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SYNTHESIS AND INVESTIGATION
OF THE PROPERTIES OF ORGANIC-INORGANIC
PEROVSKITE FILMS WITH NON-CONTACT METHODS

We present the results of studies of the photoelectric properties of perovskite
CH3 NH3 PbI2.98 Cl0.02 films deposited on a glass substrate using the spin-coating method. The
unit cell parameters of perovskite are determined, by using X-ray diffractometry. It is
shown that the film morphology represents a net of non-oriented needle-like structures with
significant roughness and porosity. In order to investigate the properties of the films obtained,
we used non-contact methods such as transmission and reflection measurements and the
measurements of the spectral characteristics of the small-signal surface photovoltage. The
non-contact method of spectral characteristics of the small-signal surface photovoltage and the
transmission method reveal information about the external quantum yield in the films studied
and about the diffusion length of minority carriers in the perovskite films. As a result of this
analysis, it has been established that the films are naturally textured, and their bandgap is
1.59 eV. It is shown that, in order to correctly determine the absorption coefficient and the
bandgap values, the Urbach effect should be accounted for. The diffusion length of minority
carriers is longer than the film thickness, which is equal to 400 nm. The films obtained are
promising materials for solar cells and optoelectronic devices.
K e y w o r d s: surface photovoltage, perovskite film, diffusion length, transmission spectra,
Urbach effect.

1. Introduction
An increase of the world energy consumption with
hydrocarbons and atomic energy as primary sources
has created a number of ecological, technological, social, and recently also economic problems. This has
led to a growing of interest in the renewable energy
sources. One of the most attractive and promising rec V.P. KOSTYLYOV, A.V. SACHENKO, V.M. VLASIUK,
○
I.O. SOKOLOVSKYI, S.D. KOBYLIANSKA,
P.V. TORCHYNIUK, O.I. V’YUNOV,
A.G. BELOUS, 2021

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 5

newable sources of energy is photovoltaics, that is, a
direct transformation of the solar radiation energy
into electricity. Increasing the efficiency of the photovoltaic energy conversion and decreasing the production cost per unit of energy remains an important problem since quite a long time. The promising
candidates that can solve the above-pointed problems
are solar cells (SCs) based on the organic/inorganic
lead halide perovskite [1, 2]. These are direct-bandgap materials, implying high optical absorption coefficient value. SCs based on these materials belong to
the second generation of thin-film SCs [3]. As com-
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pared to the traditional SCs based on monocrystalline silicon, their fabrication technology is simpler,
because it does not require high temperatures, which
reduces the price of these SCs. In addition, during the
several years of their investigation, the efficiency of
these cells has increased to 20.9% for the SC with the
area of 1 cm2 and to 23.7% for the area of 0.074 cm2
[2, 4]. The most common methods to fabricate organic/inorganic lead halide perovskite are the so-called
one-step solution deposition processes, in which all
components are first solved in an organic solvent, such
as N-dimethylformamide (DMF), then deposited on a
substrate, and finally are thermally treated [5,6]. The
production of perovskite thin films is possible with
the use of many different deposition methods, such as
spin-coating [7], deposition by dipping into a solution
[8], blade-coating [9], sputtering [10], and vacuum deposition [11]. The use of other solvents has been reported, such as butyrolactone [12] or dimethyl sulfoxide [13]. All the factors (deposition methods and
solvents used) have a strong effect on the crystallization processes. Therefore, the films obtained are characterized by different morphologies (the shape and
the size of grains) and, correspondingly, by different
crystal structure defects both on the grain boundaries and in the films. In polycrystalline films, grain
size, their defect types, and orientation strongly affect their optical and photoelectric properties. For
the photoconversion, optical and photoelectric characteristics are the most crucial. As a rule, they are
studied in the already fabricated SCs, which consist of several layers in addition to the perovskite
layer. As a result, the characteristics measured are
integrated, that is, it is often difficult to single out
the contributions of individual layers, which is important, when production technologies are being developed. In [14], the roles of the selective contacts to methylammonium lead iodide chloride (MAPbI3−𝑥 Cl𝑥 )
have studied using surface photovoltage (SPV) spectroscopy. By depositing and characterizing each layer
at a time, it was shown that the electron-extracting
interface is more than twice as effective as the holeextracting interface in generating a photovoltage for
several combinations of electrode materials. Their results illustrate the usefulness of SPV spectroscopy for
the study and characterization in perovskite-based
photovoltaics. In that work, the surface photovoltage
𝑉𝑆𝑃 𝑉 was measured in a non-contact manner in a
large signal mode (photovoltage values varied with-
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ing tens-hundreds mV), when the surface photovoltage value 𝑉SPV is much greater, than the thermal
voltage 𝑉SPV ≫ 𝑘𝑇 /𝑞. Here, 𝑘 is Boltzmann’s constant, 𝑇 is the temperature, and 𝑞 is the elementary
charge. At 𝑇 = 300 K, 𝑘𝑇 /𝑞 = 25.9 mV. For the first
time, the method of spectral dependences of smallsignal surface photovoltage (𝑉SPV ≪ 𝑘𝑇 /𝑞) to determine of the diffusion length of the minority charge
carriers by Goodman in CH3 NH3 PbI3 thin films and
powders was used by Dittrich et al. [15]. Goodman’s
approach is valid for a semiinfinite plane-parallel sample with an optically mirror surface and is based on
the formula:
Δ𝑛 =

