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Abstract. The properties of the synthesized films of organic-inorganic perovskites
CHsNH3Pbl; obtained at various ratios of starting reagents (Pbl, and CH3NH;l) have been
studied. As a solvent, we used chemically pure dried dimethylformamide (DMF). Organic-
inorganic perovskites are promising for photovoltaic applications. It has been shown that
regardless of the ratio of the starting reagents, single-phase perovskites are formed, at the
same time the microstructure of the films changes significantly. It has been reported
photoelectric and optical properties of synthesized films, namely: experimental and
theoretical spectral dependences of the low-signal surface photovoltage and transmission.
The band gap and the Urbach parameter dependence on the ratio of precursors were
determined. It has been found that the materials’ band gap depends on the ratio of
precursors and equals to 1.59, 1.62 and 1.57 eV, while the characteristic Urbach energy
equals to 18, 19 and 22 meV for the Pbl,:CHsNH;l films with Pbl, ratio of 1:1, 1:2 and 1:3,
respectively. It has been ascertained that the spectral dependences of the low-signal surface
photovoltage are much more sensitive to the material microstructure and its electronic
structure close to the absorption edge, while the optical transmission spectra are not so
sensitive. The limiting value of the short-circuit current density for the films with different

Pbl, and CH;NHj;l ratios has been determined.

Keywords: perovskites, surface photovoltage spectroscopy, optical properties.

https://doi.org/10.15407/spqe024.03.295
PACS 73.61-r, 73.50.Pz, 72.40.+w, 73.43.Cd, 73.50.Gr, 42.25.Gy, 42.25.Bs, 81.07.Pr

Manuscript received 26.04.21; revised version received 25.06.21; accepted for publication
18.08.21; published online 26.08.21.

1. Introduction

In the future traditional approaches to energy generation
that involve the burning of fossil fuels (oil, gas, coal) will
not be able to meet the energy needs. Moreover, the use
of such energy sources leads to significant pollution of
the environment, and it can put humanity on the brink of
survival. The use of photovoltaic solar cells (PV SC) to
generate electricity is promising. Currently, to produce
solar cells, silicon-based elements [1, 2] and elements
based on compounds A’B® (GaAs, InP) are used [3].

One of the promising candidates for manufacturing
the solar cells are organic-inorganic perovskites ABXs,
where A is mainly methyl ammonium (CH3NHj3), B is
Pb, Sn, and X is F, Cl, Br, I. These materials are
characterized by direct interband optical transitions, so
they have a high absorption coefficient, and PV SC based
on perovskite belong to the second generation of thin-

film solar cells [4]. An important advantage of such
elements is simpler and cheaper technology for
manufacturing the solar cells based on organic-inorganic
perovskites, as compared to silicon-based elements. Over
the recent 10 years, the power conversion efficiency
(PCE) of solar cells based on perovskites has increased
from 3% to 25.2% (and to 28% in tandem architecture)
[5, 6]. However, today the stability of these elements
under the action of moisture, heat, and radiation is low,
which  creates  significant obstacles to  their
implementation in practice.

The films of organic-inorganic perovskites can be
used in the development of various optical systems, as
well as in the elements of solar energy conversion.
Therefore, preparation of dense single-phase films is very
important. In this case, the perovskite thin films can be
fabricated by variety of different deposition methods:
spin-coating, application by immersion in solution, film
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casting, spraying, or vacuum deposition, one-stage
deposition [7], two-stage sequential deposition [8], the
method of Lewis basic adducts for lead (1) iodide [9],
treatment of vapor-containing solutions [10], electrospray
deposition [11], etc.

