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The peculiarities of formation and properties of organic-inorganic MAPbI, perovskite
films, obtained from solutions with different ratios of starting reagents (Pbl:MAI = 1:1,1:2,
and 1:3), in the DMF and DMSO solvents, studied. As the PbI :MAI ratio increases, the
temperature of the formation of a single-phase MAPbI, perovskite film also increases.
The slight changes in the structural and electrophysical characteristics for perovskite films
obtained at the different ratios of Pbl :MAI in DMF and DMSO were found. These changes
are related to the solvent that is included in the crystalline structure of perovskite. In the same
ratios of starting reagents, DMF is included in the structure of perovskite in a greater amount

than DMSO.
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INTRODUCTION. The global energy crisis
is one of the greatest challenges facing human-
ity. It is necessary to develop new technologies
for the successful use of energy from renew-
able sources due to the reduced availability of
fossil fuels. Solar energy is a rich, freely avail-
able source and promising replacement for
non-renewable fossil fuels.

The solar cells based on organic-inorgan-
ic perovskites have attracted the attention of
scientists according to a significant increase
in efficiency to 25.2%, low cost, and ease of
production. [1-2]. This effect was achieved

by improving the design of solar cells, adding
new conductive layers (of n- and p-type), and
improving the quality of the perovskite films.
Organic-inorganic perovskites combine the ad-
vantages of organic and inorganic semiconduc-
tors: high optical absorption, high mobility of
charge carriers [3], and regulated bandgap [4].
Photoactive halide perovskites usually ex-
hibit a three-dimensional crystal structure
with the characteristic chemical formula ABX,,
where A is a monovalent cation of methyl-
ammonium  (CH,NH,"), formamidinium
(HC(NH,),"), cesium (Cs*) or rubidium (Rb*),
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and B is a divalent metal cation Pb*" or Sn*,
and X is a halide anion (CI, Br or I') [5, 6].

Achieving the high photoelectric character-
istics of organic-inorganic perovskite depends
on the nucleation and growth of crystal pro-
cesses. As a result of the process control, it is
possible to obtain a smooth and compact film
of perovskite. External factors (temperature,
moisture, oxygen), as well as solvent, methods
of obtaining films, and annealing can signifi-
cantly affect the structural and physical pro-
perties of organic-inorganic perovskite. It is
known that solvents (DMF, DMSO, y-buty-
rolactone (GBL), NMP) [7, 8] were used for
the synthesis of perovskites can affect the pro-
perties of films.

Changes in the synthesis conditions (ratio
of starting reagents and solvent) may affect the
properties of perovskites. It was shown that the
ratio of starting reagents Pbl,:MAI (CH,NH,])
affects electrophysical characteristics, particu-
larly, the bandgap [9]. Solvent replacement
also affects the properties of organic-inorganic
perovskite. An increase in the stability of films
to moisture and the mobility of charge carriers
detected by using dimethyl sulfoxide instead
of dimethylformamide during the synthesis of
perovskite [10].

The method of obtaining perovskites is a
key factor in achieving high characteristics
(surface coverage, crystallinity, thickness, and
quality of films responsible for the morpho-
logical and transport properties of perovskite).
Several methods can be used to obtain films of
organic-inorganic perovskites. The most com-
mon methods of them are one-step and two-
step deposition, spin-coating, the method of
rapid deposition crystallization, and thermal
evaporation.

It is known that organic-inorganic perov-
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skites are unstable materials that can degrade
and decompose into various components un-
der the influence of external factors. Finding
ways to increase the stability of perovskites is
an urgent task, as its solution will allow them
to be used in the large-scale creation of solar
cells. Nowadays, the best laboratory samples
of elements based on perovskite demonstrate
high efficiency and a low cost of their produc-
tion. However, they have relatively low stabili-
ty, although some solar cells show stable ope-
ration throughout the year [11, 12].

This work aims to study the peculiarities of
perovskite formation, and structural and elec-
trophysical characteristics of organic-inorga-
nic MAPbI, perovskite films depending on the
solvent and the ratio of starting reagents.

EXPERIMENT AND DISCUSSION
THE RESULTS.

Materials. Lead iodide (Pbl)) and methyl-
ammonium iodide MAI (CH,NH,I) were
used as starting reagents for the synthesis of
organic-inorganic perovskites. To stabilize the
structure of perovskite, partial replacement of
iodine with chlorine was carried out by adding
chemically pure methylammonium chloride
MACI (CH,NH,CI). Dried chemically pure
dimethylformamide (DMF) and dimethyl sulf-
oxide (DMSO) were used as solvents.

