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Presented in this work are the results of our study of the photoelectric properties of perovskite
CH3NH3PbI2.98Cl0.02 films deposited on a glass substrate using the spin-coating method. The
unit cell parameters of the perovskite are determined 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, non-contact
methods were used, 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 obtained are naturally textured, and their bandgap is 1.59 𝑒𝑉 . It
is shown that in order to correctly determine absorption coefficient and the bandgap values,
Urbach effect should be accounted for. Minority carriersќ diffusion length is longer than the
film thickness, which is equal 400 𝑛𝑚. The films obtained are promising materials for solar
cells and optoelectronic devices.
K e yw 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, so-
cial, and recently also economic problems. This has
led to a growing of interest in the renewable energy
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sources. One of the most attractive and promising
renewable sources of energy is photovoltaics, that is,
direct transformation of solar radiation energy into
electricity. Increasing the efficiency of 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 so-
lar cells (SCs) based on the organic/inorganic lead
halide perovskite [1,2]. These are direct-bandgap ma-
terials, implying high optical absorption coefficient
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value. SCs based on these materials belong to the
second generation of thin-film SCs [3]. As compared
to the traditional SCs based on monocrystalline sili-
con, their fabrication technology is simpler, because
it does not require high temperatures, which reduces
the price of these SCs. Besides, 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 fabri-
cate 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]. Production of perovskite thin films
is possible using 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]. Also, the use of other sol-
vents has been reported, such as butyrolactone [12]
or dimethyl sulfoxide [13]. All the factors (deposi-
tion 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 the grains), and, corre-
spondingly, by different crystal structure defects both
on the grain boundaries and in the films. In polycrys-
talline films, grain size, their defect types and orien-
tation strongly affect their optical and photoelectric
properties. For photoconversion, optical and photo-
electric 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 in-
tegrated, 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 methylam-
monium lead iodide chloride (MAPbI3−𝑥Cl𝑥) using
surface photovoltage (SPV) spectroscopy have stud-
ied. By depositing and characterizing each layer at
a time, have been shown that the electron-extracting
interface is more than twice as effective as the hole-
extracting interface in generating photovoltage, for
several combinations of electrode materials. Their
results illustrate the usefulness of SPV spectroscopy
for study and characterization in perovskite-based
photovoltaics. In that work surface photovoltage

𝑉𝑆𝑃𝑉 was measured in a non-contact manner in a
large signal mode (photovoltage values varied with-
ing tens-hundreds 𝑚𝑉 ), when 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 small-signal
surface photovoltage (𝑉𝑆𝑃𝑉 ≪ 𝑘𝑇/𝑞) to determine of
the diffusion length of the minority charge carriers af-
ter Goodman in CH3NH3PbI3 thin films and powders
was used by Dietrich et al. [15]. Goodman’s approach
is valid for a semi-infinite plane-parallel sample with
an optically mirror surface and is based on formula:

Δ𝑛 =
(1−𝑅)𝐼

𝑆 +𝐷/𝐿

𝛼𝐿

1 + 𝛼𝐿
, (1)

where Δ𝑛 is the minority charge carriers concentra-
tion, 𝑅 is the reflectance coefficient from the front sur-
face, 𝐼 is the photon flux per surface unity, 𝛼 = 𝛼(𝜆)
is the absorption coefficient of the film, 𝐿 is the minor-
ity charge carriers diffusion length. The 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. Also since the experimentally measur-
ing 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 sig-
nal did not exceed 120 𝜇𝑉 , which indeed corresponds
to the criterion 𝑉𝑆𝑃𝑉 ≪ 𝑘𝑇/𝑞. However, the sec-
ond 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 deter-
mine 𝐿. Also and this is the main factor, the surface
of the perovskite films is not specular, but has a cer-
tain relief thus the light rays direction in the film is
not a perpendicular to surface. Therefore the Good-
man approach has used by Dietrich [15] cannot, in
principle, to give the exact diffusion length values of
minority charge carriers in perovskite films with re-
lief surface. Weng [16] also applied the Goodman’s
surface photovoltage spectroscopy method to deter-
mine the diffusion length of minority charge carriers
in CH3NH3PbBr3 crystals. In their measurements,
all the criteria of the method were met, except the