Typically, the starting reagents (Pbl,, CH3;NH;l) are
dissolved in organic solvents, e.g., N,N-dimethyl-
formamide (DMF), y-butyrolactone (GBL), dimethyl
sulfoxide (DMSO). To deposit perovskite films, the
resulting solution is deposited onto a heated substrate.
All the above factors, namely, the application methods
and solvents impact the crystallization process
significantly, resulting in the films with different
morphology (grain shape and size), and, different crystal
structural defects, both at the grain boundaries and inside
the films [12]. In polycrystalline films, grain size and
orientation, as well as defect types effect significantly the
films’ optical and photoelectric characteristics, being
most crucial for photoconversion. As a rule, the optical
and photoelectric characteristics are studied using already
fabricated SCs, consisting of several layers in addition to
the perovskite film (used as an absorber layer). As a
result, the commonly measured characteristics are
integrated, and it is often difficult to separate
contributions of individual layers. Understanding the
individual layer contribution, however, is important when
SC fabrication technologies are being developed.

The role of selective contacts to CH3NH;Pbl; Cly
was studied in [13] using surface photovoltage (SPV)
spectroscopy. The photovoltage at the operation surface
Vphn Was measured using the contactless way in the large
signal mode (the SPV signal varied within tens to
hundreds mV, ie., Vy>>kT/q). In [14, 15], the
Goodman approach was used to determine the diffusion
length of the minority carriers in perovskite films from
the spectral dependences of the surface photovoltage
Vpn(h). Low-signal SPV  spectroscopy (Vpn(A) << KT/q)
together with transmission and reflection measurements
was used to determine the band gap and the characteristic
Urbach energy [16]. It was shown that the spectral
dependence of the low-signal surface photovoltage is
proportional to the external quantum efficiency EQE(L),
and the minority carriers diffusion length exceeds the
thickness of the perovskite film (400 nm). The results of
[13-16] illustrate the informativeness of SPV
spectroscopy to study and characterize perovskites films
and perovskite based SCs.

The goal of this work is to study properties of
perovskite CH3NH3Pbl, gsClg o, films for several Pbl, and
CH3NHj3l precursors’ ratios in the process of the films
synthesis from DMF solvent. We prepared perovskite
CH3NH3Pbl, gsClg o, films and investigated their spectral
dependences of the optical transmission and the low-
signal surface photovoltage for the precursors’ ratios of
1:1, 1:2 and 1:3. It was found that the spectral
dependences of the low-signal surface photovoltage are
sensitive to the material microstructure. The band gap
and characteristic Urbach energy for all the precursor
ratios are determined. It is shown that the minority
carriers diffusion length exceeds the perovskite film
thickness for all the samples considered.

2. Research methodology
2.1. Methods of synthesis

Lead iodide Pbl,, methylammonium chloride CH3NH;CI
(chemically  pure, CP) and pre-synthesized
methylammonium iodide CH3;NH;l were used as starting
reagents for the synthesis [17]. To stabilize the
perovskite structure, iodine was partially substituted with
chlorine [18]. As a solvent, we used chemically pure
dried  dimethylformamide (DMF). To obtain
CH3NH3Pbl, sClg o, films, the starting reagents Pbl,,
CH3NH;l and CH3NH3Cl in ratios of 1:0.98:0.02
(hereinafter 1:1); 1:1.98:0.02 (1:2); 1:2.98:0.02 (1:3)
were dissolved in DMF and stirred at 70 °C for 1 hour.
The synthesis was performed in a dry box. The resulting
transparent solution was deposited onto pre-cleaned
substrates of glass and glass with ITO coating (the latter
is hereinafter referred to as ITO/glass) by spin-coating at
the speed 1200 rpm for 30 s. Heat treatment of the films
was performed on a pre-heated hot plate within the
temperature range 90 °C up to 190 °C for 15 min.

2.2. Measuring methods

The obtained films were characterized using X-ray
diffraction. X-ray patterns of the powders were measured
using DRON-4-07 spectrometer (CuKa radiation, 30 kV,
30 mA) within the range 20 = 5°...70° with the step
0.05° and 3 s exposure time. The unit cell parameters
were determined from the X-ray data by Rietveld
refinements method by using a full profile fitting
procedure. The microstructure of the synthesized films
was studied by scanning electron microscopy using SEC
mini-SEM SNE 4500MB.