The starting reagents Pbl, and MAI in the
ratios 1:1, 1:2, 1:3 were dissolved in DMF and
DMSO and stirred at 70 °C for 1 hour to obtain
MAPbBI, (CH,NH_ PbL)) films. The formation
of crystalline MAPbI, films was performed
in a dry box. A pre-prepared clear solution
was deposited on cleaned glass substrates by
spin-coating at a speed of 1200 rpm for 30 s.
The heat treatment of the films was performed
on a preheated stove at temperatures from
20 to 205 °C for 15 minutes.
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The identifications of the phase composition
of films and calculations of the parameters of
the unit cell were performed by X-ray diffrac-
tometry (XRD) using a DRON-4-07 (CuKa
radiation and Ni filter, 40 kV, 18 mA) at 20 =
5-509, a step of 0.04° and a count time of 4 s.

SiO, (angle standard 2@) and ALO, (cer-
tified intensity standard) were used as stand-
ards [13]. The parameters of the unit cell and
the coordinates of atoms were determined us-
ing the FullProf program developed by Juan
Rodriguez-Carvajal, Laboratoire Léon Bril-
louin (France) [14].

Peculiarities of phase transformations in
the formation of organic-inorganic perovskite
MAPbI, in DME DMSO solvents. Plots of the
percentage of crystalline phases versus the film
treatment temperature were constructed based
on diffractograms of perovskite films obtained
at different ratios of starting reagents in the
DMF solvent (Fig. 1).

Figure 1 shows that the temperature rang-
es of the existence of intermediate compounds
(MA),(DMF) Pb.I, (MA) (DMF) PbI,, (MA),
(DMF)PbL, (MA),(DMF),Pb_I and organic-in-
organic perovskite MAPDI, in the film can be
determined depending on the ratio of reagents.
The structure of MAPDI, perovskite begins to
form at a temperature of 20-25 °C, regardless of
the ratio of starting reagents. The formation of
organic-inorganic perovskite occurs by the for-
mation and decomposition of various amounts
of intermediate compounds. At the ratio of
starting reagents Pbl :MAI - 1:1, there are three
intermediate compounds, and at 1:2, 1:3 four
and two intermediate compounds, respectively.
In a detailed analysis of the percentage of crys-
talline phases and diffractograms, formation re-
actions of MAPbI, perovskite were obtained at
the Pbl:MAI = 1:1 ratio in DMF (Table 1).

https://ucj.org.ua

Fig. 1. The dependence of the percentage of
crystalline phases on the treatment temperature
of the film obtained at different ratios Pbl :MAI in
DMF: a) 1:1; (b) 1:2; (¢) 1:3.
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Table 1

Phase transformations in the formation of MAPDI, perovskite at a ratio of starting

reagents of 1:1 in DMF.

Reagents Temperature Reaction products
20-45°C  [(MA),(DMF)PbI, + (MA),(DMF)Pbl, + 2MAPbI, +
3(MA),(DMF),Pb.I,
50 °C 0.5(MA),(DMF)PbI, + 0.75(MA),(DMF) Pbl, + 1.25MAI
+ 3(MA),(DMF),Pb.I, + 2.75MAPbI,
13PbI, + 13MAI 55°C 0.5(MA) (DMF) PbI, + 2.5(MA) (DMF) Pb I, + 2MAI +
(1:1 in DMF) 5SMAPbI,
>55-105°C  [(MA),(DMF),Pb.I. + I0MAPbI, + MAI
>105-110°C  [0.5(MA),(DMF),Pb.I, + 11IMAPbIL, + MAI +0.5Pbl,
>110-115°C |13 MAPbL,
13Pbl, + 13MAI 20-45°C  [(MA),(DMF)Pbl, + (MA),(DMF)Pbl, + 2MAPbI, +
3(MA),(DMF),Pb.I
(MA),(DMF)PbI, 0.5(MA),(DMF)PbL, + 0.5(MA),(DMF) Pbl, + 0.5MAI +
50 °C (0.5-0.5x)DMF
2(MA),(DMF) PbI, 0.25(MA),(DMF) Pbl, + 0.75MAPbI, + 0.75MAI +
1.5xDMF
0.5(MA),(DMF)PbI, 0.5(MA),(DMF) PbI, + 0.5MAI + (0.5-0.5x) DMF
0.75(MA),(DMF) Pbl, 55°C 0.75MAPbL, + 0.75MAI + 0.75xDMF
3(MA),(DMF),Pb.I + 2.5(MA),(DMF),Pb.L +1,5MAPbI, + 2DMF
0.5MAI
0.5(MA),(DMF) PbI, 0.5SMAPDL, + 0.5MAI + 0.5xDMF
2.5(MA),(DMF),Pb.I + #25105°C (MA),(DMF),Pb I +4.5MAPbI, + 3DMF
0.5MAI
(MA),(DMF),PbI. | >105-110°C [0.5(MA),(DMF),Pb I + MAPbI, + 0.5PbI, + DMF
0.5(MA),(DMF),Pb.I + 1,5MAPbI, + DMF
0.5MAI > 110-115°C
0.5Pbl, + 0.5MAI 0.5MAPbI,

At a ratio of 1:1, a single-phase perovskite
film is formed at 115 °C. There is a gradual de-
composition of the intermediate compound
(MA) (DMF)PbI  into
which completely decomposes into MAPbI, at
T> 55 °C. The compound (MA),(DMF) Pb.I
is completely decomposed into MAPbI, pe-
rovskite at T> 110 °C.