2 ISSN 2071-0186. Ukr. J. Phys. ZZZZ. Vol. YY, No. XX



Synthesis and investigation of the properties of organic-inorganic perovskite films with non-contact methods

small signal: the surface photovoltage values were
𝑉𝑆𝑃𝑉 = 70 − 200 𝑚𝑉 , which is 3-4 times higher
than 𝑘𝑇/𝑞, but not vice versa. Thus, there are no
grounds for claiming accurate measurements of dif-
fusion length. We can only talk about rough esti-
mates of its value obtained in these works [16]. In
present work, it is proposed to use the method of
spectrally resolved small-signal surface photovoltage
together with the measurements of the optical prop-
erties (transmission and reflection) for characteriza-
tion and development of fabrication technologies of
perovskite films with different microstructures. It
will be shown that the spectral dependence of the
small-signal surface photovoltage 𝑉𝑆𝑃𝑉 (𝜆) is propor-
tional to external 𝐸𝑄𝐸(𝜆) and internal quantum ef-
ficiency 𝐼𝑄𝐸(𝜆) of photogeneration (imply photocur-
rent) [17,18]. The methods proposed allow one to es-
tablish the mechanism of surface photovoltage forma-
tion, to obtain the bandgap value in a perovskite film
as well as the diffusion length of the non-equilibrium
minority charge carriers or photon path length values
(if the absorption coefficient is known), and to esti-
mate surface recombination velocity from the short-
wavelength part of the photovoltage spectrum.

2. Experimental methods

Synthesis method Lead iodide PbI2, methylammo-
nium chloride CH3NH3Cl (C.P.), and methylammo-
nium iodide CH3NH3I that was pre-synthesized were
used as the input reagents [19]. In order to sta-
bilize the perovskite structure, partial replacement
of iodine with chlorine was carried out [20] using
methylammonium chloride CH3NH3Cl (C.P.). Dried
dimethylformamide (DMF, C.P.) was used as a sol-
vent. To obtain the CH3NH3PbI2.98Cl0.02 films, the
input reagents PbI2, CH3NH3I, and CH3NH3Cl were
dissolved in DMF in stoichiometric proportions and
mixed for 1 hour at 70∘𝐶. The synthesis was per-
formed in a dry box. The so obtained transparent
solution was then deposited onto a pre-cleaned sub-
strate by spin-coating at 1200 rotations per minute
during 30 seconds. Glass or ITO-coated glass (de-
noted hereafter as ITO/glass) were used as sub-
strates. Thermal treatment of the films was car-
ried out on a pre-heated stove at 90∘𝐶 for 30 min-
utes. The products were characterized by x-ray pow-
der diffraction taken on the apparatus DRON-4-07
(CuK𝛼-radiation, 40 𝑉 , 18 𝑚𝐴) in the 2Θ = 10−120∘