The thickness of the films was determined using a
microinterferometer Ml14.

Spectral dependences of the low-signal surface
photovoltage V() (Ve <<KT/qg 0.025 V) were
measured  within the wavelength range A\
400...900 nm on the samples of CH3NH3Pbl,¢gClg o
perovskite films, fabricated on the glass substrate with
ITO sublayer. The spectra were measured at a constant
photon flux of the monochromatic light, modulated by
the frequency of 20 Hz. An alternating voltage with a
frequency of 20 Hz was used as a reference signal to
control an oscillating beam splitter. The spectra
proportional to the values of external and internal
guantum efficiency were obtained. Surface photovoltage
measurements were performed non-destructively by
using a clamping capacitive electrode made of mica
~ 5-um thick with a deposited semitransparent ITO layer
of the area close to ~ 7x7 mm, as described in [16]. To
improve the signal-to-noise ratio, amplification on a
variable signal with subsequent synchronous detection
(lock-in amplifier) was used. The amplitude of the
periodic modulated alternating signal Vgn(A) did not
exceed 20 pV in any case.

The reflection coefficient from the surface of the
perovskite film at the wavelength 632.8 nm was esti-
mated. Measurements indicate the diffuse character of
reflection with quite a small light reflection coefficient,
its estimated value was ~ 8%.
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The transmission spectra were measured within the
wavelength range AL = 400...900 nm by using the
perovskite film samples CH3;NH3Pbl, ¢sCly g, deposited
onto glass without the ITO sublayer. A silicon photo-
diode was used as a reference photodetector. In general,
when measuring the transmittance of objects with a
profiled (textured) surface, it is necessary to use
integrating sphere. In our measurements, the integrating
sphere was not used. The reasons for this were as
follows: (1) the light beam exited out from the side of
substrate, where the surface profile of the perovskite film
was closer to flat, since it was imposed on the polished
substrate and scattered much less; (2) the sample was
mounted onto the frame of the reference photodetector,
and the distance between the reference photodetector
which measures the intensity of the transmitted beam and
the sample did not exceed 1 mm. The active area of the
photodetector was 5x5 mm, which is less than the area of
the perovskite film. Thus, almost complete capture (no
less than 86%) of the transmitted radiation was ensured.

Since the transmittance measurements were used to
additionally verify the main data obtained using surface
photovoltage  spectroscopy,  these  transmittance
measurements provided acceptable accuracy.

The spectral measurements were performed using the
equipment for determining the spectral characteristics of
photoconverters at the Testing Center for Photocon-
verters and Photovoltaic Batteries of the V. Lashkaryov
Institute of Semiconductor Physics, National Academy of
Sciences of Ukraine. The testing equipment has been
certified by the authorized bodies of State Committee of
Ukraine for Technical Regulation and Consumer Policy
(Derzhspozhyvstandart).

3. Results and discussion

Typically, perovskite CH3NH3Pbl; is obtained at a ratio
of Pbl, and CH3NH3;l - 1:1. In this work,
CH3NH3Pbl, gsClg o, perovskite films were synthesized
for the precursor ratios of 1:1, 1:2 and 1:3. After the
synthesis, the films’ microstructural, optical and
photoelectric characteristics were investigated. The unit
cell parameters of the CH3NH3Pbl, sCly o, materials have
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Fig. 1. Experimental X-ray diffractograms of CH3NHPbl, gsClg g,
film samples prepared using different ratios of initial reagents.
Miller indices are given in the brackets.

been determined by the full-profile Rietveld method by
using X-ray diffraction patterns of the single-phase
samples (Fig. 1).