When the ratio of starting reagents is 1:2 in

(MA) (DMF) Pbl,,

DME a single-phase MAPDI, perovskite film is
formed at 170 °C (Table 2). At this ratio, sim-
ilar transformations of the intermediate com-
pounds (MA) (DMF)PbL, (MA) (DMF) Pbl,,
(MA),(DMF) Pb.I, are observed for the ratio
1:1, but the temperatures of transformations
are greatly different. In addition, the conver-
sion of the intermediate (MA) (DMF) Pb I to
MAPDIL, is observed in this system at T> 30 °C.
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Table 2
Phase transformations in the formation of MAPDI, perovskite at a ratio of starting
reagents of 1:2 in DMFE.

Reagents Temperature Reaction products
20°C 4(MA),(DMF),Pb.I. + 2(MA),(DMF)PbI, + 20MAI +
3(MA),(DMF) Pbl, + 3(MA),(DMF),Pb.I + 2MAPbI,
25°C 3(MA),(DMF),Pb,I. + (MA),(DMF)Pbl, + 20MAI +
24Pbl, + 48MAI 4(MA),(DMF) Pbl, + 2(MA),(DMF),Pb.I_ + 7MAPbI,
(1:2 in DMF) >30-130°C|3(MA),(DMF) PbI, + 0.5(MA),(DMF)PbI, + 20MAI +
20.5MAPbI,

>130-160 °C  |2.5(MA),(DMF) Pbl, + 21.5MAPDIL, + 21.5MAI
>160-170 °C | 24MAPDI, + 24MAI

24PbI, + 48MAI 20°C 4(MA),(DMF),Pb I+ 2(MA),(DMF)PbI, + 3(MA),(DMF)
PbI + 3(MA),(DMF),Pb.I + 2MAPbI, + 20MAI
4(MA),(DMF),Pb,I_ 3(MA),(DMF),Pb,I_ + 2MAPbI, + 2DMF
2(MA),(DMF)PbI, 25°C (MA),(DMF)PbI, + (MA),(DMF) PbI, + MAI + (1-x)DMF
3(MA),(DMF),Pb.[, + 2(MA),(DMF),Pb.I, + 3MAPbI, + 2DMF
MAI
3(MA),(DMF),Pb,I_ 6MAPbL, + 6DMF
(MA),(DMF)PbI, 0.5(MA),(DMF)PbL, + 0.5(MA),(DMF) PbI, + 0.5MAI +
>30-130°C  1(0.5-0.5x)DMF
4(MA),(DMF) PbI, 2.5(MA),(DMF) Pbl, + 1. 5MAPbL + 1.5MAI + 1.5xDMF
2(MA),(DMF) Pb,I + 6MAPbI, + 4DMF
2MAI
3(MA),(DMF) PbI, | >130-160°C |2(MA),(DMF) PbI, + MAPbI, + MAI + xDMF
0.5(MA),(DMF)PbI, 0.5(MA),(DMF) PbI, + 0.5MAI + (0.5-0.5x)DMF

2.5(MA),(DMF) Pbl, | >160-170°C |2.5MAPbIL, + 2.5MAI + 2.5xDMF

Table 3
Phase transformations in the formation of MAPDI, perovskite at a ratio of starting
reagents of 1:3 in DMFE.
Reagents Temperature Reaction products
20-150°C | 4(MA),(DMF) Pbl, + (MA) (DMF)PbL + 4MAPbI, + 12MAI
9PbL, + 27MAL  [75150-170 °C [2(MA),(DMF) Pbl, + 7MAPbI, + 16MAI
(1:3in DMF) - =175175°C [OMAPbI, + 18MAI
9PbL + 27MAI 20-150°C | 4(MA),(DMF) PbI, + (MA) (DMF)PbI_ + 4MAPbIL + 12MAI
4(MA) (DMF) Pbl, + | >150-170 °C |2(MA),(DMF) Pb, + 4MAI + 3MAPbL + (2x+1)DMF
(MA),(DMF)PbI
2(MA) (DMF) Pbl, | >170-175°C |2MAPbL, + 2MAI + 2xDMF

https://ucj.org.ua 83




INORGANIC CHEMISTRY

INFLUENCE OF THE SOLVENT AND THE RATIO OF STARTING REAGENTS ON THE PROPERTIES

OF ORGANIC-INORGANIC PEROVSKITE MAPbI,

At the ratio PbI:MAI = 1:3, the formation
of a single-phase MAPDI, perovskite film oc-
curs at 175 °C (Table 3).