(1 − 𝑅)𝐼 𝛼𝐿
,
𝑆 + 𝐷/𝐿 1 + 𝛼𝐿

(1)

where Δ𝑛 is the concentration of minority charge
carriers, 𝑅 is the reflectance coefficient from the
front surface, 𝐼 is the photon flux per unit surface,
𝛼 = 𝛼(𝜆) is the absorption coefficient of the film,
and 𝐿 is the diffusion length of minority charge carriers. Expression (1) used to calculate the minority
carrier diffusion length was obtained at the approximations 𝑑 ≫ 𝐿; 𝑊 ≪ 𝐿; 𝛼𝑊 ≪ 1; 𝛼(𝑑 − 𝑊 ) ≫ 1;
Δ𝑛 ≪ 𝑝0 . Here, 𝑑 is the film thickness, and 𝑊 is
the surface space-charge region width. Since the experimentally measured quantity is 𝑉SPV , for obtaining proportionality 𝑉SPV ∼ Δ𝑛, it is necessary that
the criterion of small signal 𝑉SPV ≪ 𝑘𝑇 /𝑞 have to be
done. In their study [15], the magnitude of the surface
photovoltage signal did not exceed 120 𝜇V, which indeed corresponds to the criterion 𝑉SPV ≪ 𝑘𝑇 /𝑞. However, the second important criterion, 𝐿 ≪ 𝑑, was
not met in their study. The authors obtained their results in the case of 𝐿 ≈ 𝑑, which leads to a significant
error to determine 𝐿. This is the main factor. The
surface of the perovskite films is not specular, but
has a certain relief, thus, the light rays direction in
the film is not a perpendicular to the surface. Therefore, the Goodman approach has used by Dittrich
[15] cannot, in principle, to give the exact diffusion length for minority charge carriers in perovskite
films with a relief surface. Weng [16] also applied the
Goodman surface photovoltage spectroscopy method
to determine the diffusion length of minority charge
carriers in CH3 NH3 PbBr3 crystals. In their measurements, all the criteria of the method were met, except the small signal: the surface photovoltage values
were 𝑉SPV = 70–200 mV, which is 3–4 times higher
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than 𝑘𝑇 /𝑞, but not vice versa. Thus, there are no
grounds for claiming the accurate measurement of the
diffusion length. We can only talk about rough estimates of its value obtained in those works [16]. In
the present work, it is proposed to use the method of
spectrally resolved small-signal surface photovoltage
together with the measurements of the optical properties (transmission and reflection) for the characterization and development of fabrication technologies of
perovskite films with different microstructures. It will
be shown that the spectral dependence of the smallsignal surface photovoltage 𝑉SPV (𝜆) is proportional
to the external EQE (𝜆) and internal quantum efficiencies IQE (𝜆) of photogeneration (imply photocurrent) [17, 18]. The methods proposed allow one to establish the mechanism of surface photovoltage formation, to obtain the bandgap value in a perovskite film,
as well as the diffusion length for non-equilibrium minority charge carriers or photon path length values
(if the absorption coefficient is known), and to estimate the surface recombination rate from the shortwavelength part of the photovoltage spectrum.
2. Experimental Methods
2.1. Synthesis method
Lead iodide PbI2 , methylammonium chloride
CH3 NH3 Cl (C.P.), and methylammonium iodide
CH3 NH3 I that was pre-synthesized were used as
the input reagents [19]. In order to stabilize the
perovskite structure, the partial replacement of
iodine with chlorine was carried out [20] using
methylammonium chloride CH3 NH3 Cl (C.P.). Dried
dimethylformamide (DMF, C.P.) was used as a solvent. To obtain the CH3 NH3 PbI2.98 Cl0.02 films, the
input reagents PbI2 , CH3 NH3 I, and CH3 NH3 Cl were
dissolved in DMF in stoichiometric proportions and
mixed for 1 h at 70 ∘ C. The synthesis was performed
in a dry box. The so obtained transparent solution
was then deposited onto a pre-cleaned substrate by
the spin-coating at 1200 rotations per minute during
30 seconds. Glass or ITO-coated glass (denoted
hereafter as ITO/glass) was used as a substrate. The
thermal treatment of the films was carried out on a
pre-heated stove at 90 ∘ C for 30 min. The products
were characterized by X-ray powder diffraction
taken on a DRON-4-07 (CuK𝛼-radiation, 40 kV,
18 mA) in the 2Θ = 10–70∘ interval with the step
size of 0.02∘ and exposition time of 6𝑠. The unit
ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 5