Calculations of the structural parameters indicate
that this diffractogram corresponds to the tetragonal
symmetry (space group 14/mcm, 140), which agrees with
the literature [19]. The unit cell parameters of the films of
organic-inorganic perovskites are shown in Table 1. The
results of Energy-Dispersive X-ray (EDX) spectroscopic
measurements showed that the intensity ratio of the Pb
and | peaks is the same for samples, synthesized with
different precursor ratios. That is, the elemental
composition of the perovskite film is stoichiometric,
regardless of CH3NHj;l excess [18].

Fig. 2 shows that the microstructure of the synthe-
sized films significantly depends on the precursors’ ratio.
In particular, for the precursors’ ratio 1:1 the films
consist of needles, parallel to the substrate (Fig. 2a). At
the 1:2 ratio the films contain particles in the form of a
maple leaf (Fig. 2b), and rounded particles are formed at
the 1:3 precursors’ ratio (Fig. 2¢).

The obtained films had porosity, but the porosity
value was not determined numerically in the work. The
porosity of perovskite films can be controlled by chan-
ging the ratio of starting reagents Pbl, and CH3NH;l.

Fig. 2. The microstructure of CH3NHsPbl,¢sClg o, films prepared with different ratios of Pbl, and CH3NHsl and subsequent heat

treatment at (a) 1:1 — 115 °C, (b) 1:2 — 170 °C and (c) 1:3 — 175 °C.
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Table 1. The structural parameters of the organic-inorganic perovskites CH3NH3Pbl, osClg o at different ratios of starting reagents

Pbl, and CH;NH3l (1:1, 1:2, 1:3) prepared in DMF as a solvent.

Ratios of starting reagents ‘ 11 ‘ 1:2 ‘ 1:3
Unit cell parameters

a, A 8.8657(9) 8.878(1) 8.884(1)

c, A 12.653(2) 12.669(6) 12.638(4)

v, A3 994.5(3) 998.6(5) 997.5(4)

Single-phase region 115-120 °C 170-175 °C 175-180 °C

Deposition temperature 115°C 170 °C 175 °C

In the central part of the sample, the film had a Additionally, the perovskite films surface is

uniform thickness of about 400 nm. The thickness of the naturally textured (see Fig.2). As a result, the

edges varied significantly, which is typical when using
the centrifugation method.

We found that the amplitude of the low-signal
surface photovoltage Vyy(A) of the samples under study
decreases with an increase of the CH3;NHj;l fraction from
1 to 3 during the synthesis of the perovskite film. The
Vpn(h) values are 8.1 pV at (1:1), 0.96 pV at (1:2), and
0.41 pV at (1:3). This indicates a decrease in the surface
charge and the surface band bending with an increase in
the CH3NH;l fraction.

The experimental spectral dependences of the low-
signal surface photovoltage Vyy()) (normalized to photon
flux and to unity at the maximum) are shown in Fig. 3 for
the Pbl, to CH3NHsl ratios of 1:1, 1:2 and 1:3.

As shown in [16], the spectral dependences of the
low-signal surface photovoltage, measured at a constant
photon flux of the monochromatic light, are proportional
to the spectral dependences of the external quantum
efficiency Vpu(h) ~ EQE(L), that is we can write:

Von(1)= Algs, )EQE(L), @

where A(gs, ) is the coefficient of proportionality, which
depends on the sign and the value of the band bending ¢
on the illuminated surface of the film.

0.00
400

600 700 800

A, NM

500

Fig. 3. Experimental spectra of the low-signal surface
photovoltage Vyn(Ah) normalized to photon flux and to unity
at the maximum.

experimental (normalized to unity) dependences Vp(}) at
the absorption edge can be described by the empirical
formula:

1

Vio (1) EQE()=[1+b/4at)-a-( 0], @

where a()) is the light absorption coefficient, d — film
thickness, n.(A) its refractive index, and b
dimensionless coefficient, larger than 1. The parameter b
corresponds to the ratio of the probability of photon,
exiting from a sample under consideration, to the
corresponding probability of its exit in the case of a
perfectly randomized surface, considered in [20, 21]. We
emphasize that for the expression (2) to be accurate, it is
necessary that the diffusion length of the minority
carriers L significantly exceeds the film thickness d.