There is a gradual decomposition of the in-
termediate compound (MA),(DMF)PbL, into
4MAI and (MA),(DMF) Pbl ; the latter com-
pletely decomposes into MAPbI, at T> 170 °C.

Thus, the ratio of starting reagents in DMF
significantly affects the number of intermediate
compounds that are formed during the synthe-
sis. As the ratio of reagents increases, the tem-
perature of formation of single-phase MAPbI,
perovskite film increases. The MAPDI, phase is
present in the film after heat treatment at 20 °C
in amounts of 15-30 wt. %. However, at high-
er temperatures of 40-60 °C, the intermediate
phases begin to decompose, and in this tempe-
rature range, the transformation of the interme-
diate phases into perovskite is not completed.

For the perovskite films synthesized at dif-
ferent ratios of starting reagents in the DMSO
solvent, plots of the crystalline phase content
versus the film treatment temperature were
constructed (Fig. 2).

Figure 2 shows that the structure of MAPbI,
perovskite begins to form at 60 °C for the ra-
tios 1:1, 1:2, and at 70 °C for the ratio 1:3. At
a ratio of 1:1, the perovskite film obtained at
T> 160 °C begins to degrade, which is accom-
panied by a decrease in the percentage of per-
ovskite MAPDI, and an increase in the percent-
age of the intermediate PbL -DMSO (Fig. 2a).
At this ratio of starting reagents, a single-phase
film is not formed. At a ratio of 1:2, 1:3, inter-
mediate compounds completely decompose
and a single-phase MAPDI, film is formed at
190 and 205 °C, respectively.

The quantitative content of the phases
(MA),(DMSO) Pb 1,  (MA),(DMSO) Pbl,,
PbIz-DMSO, Pb12~2DMSO, and organic-inor-
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ganic perovskite MAPbL, in the film depends on
the ratio of reagents and treatment temperature.

Fig. 2. The dependence of the percentage of
crystalline phases on the treatment temperature
of the film obtained at different ratios PbI :MAI in
DMSO: (a) 1:1; (b) 1:2; (¢) 1:3.
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Table 4

Phase transformations in the formation of MAPDI, perovskite at a ratio of starting
reagents of 1:1 in DMSO.

Reagents Temperature Reaction products
20-50 °C 3(MA),(DMSO),Pb I + PbL-2DMSO + 4MAI
60-85 °C 2(MA),(DMSO),Pb,I, + PbL-2DMSO + 3MAPDL, + 3MAI
90 °C (MA),(DMSO),Pb [+ (MA),(DMSO) Pbl, + 6MAPbI,
>90-100°C | (MA),(DMSO),Pb.I, + 7MAPDI, + MAI
110 °C 0.5(MA),(DMSO),Pb.I, + 0.5PbL - 2DMSO + MAI +
10PbL, + 10MAI 8MAPbI,
(I1:1in DMSO) >110-160°C | 0.5(MA) (DMSO)_Pb I + 8.5MAPbI, + 0.5MAI
>165-180 °C |0.25(MA),(DMSO),Pb.I, + 9MAPDI, + 0.5MAI +
0.25PbI -DMSO
190 °C 0.25(MA),(DMSO),Pb.I, + 7MAPDI, + 2.25PbI - DMSO +
2.5MAI
10PbL, + 10MAI 20-50 °C 3(MA),(DMSO),Pb.I, + PbI-2DMSO + 4MAI
3(MA),(DMSO),Pb.I, 60-85°C 2(MA),(DMSO),Pb. I, + 3 MAPbI, +
+ MAI 2DMSO
2(MA),(DMSO),Pb.I, + (MA),(DMSO),Pb_ L + (2-x)DMSO +
2MAI 90 °C (MA),(DMSO) PbI, + 2MAPbI,
PbL-2DMSO + MAI MAPbDIL, + 2DMSO
(MA),(DMSO) PbI, >90-100°C | MAPDL + MAI + xXDMSO
(MA),(DMSO),Pb. I, 110°C 0.5(MA),(DMSO),Pb.I, + MAPbI, +0.5PbL - 2DMSO
0.5PbL-2DMSO + MAI | >110-160 °C |0.5 MAPbI, + 0.5 MAI + DMSO
0.5(MA),(DMSO),Pb.I. | >165-180°C |0.25(MA),(DMSO),Pb.I, + 0.5 MAPbL, + 0.25PbL- DMSO
+ 0.5MAI + 0.25DMSO
0.25PbL- DMSO + 190 °C 2 MAI + 2.25PbL- DMSO
2MAPDI,

In a detailed analysis of diffractograms
and the phase content of the film, formation
reactions of MAPDI, perovskite at the ratio
PbI:MAI = 1:1 in DMSO were obtained (Ta-
ble 4).