cell parameters were determined using the Rietveld
full-profile analysis method of the data.
2.2. Measurements
of the physical characteristics
The spectral characteristics of the surface photovoltage
were measured in the wavelength interval Δ𝜆 = 400–
900 nm on the perovskite CH3 NH3 PbI2.98 Cl0.02 films
deposited on glass with an ITO layer. The measurements were performed at a constant flux of photons
of monochromatic light. The spectra obtained from
these measurements are proportional to the external
and internal quantum efficiencies. The diagram of
the experimental set-up for surface photovoltage
measurements is shown in Fig. 1. The light of a
halogen lamp passed a monochromator and a beam
splitter and was directed onto the experimental
sample. Surface photovoltage measurements were
performed with a non-destructive method using a
press-on ITO electrode with the area ∼7 × 7 mm2
deposited on mica ∼5 𝜇m in thickness. The spectral
measurements were carried according to ASTM
standards [21] on a set-up for the determination of
spectral characteristics of photoconverters in the
Center for testing of photoconverters and photoelectric batteries at the V.E. Lashkaryov Institute of
Semiconductor Physics of the NAS of Ukraine. The
transmission spectra in the wavelength interval
Δ𝜆 = 400–900 nm were measured on the perovskite
CH3 NH3 PbI2.98 Cl0.02 film samples deposited on
glass without an ITO layer. A silicon etalon photodiode was used as a reference photosensor (etalon in
Fig. 1). An AC voltage with a frequency of 20 Hz
driving an oscillating beam splitter was used as a
reference signal for the lock-in amplifier. The reflection coefficient was estimated for a wavelength of
632.8 nm. The measurements have revealed that the
reflection had diffusive character, and the reflection
coefficient was quite small, estimated to be ∼5%.
3. Results and Discussion
To determine the unit cell parameters of the
CH3 NH3 PbI2.98 Cl0.02 material synthesized with the
use of the full-profile Rietveld method, the x-ray
diffraction patterns of the single-phase samples were
used, one of which is shown in Fig. 2. Calculations of
the structure parameters indicate that this diffractogram corresponds to the tetragonal symmetry
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Fig. 1. Diagram of the experimental set-up for surface photovoltage (SPV)
measurement

I2(4𝑎) 00 41 ; C (16l) xyz; N (16l) xyz. For the
CH3 NH3 PbI2.98 Cl0.02 film the following lattice parameters were obtained: 𝑎 = 8.870(2) Å, 𝑐 =
= 12.669(8) Å, 𝑉 = 996.8(7) Å3 . The microstructure
analysis of the films obtained, see Fig. 3, shows that
the ITO/glass substrate is incompletely covered by
CH3 NH3 PbI2.98 Cl0.02 . The film morphology can be
described as a net composed of non-oriented needlelike structures with a broad range of length to width
ratios and the significant roughness and porosity of
the film.
In general, the spectral dependence of the smallsignal surface photovoltage 𝑉SPV (𝜆) can be described
as [23]
Fig. 2. Experimental (symbols) and theoretical (curves) Xray diffractograms of a CH3 NH3 PbI2.98 Cl0.02 film sample after
the thermal processing at 90 ∘ C. The vertical lines indicate
peak locations, with Miller indices given in the brackets. The
difference curve is shown below

