantum dots, which
have better photovoltaic characteristics compared to the bulk material. For this reason, research into
perovskite quantum dots is currently being actively carried out [24, 25]. We do not know the results of direct
observation of the electrical properties of perovskite quantum dots; therefore, our results may be the first
visualization of the current distribution on quantum dots.
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Fig.8. Images of the surface (a, c) and current distribution (b, d). Samples obtained at different centrifuge rotation
speeds: a, b) — 2000 rpm, ¢, d) 5000 rpm. Images of the surface (a, c) and current distribution at a voltage across the
sample of +5 V (b, d)

From the data obtained, we can make an assumption about the possible influence of the number of
quantum dots on the efficiency of the resulting cells: the largest number of them was observed in sample 4,
which shows an efficiency close to the maximum (see Table 2). At the same time, the small size of the
scanning area of the AFM used in the work does not allow us to estimate the statistics of the distribution of
quantum dots over the samples. Currently, the authors are conducting a more detailed study of perovskite
quantum dots using electrical AFM methods.
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4. Conclusions

In these studies, perovskite solar cells with FTO/Ti0,/CH3NH;1;PbCl,/Spiro-OMeTAD/Ag architecture
were fabricated. The effect of the Spiro-OMeTAD layer density on the photovoltaic characteristics of PSCs
was investigated.

The Spiro-OMeTAD hole-transport layer was obtained by the Spin-coating method. The thickness of
the Spiro—-OMeTAD layer was controlled by changing the centrifugation rotation speed. It was revealed that
a monotonic decrease in the thickness of the Spiro-OMeTAD film leads to a sharp increase in the rms of the
surface when the rotation speed increases to 4000 rpm, then the dependence saturates.

The dependences of thickness and rms on rotation speed for films on FTO are inversed: ~1/w"’ and
~w®?, correspondingly. As the film thickness decreases, a decrease in the optical absorption density in the
spectrum and an increase in the optical band gap of Spiro-OMeTAD films are observed. Electrical
impedance spectra were measured for PSCs with different Spiro-OMeTAD thicknesses. It is shown that the
series resistance of the functional layers of the cell depends on the thickness of the Spiro-OMeTAD layer.
With thin layers, a decrease in resistance is observed; the lowest value is observed in a cell with an HTL
layer of Spiro-OMeTAD with a thickness of 260 nm. A further increase in the thickness of the layer leads to
an increase in resistance.

The use of conductive-AFM (CAFM) made it possible to identify a significantly inhomogeneous
current distribution on the surface of the samples. In addition to inhomogeneities associated with the
perovskite structure, current images of some samples show spots with increased conductivity, which stand
out sharply against the general background and are located along the boundaries of crystallites. The observed
spots of increased conductivity can presumably be interpreted as perovskite quantum dots, which have better
photovoltaic characteristics compared to the bulk material.
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