In the limiting case of b =1, the expression (2)
under the assumption that one photon generates one
electron-hole pair is equivalent to the well-known
Yablonovitch formula for absorption [22]:

A(L)= (1) ~ [141/4a()n2d] "

afr)+1/4n?d

®)

Fig. 3 demonstrates that the low-signal surface
photovoltage spectra significantly depend on the Pbl, and
CH3NHgl precursors’ ratio, most noticeably in the long-
wave region of the Vpn(A) spectral curves. The difference
becomes even stronger close to the absorption edge,
which is defined by the band gap value. In addition, it
was previously found that the Urbach effect occurs for
the perovskite films at the edge of absorption. This effect
characterizes the films’ structural imperfection. The
empirical dependence of the absorption coefficient on the
photon energy in this region has the form:

Qyr = Olyro EXP (Eph/EO)l (4)

where ayr is the initial absorption coefficient, Ey, —
photon energy, E, — characteristic energy, which is tens
of meV for a small deviation from the perfect films.
Therefore, to describe theoretically the long-wave part of
the spectrum Vp,(A), we took into account these
mechanisms.
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Fig. 4. Experimental (points) and theoretical (lines) spectra of
the normalized low-signal surface photovoltage.

Since perovskites  are  direct-band gap
semiconductors, according to [23] at the edge of
absorption, the absorption coefficient is determined using
the formula

(1239.7/0—E, )¥'2

5
1239.7/A ©)

a(A)=B

where B is a constant, E; — band gap, and A — wavelength
in nanometers. The exponent power 1/2 in the numerator,
depending on the dominant optical transitions, in the
general case can take values from 1/2 up to 3/2.

Fig. 4 shows experimental spectra of the low-signal
surface photovoltage Vp,(A) (normalized to the photon
flux and to unity) and the theoretical plots, calculated
using Eg. (5). Theoretical spectra are aligned to the
experimental ones in the vicinity of the absorption edge.
From the fitting, we can determine the films’ band gap
for the direct optical transitions, and how the gap
depends on the film synthesis conditions. In particular,
the band gap is 1.59, 1.62 and 1.57 eV for the Pbl, to
CH3NHgl ratios of 1:1, 1:2 and 1:3, respectively. Also, it
can be seen that the theoretical dependences for the
longer wavelengths are steeper, while the experimental
ones are extended in the long-wave region of the
spectrum. This shift is explained by the Urbach effect,
confirmed by the data shown in Fig. 5, where the long-
wave part of the spectrum Vpn(A) is plotted (log(Vpn) vs.
photon energy E). It can be seen that according to (4)
log(Vpn) is linear with E in the absorption edge vicinity.
This allows to determine the characteristic parameters E,
and oy for the synthesized films, depending on the
CH3NH3l excess, the parameters are shown in Table 2
below.

Table 2. Characteristic parameters of the Urbach effect.

Pbl, :CH3NH,l Eo, meV oure' 104, em™
1:1 18 45
1:2 19 1.6
1:3 22 3.6

From the Urbach characteristic energy, one can
conclude that a disorder of the synthesized films is
moderate, and the disorder increases with increase of
CH3NHzl excess in the initial reagents.

Typically, the dependence of the inverse value of
the low-signal surface photovoltage Vph’l, normalized to
the photons flux, on the inverse absorption coefficient o™
is used to determine the diffusion length of minority
carriers [24]. This is usually made by determining the
cut-off on the abscissa axis o of the linear dependence
region Vph’1 near the absorption edge. It was shown in
[16] that for profiled (textured) surfaces, the diffusion
length L can be approximately estimated when the
sample thickness significantly exceeds L: d>(3...4) L.
In the case of large values of L compared to the sample
thickness, the expression (2) should be used. In this case,
the cut-off value equals

Ly, =4nZd /b (6)

and determines the mean path length Ly, of the long-
wave photon before its photoactive absorption. Then, if
the cut-off exceeds the sample thickness, this indicates a
longer diffusion length of the minority carriers compared
to the sample thickness. When this length exceeds
significantly the sample thickness, we have to use the
expression (2) for the textured surface, or expression

IQE,(A)=1—exp (—2a(1)d) (7

for the mirror surface with 100% reflection from the back
surface.