(𝐼4/𝑚𝑐𝑚 space group, No. 140), which agrees with
the literature data [22].
For the calculations, the atomic coordinates from
this work were used for Pb (4𝑐) 000; I1(8ℎ) xy0;
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𝑉SPV (𝜆) = 𝐴1 (𝜑𝑠 , 𝜆) EQE(𝜆) = 𝐴2 (𝜑𝑠 , 𝜆) IQE(𝜆), (2)
where 𝜑𝑠 is the band bending on the illuminated side
of the film, 𝜆 is the light wavelength, 𝐴1 (𝜑𝑠 , 𝜆) and
𝐴2 (𝜑𝑠 , 𝜆) are the coefficients with the dimensions of
Volts, 𝛼(𝜆) is the light absorption coefficient, and
EQE (𝜆) and IQE (𝜆) are the external and internal
photocurrent generation quantum efficiencies. The
relation between the external and internal quantum
ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 5
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efficiencies for a non-absorbing film has the form [24]
EQE (𝜆) = (1 − 𝑅(𝜆)) IQE (𝜆),

(3)

where 𝑅(𝜆) is the reflection coefficient. Thus,
𝐴1 (𝜑𝑠 , 𝜆) = (1 − 𝑅(𝜆)) 𝐴2 (𝜑𝑠 , 𝜆).

(4)

According to [25], the dependence of the absorbance 𝐴𝑛𝑡 on 𝜆 near the absorption edge for a parallel-plane specular structure with a single full reflection from the backside has the form
𝐴𝑛𝑡 = 1 − exp(−2𝛼(𝜆) 𝑑).

(5)

For the absorbance 𝐴𝑡 (𝜆) of a semiconductor substrate with nonspecular textured surfaces for the
spectral region near the absorption edge (𝛼𝑑 ≪ 1),
the following formula was obtained:
(︂
)︂−1
1
𝛼(𝜆)
=
1
+
.
(6)
𝐴𝑡 (𝜆) =
1
4𝛼(𝜆)𝑑𝑛2𝑟
𝛼(𝜆) + 4𝑑𝑛
2
𝑟

It was also assumed that the coefficient of reflection from the frontal surface is equal to 0 and from
the back is equal to 1. Formula (6) describes the absorption edge up to values 𝐴𝑡 (𝜆) = 0.9 exactly. When
𝐴𝑡 (𝜆) is greater than 0.9, the error does not exceed
2% and rapidly decreases, when 𝐴(𝜆) approaches 1
[26, 27]. Assuming that each absorbed photon generates one electron-hole pair, and there is no recombination (the minority carrier diffusion length 𝐿 is much
longer than the film thickness 𝑑), we can conclude
that the formula for the internal quantum efficiency
should have a similar form as (5) and (6), namely:
IQE𝑛𝑡 (𝜆) = 1 − exp(−2𝛼(𝜆) 𝑑)

(7)

for a parallel-plane structure with specular surfaces
and
(︂
)︂−1
1
(8)
IQE𝑡 (𝜆) = 1 +
4𝛼(𝜆) 𝑑𝑛2𝑟
for a structure with nonspecular textured surfaces.
Here, 𝑑 is the perovskite film thickness, and 𝑛𝑟 is
its refraction index. Note that, for a plane-parallel
structure with specular surfaces for 𝐿 ≤ 𝑑/3, the
internal quantum efficiency is well described by the
well-known formula [28]
(︂
)︂−1
1
𝛼(𝜆)𝐿
= 1+
,
(9)
IQE (𝜆) =
1 + 𝛼(𝜆)𝐿
𝛼(𝜆)𝐿
where 𝐿 is the minority carrier diffusion length, and
its value in this case can be found from the cut-off
ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 5