range with the step size of 0, 02∘ and exposition time
of 6𝑠. The unit cell parameters were determined using
the Rietveld full-profile analysis method of the data.
Measurements of the physical characteristics.
The spectral characteristics of the surface photovolt-
age were measured in the wavelength range Δ𝜆 =
400−900 𝑛𝑚 on the perovskite CH3NH3PbI2.98Cl0.02
films deposited on glass with an ITO layer. The mea-
surements were performed at a constant flux of pho-
tons of monochromatic light. The spectra obtained
from these measurements are proportional to the ex-
ternal and internal quantum efficiency. Schematics
of the experimental set-up for surface photovoltage
measurements shows in Fig. 1. The light of a halo-
gen lamp passed a monochromator, beam splitter and
was directed onto the experimental sample. Surface
photovoltage measurements were performed with a
non-destructive method using a press-on ITO elec-
trode with the area ∼ 7×7 𝑚𝑚2 deposited on mica of
∼ 5 𝜇𝑚 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 pho-
toconverters and photoelectric batteries at the V.E.
Lashkaryov Institute of Semiconductor Physics of the
NAS of Ukraine. The transmission spectra in the
wavelength range Δ𝜆 = 400−900 𝑛𝑚 were measured
on the perovskite CH3NH3PbI2.98Cl0.02 film samples
deposited on glass without an ITO layer. As a pho-
todetector, a silicon photodiode was used. The re-
flection coefficient was estimated for the wavelength
of 632.8 𝑛𝑚. The measurements have revealed that
reflection had diffusive character, and the reflection
coefficient was quite small, estimated to be ∼ 5%.

3. Results and discution

To determine the unit cell parameters of the
CH3NH3PbI2.98Cl0.02 material synthesized using the
full-profile Rietveld method, the x-ray diffraction pat-
terns of the single-phase samples were used, one of
which is shown in Fig. 2. Calculations of the struc-
ture parameters indicate that this diffractogram cor-
responds to the tetragonal symmetry (𝐼4/𝑚𝑐𝑚 space
group, № 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;
I2(4𝑎) 00 1

4 ; C (16l) xyz; N (16l) xyz. For the
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Fig. 1. Schematic of the experimental set-up for surface pho-
tovoltage (SPV) measurement.

Fig. 2. Experimental (symbols) and theoretical (curves) x-
ray diffractograms of a CH3NH3PbI2.98Cl0.02 film sample af-
ter thermal processing at 90∘. The vertical lines indicate peak
locations, with Miller indices given in the brackets. The differ-
ence curve is shown below.

CH3NH3PbI2.98Cl0.02 film the following lattice pa-
rameters were obtained: а = 0.8870(2) Å, с = 1.2669
(8) Å, V = 0.9968(7) Å3. The microstructure anal-
ysis of the films obtained, see Fig. 3, shows that
the ITO/glass substrate is incompletely covered by
CH3NH3PbI2.98Cl0.02. The film morphology can be
described as a net composed of non-oriented needle-
like structures with a broad range of length to width
ratio and significant film roughness and porosity.

Fig. 3. CH3NH3PbI2.98Cl0.02 film microstructure after its
thermal processing at 90∘.

In general, the spectral dependence of the small-
signal surface photovoltage 𝑉𝑆𝑃𝑉 (𝜆) can be described
as [23]

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),
𝐴2(𝜑𝑠, 𝜆) are the coefficients with the dimensions
of Volts, 𝛼(𝜆) is 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
efficiencies for a non-absorbing film has the form [24]

𝐸𝑄𝐸(𝜆) = (1−𝑅(𝜆))𝐼𝑄𝐸(𝜆), (3)

where 𝑅(𝜆) is the reflaction coefficient. Thus

𝐴1(𝜑𝑠, 𝜆) = (1−𝑅(𝜆))𝐴2(𝜑𝑠, 𝜆). (4)

According to [25], the dependence of the ab-
sorbance 𝐴𝑛𝑡 on 𝜆 near absorption edge for a parallel-
plane specular structure with a single full reflection
from backside has the form

𝐴𝑛𝑡 = 1− exp(−2𝛼(𝜆)𝑑), (5)
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and for the absorbance 𝐴𝑡(𝜆) of a semiconductor
substrate with nonspecular textured surfaces for the
spectral region near the absorption edge (𝛼𝑑 ≪ 1),
the formula was obtained:

𝐴𝑡(𝜆) =
𝛼(𝜆)

𝛼(𝜆) + 1
4𝑑𝑛2

𝑟

=

(︂
1 +

1

4𝛼(𝜆)𝑑𝑛2
𝑟

)︂−1

(6)