At a ratio of starting reagents of 1:1 in
DMSO, the formation of organic-inorganic
perovskite MAPbI, occurs through the for-
mation and decomposition of 4 intermediates
(MA),(DMSO),Pb I, (MA),(DMSO) PbI,

8)
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PbI -DMSO, Pbl,-2DMSO. It was shown that the
intermediate compound (MA),(DMSO),Pb,I,
at 90 °C decomposes into the compound
(MA),(DMSO) Pbl, from which perovskite
formation takes place.

At a ratio of 1:2 in DMSO, a single-phase
perovskite film is formed at 190 °C (Table 5). In
this case, the same 4 intermediate compounds
are also formed, which are formed at a ratio
of 1:1.
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Table 5

Phase transformations in the formation of MAPbI, perovskite at a ratio of starting rea-

gents of 1:2 in DMSO.

Reagents Temperature Reaction products
20-55°C 3(MA),(DMSO),Pb_ I, + PbL,-2DMSO + Pbl- DMSO +
12MAI
60-85°C 2(MA),(DMSO),Pb.I, + PbL-DMSO + MAPbI, + 11MAI
90-140 °C (MA),(DMSO),Pb. I+ PbL-DMSO + 3MAPbL, + OMAI +
8PbL + 16MAI (MA),(DMSO),PbI,
(1:2 in DMSO) >140-160 °C | PbL-DMSO + 2(MA),(DMSO) PbI, + 5MAPbI, + 7MAI
165 °C 0.5(MA),(DMSO),Pb.I, + 0.5Pbl.DMSO + 5MAPDIL, +
(MA),(DMSO) PbI, + 8MAI
>165-185°C |0.75(MA),(DMSO),Pb.I + 5.25MAPDIL, + 0.5PbI -DMSO
+ 9.25MAI
190 °C 8MAPDI, + 8MAI
8PbI, + 16MAI 20-55°C 2(MA),(DMSO),Pb.I, + PbL-2DMSO + PbL-DMSO +
12MAI
PbI-2DMSO 60-85°C PbL-DMSO + DMSO
PbI- DMSO + MAI MAPDI, + DMSO
2(MA),(DMSO),Pb.I + 90-140 °C (MA),(DMSO),Pb.I, + 2MAPbL, + (2-x)DMSO +
2MAI (MA),(DMSO) PbI,
(MA),(DMSO),Pb. I+ >140-160 °C | (MA),(DMSO) Pbl, + 2MAPbIL, + (2-x) DMSO
2MAI
2(MA),(DMSO) PbI, + 0.5(MA),(DMSO),Pb,I, + 0.5PbI-DMSO +
PbI- DMSO 165 °C (MA),(DMSO) PbI, + MAI + (x-0.5)DMSO
0.5(MA),(DMSO),Pb I, | >165-185°C |0.75(MA),(DMSO),Pb.I, + 0.25MAPDI, + 1.25MAI + (x-
+(MA),(DMSO) PbI, 0.5)DMSO
0.75(MA),(DMSO),Pb. I, 2.25 MAPDI, + 1.5DMSO + 0.5MAI
+ 1.25MAI 190 °C
0.5PbL- DMSO + 0.5MAI 0.5MAPbBI, + 0.5DMSO

At a ratio of 1:2, interconversion of com-
pounds (MA),(DMSO),Pb. [, <> (MA), (DM-
SO) Pbl, is observed. At low temperatures
(90-160 °C) the preceding reaction proceeds
in the forward direction with the forma-
tion of (MA),(DMSO) Pbl,, while a part of
(MA),(DMSO),Pb. [ is converted into MAPDbL..
At T > 165-185 °C, the reaction proceeds in the
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reverse direction, while a part of (MA) (DM-
SO) Pbl, is converted into MAPDbIL,. A con-
version of the compound PbI-2DMSO to
PbI-DMSO is also observed, which in interac-
tion with MAI forms perovskite MAPDI..
When increasing the ratio of starting rea-
gents to 1:3, a single-phase perovskite film is
formed at 205 °C (Table 6). The formation of
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perovskite occurs through the formation and
decomposition of 4 intermediate compounds.
At aratio of 1:3, interconversion of compounds
(MA),(DMSO),Pb I, <> (MA),(DMSO) PbI,
is also observed, but in a wider temperature

range. There is also a conversion of the com-
pound PbL-2DMSO to PbL-DMSO, which
when interacting with MAI forms perovskite
MAPDI, as for the ratio 1:2.

Table 6

Phase transformations in the formation of MAPbI, perovskite at a ratio of starting
reagents of 1:3 in DMSO.