Fig. 3. CH3 NH3 PbI2.98 Cl0.02 film microstructure after its
thermal processing at 90 ∘ C

on the abscissa axis of the dependence of IQE (𝜆)−1
on 𝛼(𝜆)−1 , if 𝛼(𝜆) is known [21]. In the case of a
textured or profiled surface, this method will give
significantly overestimated values of the diffusion
length. As shown in [25, 29], the probability of the
photon absorption in a long-wavelength region increases due to the Lambert scattering on a textured
surfaces and an increase of its path length from the
value of 2𝑑 in a plane-parallel structure with a specular surface to the value of 4𝑑𝑛2𝑟 in a textured structure. This is the difference between expressions (7)
and (8). The texturing is known to be responsible
for the higher values of the quantum efficiency, the
short-circuit current, and, hence, the photoconversion efficiency. An increase of the photoconversion efficiency is not only due to an increased photon path
length, which leads to a broadening of the quantum
efficiency with 𝜆 and to its shifting toward the longer
wavelengths; it is also due to a reduced frontal reflection coefficient value. This is related to the nonperpendicular light incidence on the textured elements of the structure, which leads to an increase
in the photon path length due to the multiple total
internal reflection and to an increase in the absorption in the long-wavelength region. It was established
in [30, 31] that the absorption edge in silicon HIT
SCs and FAPbI3 -based SCs can be described by the
generalized expression which differs from (8) by the
presence of the parameter 𝑏:
(︂
)︂−1
𝑏
IQE*𝑡 (𝜆) = 1 +
,
(10)
4𝛼(𝜆)𝑑𝑛2𝑟
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Fig. 4. Experimental (squares) and theoretical spectral dependences (lines) of the surface photovoltage 𝑉SPV (𝜆) calculated using expressions (2), (10), and (11) for bandgap values
equal to 1.59 (curve 1) and 1.56 eV (curve 2)

where 𝑏 ≥ 1 is a dimensionless parameter equal to
the ratio of the longest possible photon path length,
4𝑑𝑛2𝑟 at the ideal Lambertian light trapping to its real
value. This ratio depends on the texturing quality
(degree of light capture) and the film thickness. We
note that the case where expression (8) with 𝑏 = 1 is
realized experimentally is rare. In particular, it was
demonstrated in [30] that the experimental results
for the textured silicon-based SCs and textured HIT
SCs near the absorption edge can be described theoretically with a transformed expression of the form
(10) with 𝑏 > 1. Comparing (9) and (10), it is easy to
see that the dependence of the inverse quantum efficiency on the inverse absorption coefficient is similar
in both cases. The difference lies in the cut-off value
on the 𝑎 axis, which is equal to the diffusion length
of minority carriers – 𝐿 for a flat surface and to the
average path length of photons 𝑙ph = 4𝑑𝑛2𝑟 /𝑏 for a
textured one. Thus, in the case of a textured surface
and diffusion lengths exceeding the thickness of the
sample, we can determine the average path length of
photons in the long-wavelength region of the spectrum near the absorption edge and the value of parameter 𝑏. Because organic-inorganic perovskites are
direct-bandgap semiconductors, the absorption coefficient 𝛼(𝜆) near the absorption edge is given by the
formula [32]
)︀1/2
(︀1239.7
− 𝐸𝑔
𝜆
𝛼(𝜆) = 𝐵
,
(11)
1239.7
𝜆

where 𝐵 is a constant, 𝐸𝑔 is the bandgap value, and
𝜆 is the wavelength in nm. Figure 4 shows the ex-

434

perimental dependence 𝑉SPV (𝜆) and the same dependences calculated using expressions (2), (10), and
(11) for the bandgap values equal to 1.59 (curve 1)
and 1.56 eV (curve 2). We see a good agreement of
the experimental curve with curve 1. From this figure, one can conclude that the bandgap in the film
investigated is equal to 1.59 eV.
The experimental dependence of the absorption
coefficient is very important for the analysis and
interpretation of the experimental spectra of the
small-signal surface photovoltage. In this work, we
used the most accurate dependence obtained in [33]
over a wide range of wavelengths for perovskite
CH3 NH3 PbI3 . It is well known that the absorption
edge in the structurally imperfect films is described
by the Urbach rule. The empirical absorption coefficient depends on the photon energy in this wavelength
range as
𝛼𝑢𝑟 = 𝛼𝑢𝑟0 exp (𝐸ph /𝐸0 ),