Very informative experimental dependence of the
inverse photovoltage V,, = on the inverse absorption
coefficient ot for films with different ratio of precursors

148 152 156 160 164 168
E, eV

Fig. 5. Urbach effect parameters determination from
experimental surface photovoltage V,,(E) spectra for the
synthesized CH3NH3PblgggClgg, films (points). Lines: theory,
calculated using Eq. (4).
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is demonstrated in next Fig. 6. To draw Fig. 6, we used
the dependence o(A), as measured in [25], with a
correction (which was defined by us) for the value of the
band gap, by parallel shifting along the horizontal
coordinate axis, and including the Urbach effect, using
Eqg. (4) with the parameters from Table 2. The following
cut-off values obtained for different precursor ratios are:
442 ym (1:1), 1.19 um (1:2) and 4.75 um (1:3). The
obtained cut-off values indicate a significant excess — 12
(1:3), 11 (2:1) and 3 (1:2) times greater than the sample
thickness — 400 nm (0.4 um). This allowed us to
conclude that the diffusion length of minority carriers in
the samples under study significantly exceeds the sample
thickness, and, taking into account the presence of a
naturally profiled surface, the empirical formula (2)
should be used to describe their long-wave edge. The
largest, practically close cut-off values are observed at
the ratio of the initial reagents (1:1) and (1:3), which
indicates their noticeably higher quality and longer
diffusion length of minority carriers, as compared with
the ratio (1:2).

1.0x10* 2.0x10* 3.0x10" 4.0x10™
1/o, cm

Fig. 6. Experimental dependences of Vph’l on o * for films with
different ratio of precursors.

0.6

Pbl, :

CH,NH,
1:

0.4

700

800
A, NM

Fig. 7. Experimental (symbols) and theoretical (lines) spectral
dependences of the samples’ transmission for different ratios of
precursors.

Using the expression (6), one can find the value of
the parameter b, which is equal to 2.36 (1:1), 8.76 (1:2)
and 2.17 (1:3). The obtained values of the parameters
indicate a high efficiency capture of light in the case of
the ratio of reagents (1:1) and (1:3) and significantly
worse — for the ratio (1:2).

Fig. 7 demonstrates experimental spectral
dependences of the transmission coefficients of the
perovskite films for the precursors’ ratios of 1:1, 1:2 and
1:3 in the A range of 600 to 830 nm. It is seen from the
figure that increase of the transmission coefficient of the
film with the ratio of 1:1 has the largest shift, and the
smallest shift is inherent to the film with the ratio 1:2.

The porosity of the perovskite layer leads to an
increase in transmission, which is especially noticeable
within the spectral region of strong absorption
(wavelength range 400...750 nm). It was manifested in
our case in the form of appearance of a “background”,
especially in the presence of through pores. This effect
requires further investigation and can possibly be used to
determine the porosity of the layers.

Fig. 7 also shows the theoretical dependences of the
films transmittance for perovskites with Pbl, and
CH3NHsl ratios 1:1, 1:2 and 1:3. The calculation was
performed using the approximate formula:
T(A) ~1-R(A)—EQE(M), (8)
where R(A) is the reflection coefficient from the
perovskite film. The spectral dependence R(A) was
obtained by calculation taking into account multiple
reflections from the front and back surfaces [26]:
R(V)=r(x)+r(x)T (1 )exp (- a(r)d), 9
where r(A) is the reflection coefficient from the front
surface of perovskite film.