Reagents Temperature Reaction products
20-30°C 2(MA),(DMSO),Pb,I, + PbL-2DMSO + PbI - DMSO +
20MAI
>30-65°C  |2(MA),(DMSO),Pb.I, + 2PbL-DMSO + 20MAI
70-75°C 2(MA),(DMSO),Pb,I + PbL-DMSO + MAPDL + 19MAI
80-140 °C (MA),(DMSO),Pb_ I, + PbI- DMSO + 3MAPDI, +
8PbI, + 24MAI (MA),(DMSO) PbI, + 17MAI
(1:3 in DMSO) o
>140-160 °C  |3(MA),(DMSO) Pbl, + 5MAPDI, + 13MAI
>165-185°C |0.5(MA),(DMSO),Pb.I, + 0.5(MA),(DMSO) PbI, +
6MAPDI, + 16MAI
>185-200°C | PbL-DMSO + 7MAPbI, + 17MAI
205°C 8MAPbDI, + 16MAI
8PbL, + 24MAI 20-30°C 2(MA),(DMSO),Pb.I, + PbL-2DMSO + PbI- DMSO +
20MAI
PbI-2DMSO + PbL- >30-65°C | 2PbL-DMSO + DMSO
DMSO
2PbL-DMSO + MAI 70-75°C PbL-DMSO + MAPbI, + DMSO
2(MA),(DMSO),Pb.I + 80-140 °C (MA),(DMSO),Pb I, + 2MAPbIL, + (2-x)DMSO +
2MAI (MA),(DMSO) PbI,
(MA),(DMSO),Pb.I + MAPDL, + 2(MA),(DMSO) Pbl, + (2-2x) DMSO
3MAI >140-165 °C
PbL-DMSO + MAI MAPDIL, + DMSO
3(MA),(DMSO) PbI, >165-185°C  |0.5(MA),(DMSO),Pb.I, + MAPDL + 3MAI +
0.5(MA),(DMSO) PbI, + (2.5x-1) DMSO
0.5(MA),(DMSO),Pb.I. | >185-200°C |PbL-DMSO + MAPDI, + MAI + 0.5xDMSO
+0.5(MA),(DMSO)
Pbl,
PbL-DMSO + MAI 205 °C MAPbDIL, + DMSO

https://ucj.org.ua
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Thus, regardless of the ratio of starting re-
agents in DMSO, the formation of MAPDI,
perovskite occurs through the formation of 4
intermediate compounds. When the ratio of
reagents increases, the temperature of forma-
tion of single-phase MAPDL, film increases.

Crystallographic and electrophysical charac-

teristics of organic-inorganic perovskites MAPbI,
obtained at different ratios Pbl :MAI in DME,
and DMSO. The calculation of the unit cell
parameters of organic-inorganic MAPbI, pe-
rovskite films was performed by the Rietveld
tull-profile analysis method using X-ray dif-
fraction patterns (Fig. 3).

Fig. 3. Experimental X-ray diffraction patterns of samples of MAPbI, films obtained at different
ratios of starting reagents in the DMSO solvent. The Miller indices are given in parentheses. * -

(MA),(DMSO),Pb 1.

It was found that depending on the ratio
of starting reagents and solvent, there are
slight changes in the volume of the cell for
perovskite films (Table 7). The changes in the
unit cell volume are associated with a small
amount of the solvent that is part of the crys-
talline structure of perovskite. It was proved
that the solvent DMSO can replace the cati-
on MA* in the structure of organic-inorganic
perovskite MAPDIL, [15]. The ra(}ius of DMSS)
and DMF molecules are 3.05 A and 3.13 A,
respectively [16], and the radius of the cation
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MA* is 2.17 A [17]. Since DMF and DMSO
molecules are close in size, it can be assumed
that DMF enters into the crystal structure,
creating deformations. To test this assump-
tion, we will calculate the changes in volume
and solvent concentration.

From literature, it is known that the volu-
me oof the unit cell for perovskite is Vierouskitg =
990 A*[18], or V. . /7 = 990/4 = 247.5 A’.
Table 7 shows that the experimental values of
unit cell volume are slightly larger than the
theoretical value of unit cell volume of 990 A’,
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Table 7

Structural parameters of organic-inorganic perovskites MAPbI,, obtained at different
ratios PbI :MAI (1:1, 1:2, 1:3) in the DMF and DMSO solvents.