(12)

where 𝛼𝑢𝑟0 is the initial absorption coefficient, 𝐸ph
is photon energy, and 𝐸0 is the characteristic energy, which is of the order of a few tens of meV for
not too big deviations from that of the perfect films
[34]. Figure 5 shows the experimental dependence of
the small-signal surface photovoltage log (𝑉SPV ) on
the energy 𝐸 = 1239.7/𝜆 eV normalized to the value
at 𝜆 = 490 nm and the theoretical dependence of the
quantum yield calculated using formula (12). As can
be seen from the figure, their agreement takes place
in the region 𝜆 > 790 nm, if we put 𝐸0 equal to
30 meV. The direction of the dependence of 𝑉SPV (𝐸)
in semilogarithmic coordinates for 𝜆 > 790 nm indicates the presence of the Urbach effect. Thus, in the
analysis, we will use the 𝛼(𝜆) [33] dependence corrected for the Urbach effect (12) for 𝜆 > 790 nm.
Using formulas (2)–(10) and the corrected dependence 𝛼(𝜆) allows us to build the low-signal surface
photovoltage spectral curves and to determine the
key parameters (namely, the perovskite film thickness 𝑑 and the parameter 𝑏), at which they agree
with the experiment near the absorption edge. More
convenient for analysis are the spectral dependences
of the small-signal surface photovoltage, which are
−1
constructed in the coordinates 𝑉SPV
versus 𝛼−1 (𝜆)
[17, 18]. In these coordinates, dependences (9) and
(10) are straightened up in the long-wavelength re−1
gion, and the cut-off on the abscissa axis −𝛼cut-off
(𝜆)
ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 5
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Fig. 5. Experimental spectral dependence of the surface photovoltage 𝑉SPV (𝐸) of the synthesized CH3 NH3 PbI2.98 Cl0.02
films (squares). Line – theory (equation (12)). Urbach’s energy
is equal to 30 meV
−1
is equal to the diffusion length 𝐿, when −𝛼cut-off
(𝜆) ≤
−1
≤ 𝑑/3 according to (9) and −𝛼cut-off (𝜆) = 4𝑑𝑛2𝑟 /𝑏
according to (10) otherwise. Figure 6 shows the experimental and calculated dependences of the inverse
−1
small-signal surface photovoltage 𝑉SPV
on the inverse
values of the absorption coefficient 𝛼−1 (𝜆), for the
CH3 NH3 PbI2.98 Cl0.02 film. The dependences are constructed, by using expression (10) and the generalized
value of 𝛼(𝜆) [32]. As can be seen from Fig. 6, the experimental values at the absorption edge agree with
the theoretical line well, if we put 𝑑 = 400 nm, average path length 𝑙ph = 4650 nm, and 𝑏 = 4.3. In this
−1
case, the cut-off on the abscissa axis −𝛼cut-off
(𝜆) =
= 2.1 𝜇m, which significantly exceeds the thickness
of the perovskite film 𝑑 = 0.4 𝜇m. If one uses expression (7), the theory cannot fit the experiment for the
film studied. Figure 7 shows the same dependences,
but in the coordinates: surface photovoltage 𝑉SPV
versus wavelength 𝜆. We see a good agreement of the
theoretical result [curve 1, expression (10)] and experimental (squares) dependence. At the same time,
when using expression (7) (plane-parallel structure,
curve 2), there is no agreement between experiment
and theory for the studied perovskite film in the absorption edge region.
Thus, it follows from this analysis that the film
studied here captures light efficiently due to its
natural profiling (texturing). This conclusion agrees
with the microstructure data, see Fig. 3. The diffusion length of minority charge carriers 𝐿 in the
CH3 NH3 PbI2.98 Cl0.02 films synthesized by us exceeds
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Fig. 6. Experimental (points) and calculated (line) de−1
pendences 𝑉SPV
(𝜆) versus 𝛼−1 𝜆, constructed using expression (10) and generalized values 𝛼(𝜆). Fitting parameters:
−𝛼−1
cut-off (𝜆) = 2.1 𝜇m, 𝑑 = 400 nm, and 𝑏 = 4.3