The reflection coefficient from the front surface
r(A) was calculated using the Fresnel formulas with the
literature data for the complex refractive index [27].

The formula (8) is obtained from (10)

T(L) =1-R(A) - A(L) <1-R(L) - EQE(M), (10)

Since absorption A(}) is in proportion to the amount
of all photogenerated carriers, which is equal to the
amount of absorbed photons, and EQE(A) is proportional
to all photogenerated carriers minus the recombined
ones. In the case of long diffusion lengths of minority
carriers, recombination is low and is taken into account
by the coefficient b in the equation (2).

As can be seen from Fig. 7, in the vicinity of
wavelengths 740 to 820 nm, a good agreement of the
experiment and calculation is achieved for perovskites
with all Pbl, to CH3NH;l ratios considered, namely, 1:1,
1:2 and 1:3. It should be noted that the transmission data
are also consistent with the corresponding data from the
spectra of low-signal surface photovoltage.
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Note that the short-circuit current density Jsc for
AM1.5 conditions can be determined from the following
expression [28]:

s

Jsc =4 J‘IAMl.S(k)EQEO‘)dK ,
Lo

(11)

where 2 is the short-wave absorption edge, Ay — long-
wave absorption edge, EQE(A) — external quantum
efficiency, lamis5(A) — spectral density of the photon flux
under AML1.5.

Assume that the experimental photovoltages Vpn(A),
normalized to the photon flux and to the maximum value,
are the limiting values for EQE(}) in the case of different
perovskite films. Then, using the formula (11), we can
calculate the Jsc limiting value for the films with
different ratios of initial reagents Pbl, to CHsNHsl. We
obtained accordingly: Jsc; = 26.1 mA/cm? (2:2), Jsco =
24.9 mA/cm? (1:2) and Jscs = 21.8 mA/cm? (1:3). Thus,
the highest limiting value of short-circuit current can be
obtained with a 1:1 ratio between Pbl, to CH;NHs,l.

4. Conclusions

We have investigated photoelectric and optical properties
of perovskite CHsNH3Pbl, sCly o, films depending on the
ratio of the precursors Pbl, and CHsNHsl during their
synthesis.

It has been found that the microstructure of
perovskite films significantly depends on the ratio of
Pbl,:CHsNH;l, despite the fact that the elemental
composition of the perovskite film  remains
stoichiometric. When the ratio of precursors is 1:1, the
structure is needle-shaped. At the ratio 1:2, the films
consist of faceted crystallites in the amorphous matrix,
and at the ratio 1:3 contain smaller crystallites. This
microstructure of perovskite films leads to the
appearance of surface microrelief, and, accordingly, to
improved light capture in the long-wave range. The best
capture is achieved in films with the ratio of precursors
1:1, and the worst — in the case of 1:2.

It has been ascertained that the band gap of the
perovskite films depends on the ratio of precursors and
equals to 1.59, 1.62 and 1.57 eV for films with Pbl,to
CH3NHal ratios of 1:1, 1:2 and 1:3, respectively.

Measurement of the Urbach characteristic energy
showed that the structural disorder in the synthesized
films is moderate, and this disorder enhances with
increasing the excess of CH3NHzl in the initial reagents.

We have found that the amplitude of the low-signal
surface photovoltage Vyn(A) decreases with increasing the
proportion of CH3NH;l from 1 to 3 during the synthesis
of the perovskite film. The Vy,(X) amplitude values are
8.1 uV at (1:1), 0.96 uV at (1:2) and 0.41 pV at (1:3),
which indicates a decrease of the surface charge and the
initial surface band bending.

Also, it has been ascertained that the spectral
dependences of the low-signal surface photovoltage
V(M) are much more sensitive to the microstructure and
electronic structure within the region of absorption edge,
as compared with the optical transmission spectra.