It was also assumed that the reflection coefficient
from the frontal surface is equal to 0, and from the
back is equal to 1. Formula (6) describes the ab-
sorption edge 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 to
1 [26, 26]. Assuming that each absorbed photon gen-
erates one electron-hole pair and that there is no re-
combination (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, 6) namely:

𝐼𝑄𝐸𝑛𝑡(𝜆) = 1− exp(−2𝛼(𝜆)𝑑) (7)

for a parallel-plane structure with specular surfaces
and

𝐼𝑄𝐸𝑡(𝜆) =

(︂
1 +

1

4𝛼(𝜆)𝑑𝑛2
𝑟

)︂−1

(8)

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 struc-
ture with specular surfaces when 𝐿 ≤ 𝑑/3 the inter-
nal quantum efficiency is well described by the well-
known formula [28]

𝐼𝑄𝐸(𝜆) =
𝛼(𝜆)𝐿

1 + 𝛼(𝜆)𝐿
=

(︂
1 +

1

𝛼(𝜆)𝐿

)︂−1

, (9)

where 𝐿 is the minority carrier diffusion length and
its value in this case can be found from the cutoff 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 same method will give signif-
icantly overestimated values of the diffusion length.
As shown in [25, 29], the probability of photon ab-
sorption in long-wavelength region increases due to

the Lambert scattering on a textured surfaces and
increase of its path length from the value of 2𝑑 in
a plane-parallel structure with a specular surface to
the value of 4𝑑𝑛2

𝑟 in a textured structure. This is
the difference between the expressions (7) and (8).
Texturing is known to be responsible for the higher
values of the quantum efficiency and the short-circuit
current, and hence of 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 quantum efficiency with 𝜆
and to its shifting towards the longer wavelengths; it
is also due to a reduced frontal reflection coefficient
value. This is related to the non-perpendicular light
incidence on the textured elements of the structure,
which leads to an increase in the photon path length
due to multiple total internal reflection and to an in-
crease in absorption in the long-wavelength region. It
was established in [30,31] that the absorption edge in
the 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:

𝐼𝑄𝐸*
𝑡 (𝜆) =

(︂
1 +

𝑏

4𝛼(𝜆)𝑑𝑛2
𝑟

)︂−1

, (10)

where 𝑏 ≥ 1 is a non-dimensional parameter equal
to the ratio of the longest photon path length pos-
sible, 4𝑑𝑛2

𝑟 at ideal Lambertian light trapping to its
real value. This ratio depends on the texturing qual-
ity (degree of light capture) and film thickness. We
note that the case when the 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 theoreti-
cally 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 ef-
ficiency on the inverse absorption coefficient is sim-
ilar 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 = 4𝑑𝑛2

𝑟/𝑏
for textured. 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 spec-
trum near the absorption edge and the value of pa-
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Fig. 4. Experimental (squares) and theoretical spectral de-
pendencies (lines) of 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).

rameter 𝑏. Because organic-inorganic perovskites are
direct-bandgap semiconductors, the absorption coef-
ficient 𝛼(𝜆) near the absorption edge is given by the
formula [32]

𝛼(𝜆) = 𝐵

(︀
1239.7

𝜆 − 𝐸𝑔

)︀1/2
1239.7

𝜆

, (11)

where 𝐵 is a constant, 𝐸𝑔 is the bandgap value,
and 𝜆 is the wavelength in 𝑛𝑚. Fig. 4 shows the
experimental dependence 𝑉𝑆𝑃𝑉 (𝜆) and the same de-
pendencies calculated using expressions (2), (10) and
(11) for bandgap values equal to 1.59 (curve 1) and
1.56 𝑒𝑉 (curve 2). It is possible to see good agree-
ment 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 .