Fig. 7. Spectral dependences 𝑉SPV (𝜆). Squares are experimental data, line (1) is a theoretical curve calculated using formulas (2) and (10), and line (2) is a theoretical curve calculated
using formulas (2) and (7). Parameters used: 𝑑 = 400 𝑛𝑚,
𝑏 = 4.3

the sample thickness 𝑑, because of the spectra are described by expression (10). We note that the spectral
curves of the small-signal surface photovoltage for the
film illumination from the opposite sides are close to
each other. This provides an additional evidence of
the high diffusion length (exceeding the film thickness), which, according to [35], are of the order of
1 𝜇m in the samples with chlorine added. Let us now
analyze the transmission spectra. Shown in Fig. 8 are
the transmission spectra for a perovskite film on glass
without ITO. The respective theoretical formulas are
𝑇𝑛𝑡 =

(1 − 𝑅)2 exp (−𝛼𝑑)
,
1 − 𝑅2 exp (−2𝛼𝑑)

(13)
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Fig. 8. Transmission spectra for a film without an ITO layer.
Squares are experimental data. 1 – theoretical curve calculated using formula (14), 2 – theoretical curve calculated using
formula (13). Parameters used: 𝑑 = 400 nm, 𝑏 = 4.3

determination of the transmission coefficient according to (13) gives no agreement between the theoretical curve 2 and the experiment in the whole spectral
range. Thus, the experimental transmission spectra
of the film without an ITO layer also confirm that
the film is naturally textured. Let us now consider
the causes for a EQE (𝜆) to decrease in the shortwavelength range in the perovskite SCs and the spectral dependence of the small-signal surface photovoltage 𝑉SPV (𝜆), see Fig. 9. As for the short-wavelength
decrease of 𝑉SPV (𝜆), it was shown [23, 36] that this
decrease has to do with the formation of a layer near
the perovskite CH3 NH3 PbI2.98 Cl0.02 surface with the
carrier lifetime shorter than in bulk. Shown in Fig. 9
are the experimental and theoretical dependences of
𝑉SPV (𝜆) normalized to the highest value for a perovskite films synthesized in this work.
The calculation of the curve 𝑉SPV (𝜆) for a
CH3 NH3 PbI2.98 Cl0.02 perovskite film, which gives a
decrease at short wavelengths, was performed using
the following formula for the effective surface recombination rate
(︁
)︁
(︁
)︁
𝐿1
1
1
𝐷1 𝑆0 𝐷1 cosh 𝛼(𝜆)𝐿1 + sinh 𝛼(𝜆)𝐿1
(︁
)︁ (15)
𝑆eff (𝜆) =
1
𝐿1 𝑆 𝐿1 sinh 1 + cosh
0 𝐷1

Fig. 9. Experimental (squares) and theoretical dependences
(line) of the small-signal photovoltage 𝑉SPV (𝜆) for the synthesized CH3 NH3 PbI2.98 Cl0.02 films. Parameters are as follows:
𝐷1 = 2.5 × 10−2 cm2 /s, 𝐿1 = 2.4 × 10−6 cm, 𝑆0 = 106 cm/s,
𝑑1 = 100 nm, 𝑑 = 400 nm, 𝑏 = 4.3

and
𝑇𝑡 = (1 − 𝑅)(1 + 𝛼(𝜆)𝑙ph (𝑑, 𝑏))−1 .

(14)

Expression (13) should be used for a plane-parallel
structure, and relation (14) is valid for a textured
structure (with the coefficient 𝑏 taken into account).
Let us determine the transmission coefficient according to (14) for a film without an ITO layer, and
let us use the generalized value for 𝛼(𝜆) for perovskite
CH3 NH3 PbI2.98 Cl0.02 and the values 𝑑 = 400 nm and
𝑏 = 4.3 (curve 1). In this case, the agreement between
experiment and theory is quite good in the wavelength interval from 500 nm to 800 nm. However, the
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𝛼(𝜆)𝐿1