It has been shown that all the investigated films
have longer diffusion length of the minority charge
carriers as compared to the film thickness and are
promising for applications in photovoltaics and
optoelectronics.
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Bnuius cniBBiqHOIIEHHSI peareHTiB Ha GoToeJeKTPUYHI i ONTHYHI BJ1aCTHBOCTI NEPOBCKITHUX ITiBOK
41 poToBOJbTAIKH

B.I1. KocruiboB, A.B. Cauenko, 1.0. CokonoBchkuii, B.M. Buaaciok, II.B. Topuuniok, O.l. B’oHoB,
A.I'. Binoye, A.I. lkpeoTiii

AHoranisg. Y 1iii poOOTI IOCITIIPKEHO BJIACTUBOCTI CHHTE30BAHHMX IUIIBOK OPraHIuHO-HEOPraHIYHUX IIEPOBCKITIB
CH3NH;3Pbl;, otpumannx mpu pisHux cmiBBigHOImeHHs X Buxigaux pearentis (Pbl, and CH3NH;l). Sk posuunamk
BUKOPHCTOBYBaIM XIMIYHO YMCTHI BuCylieHHH aumermiipopmamin (JIMD). OpraHidHO-HEOpraHiYHI IEPOBCKITH €
MEPCIICKTUBHUMU JIJIs1 3aCTOCYBaHHS B raiy3i ()OTOBONBTAIKU. Byso moka3aHo, 110 HE3aJEKHO Bij CIIBBITHOIICHHS
BUXIZIHUX PpEareHTiB YTBOPIOIOTHCS OAHO(A3HI MEPOBCKITH, TNPH IOMY MIKPOCTPYKTYpa ILTIBOK CYTTEBO
BiZIpi3Hs€TbCS. Y POOOTI JOCHIIKEHO (DOTOCNEKTPUYHI Ta ONTHYHI BJIACTUBOCTI CHHTE30BaHHMX ILTIBOK, a came:
OTPUMAaHO €KCHEPHMEHTANIBHI T4 TEOPETHUYHI CIIEKTPaNIbHI 3aJI€KHOCTI MaJIOCUTHAIBHOI TOBEPXHEBOI ()OTOHANPYTH Ta
mponyckaHHs. Bu3HaueHo mmpuHY 3a00pOHEHOI 30HH 1 3aJleXHICTH Mapamerpa YpOaxa BiJ CITiBBiIHOIICHHS
peareHTiB. byso BcTaHOBIICHO, IO IIMpHHA 3a00POHEHOT 30HM OTPUMAHWX IUTIBOK 3aJICKUTH Bifl CIiBBIIHOIICHHS
pearenTiB i nopisHioe 1,59, 1,62 ta 1,57 eB, Toni sik xapakrepHa eHepris Ypobaxa nopiBaioe 18, 19 ta 22 meB s
IUTiBOK, oTpuMaHux 3i crhiBBigHomeHHsM Pbl:CH3NH3I 1:1, 1:2 ta 1:3 BiamoBimHO. YCTaHOBICHO, MO CHEKTPaIbHI
3aJIe)KHOCTI MAJIOCUTHAJILHOT MOBEPXHEBOI (POTOHANPYTH Habarato OUIBII YyTIMBI IO MIKPOCTPYKTYpH Marepiairy Ta
HOTO €JIeKTPOHHOI CTPYKTYpH Oilsl Kparo IOTIMHAHHS, TOAI SK ONTHYHI CHEKTPH MPOMYCKAaHHS HE TaKi YyTJMBI.
Bu3HaueHO rpaHUYHE 3HAYEHHS T'YCTHHH CTPYMY KOPOTKOTO 3aMMKaHHS JUIsl IUTIBOK, OTPUMAHHX IPH PI3HOMY
cmiBBigHOIIeHH] Mix Pbl, Ta CH3NHsl.

Ki1r040Bi cj10Ba: IepoBCKiTH, CIIEKTPOCKOIIiS TOBEPXHEBOI (POTOHATIPYTH, ONTHIHI BIACTHBOCTI.
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