Experimental dependence of the absorption coeffi-
cient is very important for the analysis and interpre-
tation of the experimental spectra of the small-signal
surface photovoltage. We used in this work the most
accurate dependence obtained in [33] over a wide
range of wavelengths for the perovskite CH3NH3PbI3.
It is well known that the absorption edge in the struc-
turally imperfect films is described by Urbach rule.
The empirical absorption coefficient depends on the
photon energy in this wavelength range as

𝛼𝑢𝑟 = 𝛼𝑢𝑟0 exp(𝐸𝑝ℎ/𝐸0), (12)
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Fig. 5. Experimental spectral dependence of surface pho-
tovoltage 𝑉𝑆𝑃𝑉 (𝐸) of the synthesized CH3NH3PbI0.98С𝑙0.02
films (squares). Line - theory (equation (12)). Urbach’s energy
is equal to 30 𝑚𝑒𝑉 .

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 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 value at 𝜆 = 490
𝑛𝑚 and the theoretical dependence of the quantum
yield calculated using formula (10). As can be seen
from the figure, their agreement takes place in the re-
gion 𝜆 > 790 𝑛𝑚, if we put 𝐸0 equal to 30 𝑚𝑒𝑉 . The
direction of the dependence of 𝑉𝑆𝑃𝑉 (𝐸) in semilog-
arithmic coordinates for 𝜆 > 790 𝑛𝑚 indicates the
presence of the Urbach effect. Thus, in the analysis,
we will use the 𝛼(𝜆) [32] dependence corrected for the
Urbach effect (12) for 𝜆 > 790 𝑛𝑚.

Using the expressions (2) - (10) and corrected de-
pendence 𝛼(𝜆) allows 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 conve-
nient for analysis are the spectral dependences of the
small-signal surface photovoltage, constructed in co-
ordinates 𝑉 −1

𝑆𝑃𝑉 versus 𝛼−1(𝜆) [17, 18]. In these co-
ordinates, the dependences (9) and (10) are straight-
ened up in the long-wavelength region, and the cut-off
on the abscissa axis −𝛼−1

𝑐𝑢𝑡𝑜𝑓𝑓 (𝜆) is equal to the diffu-
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Fig. 6. Experimental (points) and calculated (line) de-
pendencies 𝑉 −1

𝑆𝑃𝑉 (𝜆) versus 𝛼−1𝜆, constructed using expres-
sion (10) and generalized values 𝛼(𝜆). Fitting parameters:
−𝛼−1

𝑐𝑢𝑡𝑜𝑓𝑓 (𝜆) = 2.1 𝜇𝑚, 𝑑 = 400 𝑛𝑚, and 𝑏 = 4.3.

sion length 𝐿 when −𝛼−1
𝑐𝑢𝑡𝑜𝑓𝑓 (𝜆) ≤ 𝑑/3 according to

(9) and −𝛼−1
𝑐𝑢𝑡𝑜𝑓𝑓 (𝜆) = 4𝑑𝑛2

𝑟/𝑏 according to (10) oth-
erwise. Fig. 6 shows the experimental and calculated
dependencies of the inverse small-signal surface pho-
tovoltage 𝑉 −1

𝑆𝑃𝑉 on the inverse values of the absorp-
tion coefficient 𝛼−1(𝜆), for the CH3NH3PbI2.98Cl0.02
film. Dependencies are constructed using the expres-
sion (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 case, the cut-
off on the abscissa axis −𝛼−1

𝑐𝑢𝑡𝑜𝑓𝑓 (𝜆) = 2.1 𝜇𝑚, which
significantly exceeds the thickness of the perovskite
film 𝑑 = 0.4 𝑚𝑘𝑚. If one uses the expression (7), the
theory cannot fit the experiment for the film studied.
Fig. 7 shows the same dependencies, but in coordi-
nates surface photovoltage 𝑉𝑆𝑃𝑉 versus wavelength
𝜆. One can be seen a good agreement of theoretical
(curve 1, expression (10)) and experimental (squares)
dependencies. At the same time, when using expres-
sion (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 natu-
ral profiling (texturing). This conclusion agrees with
the microstructure data, see Fig. 3. The diffu-
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Fig. 7. Spectral dependencies 𝑉𝑆𝑃𝑉 (𝜆). Squares are exper-
imental data, line (1) is a theoretical curve calculated using
formulas (2) and (10), line (2) is a theoretical curve calculated
using formulas (2) and (7). Parameters used: 𝑑 = 400 𝑛𝑚,
𝑏 = 4.3.