𝛼(𝜆)𝐿1

taken from Ref. [36]. Here, 𝐷1 and 𝐿1 are, respectively, the diffusion coefficient and diffusion length in
the surface layer of thickness 𝑑1 , and 𝑆0 is the effective surface recombination velocity under the condition 𝛼𝑑1 ≫ 1. The theoretical 𝑉SPV (𝜆) curve was
built using the following parameter values: 𝐷1 =
= 2.5 × 10−2 cm2 /s, 𝐿1 = 2.4 × 10−6 cm, 𝑆0 =
= 106 cm/s, 𝑑1 = 100 nm, 𝑑 = 400 nm, 𝑏 = 4.3. As
seen from Fig. 9, the agreement between the experimental 𝑉SPV (𝜆) curve for the CH3 NH3 PbI2.98 Cl0.02
film and the theoretical counterpart, it can be considered as satisfactory.
4. Conclusions
In the present work, the efficiency of the method
of spectrally resolved small-signal surface photovoltage has been demonstrated together with the measurements of the optical properties (transmission
and reflection) for the characterization of perovskite
films. In particular, the methodology proposed allows
one to consistently determine the bandgap value of a
perovskite film, as well as its minority carriers diffusion length in the case 𝐿 ≤ 𝑑/3 for a parallel-plane
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sample with specular surfaces or to estimate its value
in the case of large diffusion lengths and/or textured
surfaces. It has been shown that the small signal surface photovoltage spectral dependences 𝑉SPV (𝜆) is
proportional to the external EQE (𝜆) and internal
quantum efficiencies IQE(𝜆) of photogeneration. It is
shown that, in the case of a textured surface and diffusion lengths exceeding the thickness of the sample,
the cut-off on the abscissa axis of the dependence of
the inverse surface photovoltage on the inverse absorption coefficient is equal to the average path length
of photons in the long-wavelength region of the spectrum near the absorption edge. A method is proposed
for determining the average path length of photons
and the value of parameter 𝑏. The detailed analysis
of the surface photovoltage spectra indicates that, in
the films mentioned above, the Urbach effect plays
an essential role near the absorption edge. One can
obtain good agreement of the theory with the experiment and to deduce an accurate value of the perovskite film bandgap to be 1.59 eV only by taking this
effect into account. It has been established by comparing the experimental spectral curves of the smallsignal surface photovoltage with the theory for textured structures that the films studied are naturally
profiled. This agreement between the theory for textured structures and the experiment means that the
diffusion length of the non-equilibrium charge carriers in the CH3 NH3 PbI2.98 Cl0.02 perovskite films exceeds the film thickness. This is also supported by
the results of a comparison between the spectra of
the small-signal surface photovoltage obtained, when
the film was illuminated from the opposite sides. The
value of the surface recombination rate for the perovskite film was estimated to be about 106 cm/s. It is
established that the use of the transformed formula
(10) allows one to make the theory consistent with
the experiment not only near the absorption edge,
but also to the EQE values up to ∼0.9.
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СИНТЕЗ I ДОСЛIДЖЕННЯ ВЛАСТИВОСТЕЙ
ПЛIВОК ОРГАНО-НЕОРГАНIЧНИХ ПЕРОВСКIТIВ
БЕЗКОНТАКТНИМИ МЕТОДАМИ
В роботi наведено результати дослiдження фотоелектричних
характеристик
плiвок
перовскiту
CH3 NH3 PbI2,98 Cl0,02 , нанесених на скляну пiдкладинку
методом spin-coating. З використанням рентгенiвських методiв дослiдження визначено параметри елементарної комiрки перовскiту та показано, що морфологiя плiвок описується як сiтка неорiєнтованих голкоподiбних структур
iз значною шорсткiстю та пористiстю. Для дослiдження
властивостей отриманих плiвок використовувались безконтактнi методи, зокрема, вимiрювання пропускання i вiдбивання та метод спектральних залежностей малосигнальної
поверхневої фотонапруги. Показано, що метод спектральних залежностей малосигнальної поверхневої фотонапруги
та метод пропускання мiстять iнформацiю про зовнiшнiй
квантовий вихiд в дослiджуваних плiвках та про довжину
дифузiї неосновних носiїв у плiвках перовскiту. В результатi аналiзу спектрiв встановлено, що отриманi плiвки є
природно профiльованими, а їхня ширина забороненої зони
становить 1,59 еВ. Показано, що при визначеннi залежностi коефiцiєнта поглинання та ширини забороненої зони
слiд враховувати ефект Урбаха. Довжина дифузiї неосновних носiїв заряду бiльша за товщину плiвок, яка дорiвнює
400 нм. Отриманi плiвки є перспективними для розробки
на їх основi ефективних сонячних елементiв.
К л ю ч о в i с л о в а: поверхнева фотонапруга, плiвка
перовскiту, довжина дифузiї, передача спектрiв, ефект
Урбаха.
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