DMF DMSO
Parameters
1:1 1:2 1:3 1:1 1:2 1:3
V, A3 994.5(3) 998.6(5) 997.5(4) 991.3(1) 994.7(4) 994.5(2)
Deposition 115°C | 170°C | 175°C | 150°C | 190°C | 205°C
temperature

The calculation of the amount of solvent in
the structure of perovskite was performed ac-
cording to formula (1) using the unit cell vo-

Vperovskite

_ V(ppIy) n Vman + (V
S

lumes of the starting reagents, and perovskite,
as well as the volumes of DME, DMSO solvent
molecules, and methylammonium cation MA*:

(1)

Zy Zy Z3

where Z, Z,, and Z, are the formula unit for
perovskite, Pbl, and MAI, respectively, x is the
amount of solvent included in the structure of
perovskite, V(PbL) is the unit cell volume of
Pbl, V(MAI) is the unit cell volume of MAL
V.o 18 the volume of the solvent molecule,
V (MA") is the volume of the methylammoni-
um cation MA*. Taking into account the values
of the volumes of compounds and their for-
mula units, we obtain V(PbI,)/Z,= 125.69/1 =
125.69 A%, V(MAI)/Z, =235.93/2=117.965 A?,
The calculation of the volume of the solvent
(V, 1er) Was performed according to formula
(2) under the assumption that the solvent mo-
lecule has a spherical shape [18].
(2)

V= 2nR3,
3

where R is the radius of the solvent molecule.

https://ucj.org.ua

olvent — V(MA"’)) "X

A similar volume calculation was performed
for the MA* cation. The volume of the DMF
and DMSO solvoents is Vipyp = 1284 A and
V prso) = 118.8 A%, respectively. The volume of
the cation MA*is V (MA*) = 42.8 A3,

The replacement of a smaller MA* cation
with a larger molecule of DMF or DMSO leads
to minor changes in structural and electro-
physical characteristics, which is confirmed by
the following calculations.

The solvent content of the structure (x) was
determined from formula (3), which was de-
rived from formula (1):

Vperovskite V(PbIz) V(MAI)
Zq Zy Z3

(3)

X =
Vsolvent_V(MA+)

The results of the calculations are summa-
rized in table 8.
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Table 8

Determination of the amount of solvent in the structure of perovskite depending on the
ratios of starting reagents Pbl :MAI in the DMF, DMSO solvent.

PbIZMAI Vperovskite' A’ Zl perovskite/Zl' Al Vsolvent' A’ X. %
MAPDI, 990.0 4 247.5 - - 0

1:1 991.3(1) 4 2478 5.5
DMSO 118.8

1:2 994.7(4) 4 248.7 6.6

1:3 994.5(2) 4 248.6 6.5

1:1 994.5(3) 4 248.6 5.8
DMF 128.4

1:2 998.6(5) 4 249.6 7.0

1:3 997.5(4) 4 249.4 6.7

It was found that at the same ratios of start-
ing reagents, the structure of perovskite in-
cluded the DMF solvent in a greater amount
than DMSO.

The fact that the solvent is part of the struc-
ture of perovskite affects not only the struc-
tural parameters but also the electrophysical

characteristics, in particular, the width of the
bandgap (Table 9).

Influence of the solvent on the electrophysical characteristics of perovskite MAPbIFf.a e
Solvent DMF DMSO
PbI:MAI 1:1 1:2 1:3 1:1 1:2 1:3
Solvent content, % 0 5.8 7 6.7 | 55 | 66 | 65
Bandgap, eV 1.55 [18] 1.59 |1.62 |[1.57 |1.57 |1.53 |1.54

The bandgap for the perovskites obtained at
different ratios of starting reagents in DMSO
is less than for the films obtained using DMFE.

CONCLUSIONS

The peculiarities of formation and proper-
ties of organic-inorganic MAPbI, perovskite
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films have been studied as a function of the
ratio of starting reagents in DMF and DMSO
solvents. As the Pbl :MAI ratio increases, the
temperature of the formation of single-phase
MAPbI, perovskite film increases. It was found
that when using the DMF solvent, the number
of crystalline phases in the film depends on
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the ratio of starting reagents. At a ratio of 1:1
in DME the number of phases is 4 and at 1:2,
1:3 5, and 3, respectively. When using DMSO,
regardless of the ratio of starting reagents,
there are 5 crystalline phases in the film.

Plots of the percentage of crystalline phases
in the film versus the treatment temperature
have been constructed for perovskite films
synthesized at different ratios of starting rea-
gents in the DMF, and DMSO solvents. It was
shown that the formation of organic-inorganic
perovskite occurs through the formation and
decomposition of intermediate compounds
(phases). Reactions of MAPDI, perovskite for-
mation at different ratios Pbl:MAI in DMF
and DMSO have been obtained.