sion length of the minority charge carriers 𝐿 in the
CH3NH3PbI2.98Cl0.02 films synthesized by us exceeds
the thickness of sample 𝑑, because of spectra are de-
scribed by expression (10). Let us note that the spec-
tral curves of the small-signal surface photovoltage for
film illumination from the opposite sides are close to
each other. This provides an additional evidence of
the high diffusion length (exceeding the film thick-
ness), which, according to [35], are of the order of 1
𝜇𝑚 in the samples with chlorine added. Let us now
analyse the transmission spectra. Shown in Fig. 8 are
the transmission spectra for a perovskite film on glass
without ITO. The respective theoretical formulae are

𝑇𝑛𝑡 =
(1−𝑅)2 exp(−𝛼𝑑)

1−𝑅2 exp(−2𝛼𝑑)
, (13)

and

𝑇𝑡 = (1−𝑅)(1 + 𝛼(𝜆)𝑙𝑝ℎ(𝑑, 𝑏))
−1. (14)

The expression (13) should be applied for a plane-
parallel structure, and (14) is valid for a textured
structure (with the coefficient 𝑏 taken into account).

Let us determine the transmission coefficient ac-
cording to (14) for a film without the ITO layer us-
ing the generalized value for 𝛼(𝜆) for the perovskite
CH3NH3PbI2.98Cl0.02 and the values 𝑑 = 400 𝑛𝑚
and 𝑏 = 4.3 (curve 1). In this case, the agreement
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Fig. 8. Transmission spectra for film without ITO layer.
Squares are experimental data. 1- Theoretical curve calcu-
lated using formula (14), 2 - theoretical curve calculated using
formula (13). Parameters used: 𝑑 = 400 𝑛𝑚, 𝑏 = 4.3.

between experiment and theory is quite good in the
wavelength range from 500 𝑛𝑚 to 800 𝑛𝑚. However,
determination of the transmission coefficient accord-
ing to (13) gives no agreement between the theoreti-
cal curve 2 and the experiment in the whole spectral
range. Thus, the experimental transmission spectra
of the film without the ITO layer also confirm that
the film is naturally textured. Let us now consider
the reasons of the 𝐸𝑄𝐸(𝜆) decrease in the short-
wavelength range in the perovskite SCs and the spec-
tral dependence of the small-signal surface photovolt-
age 𝑉𝑆𝑃𝑉 (𝜆), see Fig. 9. As for the short-wavelength
decrease of 𝑉𝑆𝑃𝑉 (𝜆), it is shown [32, 36] that this de-
crease has to do with the formation of a layer near
the perovskite CH3NH3PbI2.98Cl0.02 surface with the
carrier lifetime shorter than in the bulk. Shown in
Fig. 9 are the experimental and theoretical depen-
dences of 𝑉𝑆𝑃𝑉 (𝜆) normalized to the highest value
for a perovskite films synthesized in this work.

Calculation of the curve 𝑉𝑆𝑃𝑉 (𝜆) for a
CH3NH3PbI2.98Cl0.02 perovskite film, which gives
a decrease at short wavelengths, was performed
using the following formula for the effective surface
recombination velocity
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Fig. 9. Experimental (squares) and theoretical dependen-
cies (line) small-signal photovoltage 𝑉𝑆𝑃𝑉 (𝜆) of the synthe-
sized CH3NH3PbI0.98Сl0.02 films. Parameters used: 𝐷1 =

2.5 ·10−2 𝑚2/𝑠, 𝐿1 = 2.4 ·10−6 𝑚, 𝑆0 = 106 𝑚/𝑠, 𝑑1 = 100 𝑚,
𝑑 = 400 𝑚, 𝑏 = 4.3.

𝑆𝑒𝑓𝑓 (𝜆) =
𝐷1

𝐿1
×

×
𝑆0

𝐿1

𝐷1
𝑐𝑜𝑠ℎ

(︁
1

𝛼(𝜆)𝐿1

)︁
+ 𝑠𝑖𝑛ℎ

(︁
1

𝛼(𝜆)𝐿1

)︁
𝑆0

𝐿1

𝐷1
𝑠𝑖𝑛ℎ 1

𝛼(𝜆)𝐿1
+ 𝑐𝑜𝑠ℎ

(︁
1

𝛼(𝜆)𝐿1

)︁ (15)

taken from Ref. [36]. Here, 𝐷1 and 𝐿1 are, respec-
tively, 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 CH3NH3PbI2.98Cl0.02 film and the theoretical
counterpart, it can be considered as satisfactory.

4. Conclusions

In the work, the efficiency of the method of spec-
trally resolved small-signal surface photovoltage was
demonstrated together with the measurements of the
optical properties (transmission and reflection) for
the characterization of perovskite films. In partic-
ular, the methodology proposed allows one to consis-
tently determine the bandgap value of a perovskite
film, as well as its minority carriers diffusion length
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in the case 𝐿 ≤ 𝑑/3 for a parallel-plane 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 small signal surface photo-
voltage spectral dependences 𝑉𝑆𝑃𝑉 (𝜆) is proportional
to external 𝐸𝑄𝐸(𝜆) and internal quantum efficiency
𝐼𝑄𝐸(𝜆) of photogeneration. It was shown that in
the case of a textured surface and diffusion lengths
exceeding the thickness of the sample, the cutoff on
the abscissa axis of the dependence of the inverse sur-
face photovoltage on the inverse absorption coefficient
is equal to the average path length of the photons
in the long-wavelength region of the spectrum near
the absorption edge. A method is proposed for de-
termining the average path length of photons and
the value of parameter 𝑏. As a detailed analysis of
the surface photovoltage spectra has shown, in the
films mentioned above, Urbach effect plays an es-
sential role near the absorption edge. One can ob-
tain good agreement of the theory with experiment
and to deduce an accurate value of the perovskite
film bandgap of 1.59 𝑒𝑉 only by taking this effect
into account. It has been established by compar-
ing of the experimental spectral curves of the small-
signal surface photovoltage with the theory for tex-
tured structures that the films studied are naturally
profiling. This agreement between the theory for tex-
tured structures and the experiment means that the
diffusion length of the non-equilibrium charge carri-
ers in the CH3NH3PbI2.98Cl0.02 perovskite films ex-
ceeds 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 velocity of the per-
ovskite film was estimated, which turned out to be
about 106 𝑐𝑚/𝑠. It is established that the use of a
transformed formula (10) allows one to make the the-
ory 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 фо-
тоелектричних характеристик плiвок перовскiту
CH3NH3PbI2,98Cl0,02, нанесених на скляну пiдкладку
методом spin-coating. З використанням рентгенiвських
методiв дослiдження визначено параметри елементарної
комiрки перовскiту та показано, що морфологiя плiвок опи-
сується як сiтка неорiєнтованих голкоподiбних структур
iз значною шорсткiстю та пористiстю. Для дослiдження
властивостей отриманих плiвок використовувались без-
контактнi методи, зокрема, вимiрювання пропускання i
вiдбивання та метод спектральних залежностей малосиг-
нальної 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 їх
ширина забороненої зони становить 1.59 . 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 . Отриманi плiвки є
перспективними для розробки на їх основi ефективних
сонячних елементiв.
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