It was found that for the perovskite films
obtained at different ratios Pbl: MAI in DMF
and DMSO, there are slight changes in the
structural (unit cell volume) and electrophy-
sical (bandgap) characteristics. These changes
are related to the solvent that is included in the
crystalline structure of perovskite. It was found
that at the same ratios of starting reagents,
DMF is included in the structure of perovskite
in a greater amount than DMSO.
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CMHTe30BaHO OpPraHO-HEOPTaHIYHUIL IIe-
poscbkit MAPbI, (CH,NH,PbL)) meromom
OJHOCTA/IifIHOTO OCA/I)XEHHA 3a Pi3HOTO CIIiB-
Bi[HOIIEHHA BUXIJHUX peareHTiB (PbI2 Ta
MAI, sxki 6pamu y cmiBBigHOomenHi 1:1, 1:2,
1:3) y posunaanky JM®A ta JMCO. [I11 oT-
pMMaHHA IUIIBOK OpraHO-HEOPraHiYHOTrOo Ie-
poBcbkiTy MAPDI, BUKOpUCTOBYBanu meToqn
spin-coating.

HocrmimkeHo 0coOMMBOCTI YyTBOpPEHHA Ta
BJIACTMBOCTI IIIIBOK OPraHO-HEOPraHi4HOro
nepoBcbKiTy MAPbDI, sanexxno Bif cmiBBiz-
HOILEHHA BUXi/IHUX PEareHTiB Y PO3YMHHUKY
DME, DMSO. 3i 36inpleHHAM CIIiBBiJHOIIEH-
Ha Pbl :MAI spocrae Temneparypa yTBOpeH-
Ha offHo(a3Hoi MIiBKM epoBcbKiTy MAPDL..
IToxasaHo, 1110 yTBOpEHHA OPraHO-HeOpraHiy-
HOTO IIEPOBCBKITY Bifl0yBa€TbCsA 4epe3 yTBO-
PeHHA Ta PO3KIaJaHHA IPOMDKHMUX CIOTYK
(¢pas). Orpumano peakuii yTBOpeHHS IepOB-
cokity MAPDI, 3a pisHoro crhiBBimHOMmIEHHS
PbI:MAl'y DME DMSO.
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Bcranosneno, mo cTpykTypa nepoBChKiTY
MAPbI, nounnae popmyBaTucs sa Temiepa-
Typu 20-25 °C He3a/Ie>XHO BiJj CIiBBijHOLIEH-
HA BUXigHux pearenTis y DME IIpu Buxkopuc-
tanni DMSO cTpykTypa neposcbkiTy MAPDI,
nounHae popmyBaTics 3a TeMmieparypu 60 °C
i cuiBBigHoweHs 1:1, 1:2, Ta ipu 70 °C gna
criBBigHOMIEeHH 1:3.

BcranoBeHo, 10 py BUKOPUCTaHHI po3-
ynaHrKa DMF Kinbkicte kpucramiunux ¢as
y IUIBI 3a7IeXKUTDh BiJj CIIiBBiJHOILIEHHA BU-
XigHux pearentis. IIpu cniBBifHOMmIEHHI 1:1 y
DMEF «xinbkictp ¢a3 cranoButhb 4, a npn 1:2,
1:3 — 5 Ta 3 BignosigHo. IIpu Bukopucranui
DMSO He3anexHo Bif CHiBBiTHOIIEHHS BU-
XiJHMX peareHTiB y IIiBLi IPUCYTHI 5 KpucTa-
myHuX ¢as.

[l MIiBOK IEepPOBCHKITY, OTPMMAaHMX 32
Pi3HOTO CITiBBiJHOIIEHHA BUXiJJHUX peareHTiB
y posunranky DME DMSO, 6yno nmobynosa-
HO 3aJIOKHICTb BMICTy KpucTamiyHmx ¢as y
wiiBLi Bif Temneparypu o6pobnenHs. Bera-
HOBJIEHO, 1110 Ji/I IUIIBOK IIEPOBCHKITY, OTPU-
MaHMX 32 pi3HOro criBBigHOmeHHs Pbl:MAI
y DME, DMSO cnocrepiraemo He3HayHi 3Mi-
HJ B CTPYKTYpHUX (00’€M e/leMeHTapHOI KO-
Mipkn) Ta enekTpodiznyHux (mwmprHa 3abo-
poHeHOi 30HM) Xapakrepuctukax. L[i 3miHun
TIIOB’sI3aHi 3 PO3YMHHVKOM, SIKUII BXOOUTH Y
KPUCTa/li4Hy CTPYKTYpy I€pOBCBbKiTy. Bcra-
HOBJIEHO, III0 3a OAHAKOBUX CIIiBBiHOIIIEHb
BUXifHNX pearentiB DMF Bxoguth B CTpyK-
TYPY HEpOBCHKITY y OinbIiil KimbKOCTi, HiX
DMSO.

KnrodoBi cmoBa: opraHo-HeOpraHiuHMIA
IIepOBCHKIT, (pa3oBi IMepeTBOpEHH:, CTPYK-
TypHi mapameTpy, enekTpodisnyHi Xapakre-
PUCTUKMN.
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