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Abstract

The fundamental aspects of the perovskite absorber formation of solar
irradiation for two generally accepted one- and two-step technologies are
considered. For the on-step variant, two stages of perovskite formation, called
“through solution” and “intermediate colloid compounds of precursors”,
were identified. The successive deposition of precursors is described in
terms of thermodynamics and the Ostwald ripening model. The optimal
conditions for the concentration and temperature for the spinning solution
of methylammonium iodide to obtain various sizes of perovskite crystallites
are presented. Examples are given for some other approaches that are used
in the formation of high-quality perovskite films with high optoelectronic
characteristics for a conversion rate of perovskite based solar cells on them.

solution, Nanoparticle shape

1. Introduction

The search and study of materials that are
promising from the point of view of their use in
the developed efficient solar energy converters is
the most important problem in modern alternative
energy. The particular interest in recent years is
connected with the creation of photovoltaic solar
cells (SC) based on organic-inorganic perovskites
[1-5]. Perovskites with an ABX; structure, where
A is the organic part, B is metals (Pb, Sn, Cd, etc.),
X is halogens (iodine, chlorine, bromine) [6—8],
are the best representatives of the active layer in
the third SC generation due to their excellent op-
toelectronic properties. These materials have high
absorption coefficient, balanced charge-trans-
port properties with long diffusion length and are
very perspective for their manufacturability due
to their low cost. Recent investigations have fo-
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cused on improving the coverage, uniformity and
morphology of the perovskite light absorber in
frameworks of the different types of creation pro-
cesses: one-step [9-11], two-step solution process
[12—14], vapor process [15, 16], hybrid chemical
vapor deposition (HCVD) [17], solvent anneal-
ing, mixed solutions and anti-solvent treatment
[18-20], using co-solvent as a complexing and
wetting agent for obtaining the high surface cov-
erage and pinhole-free structure [21], cryo-con-
trolled techniques [22]. These approaches allow
controlling of the dynamics of nucleation and
grain growth of CH;NH;PbI;, crystallite sizes and
crystallinity degree, ensuring the formation of ex-
tremely uniform and dense perovskite layers via a
CH;NH;I-Pbl,-DMSO intermediate phase, which
gives the certified power-conversion efficiency up
to 16%. Among them two-step solution process is
considered to be the most promising.

The excellent rapid growth of power con-
version efficiency (PCE) of solar radiation into
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electrical energy from 3.8% in 2009 [23] to more
as 25% [24, 25] in the perovskite-based SC has
been achieved. Such achievements are based on
the developed principles of the choice of absorber
and electron (n) and hole (p) conductive compo-
nents of the cell.

2. Basic types of perovskite solar cells

Based on the design features, there are two types
of perovskite solar cells: mesoporous and planar.
In turn, in terms of the sequence of working layers
(to incident solar radiation), perovskite based SCs
with n-i-p and p-i-n architecture are distinguished,
respectively. So, three basic different types of per-
ovskite SC configurations are presented. The first
type with n-i-p structure has been made on nano-
crystalline TiO, and could be called “regular me-
soscopic structure”. The most efficient SCs (~20%
(see [26, 27]) are very thin (~ 150 nm) mesoporous
Ti0, scaffold. In such a configuration, n-type se-
lective contact (normally compact Ti0,) is located
in the bottom and the photo-generated electrons are
collected by the front transparent conducting glass,
usually indium tin oxide (ITO) or fluorine-doped
tin oxide (FTO). The second type has a regular
planar n-i-p structure; here the current flow direc-
tion is the same as in the first type, but without the
mesoporous Ti0O, scaffold for electron collection.
This cell configuration has a conversion efficiency
of more than 19% [28]. A sample of this structure
type has been presented in [29], where an insulat-
ed mesoporous Al,O; scaffold has no evident elec-
trical function in SC device. The third type of SC
is a so-called “inverted planar” p-i-n- structure,
where a compact p-type conducting layer is placed
in the cell bottom. In this cell configuration, the
photo-generated holes are collected by front con-
ducting glass. Organic PEDOT:PSS (Poly(3,4-eth-

é (Pbl, + CHyNH;,1)/DMA

ONE-STEP COATING

yllenedioxythiophene): Polystyrene sulfonate)
[30-32] or inorganic NiO, [33—40] are used as a
hole conducting material. The cells of this configu-
ration have small hysteresis.

3. Some features of the two-steps process of
cell formation

Let us consider the features of one-step and two-
step solution processes separately (Fig. 1) [41]. In
the two-step process, the methylammonium iodide
(MALI) solution is spin coated onto the pre-depos-
ited Pbl, film and then dried at 100 °C to form the
perovskite phase. One-step and two-step spin-coat-
ing procedure for CH;NH;Pbl; formation Pbl, was
mixed with CH;NH;I in N, N-dimethylacetamide
(DMA), which was spin-coated and heated for
one-step coating. For two-step coating, a Pbl,-dis-
solved N,N-dimethylformamide (DMF) solution
was first spin-coated on the substrate, dried and then
a CH;NH;I-dissolved isopropyl alcohol (IPA) solu-
tion was spin-coated on the Pbl, coated substrate.

This process, however, has inherent drawbacks
associated with the presence of unreacted lead io-
dide and voids due to the uneven distribution of
perovskite crystallites, i.e., insufficient coverage of
the substrate by the absorber. This phenomenon is
a reason for the low reproducibility of the conver-
sion of cells, which is especially pronounced for
their planar configuration. Therefore, all the efforts
of researchers are aimed at establishing a mecha-
nism of the perovskite layer formation to achieve
high optoelectronic characteristics of the solar ab-
sorber. From this point of view, the most important
step is the reaction of the methylammonium iodide
on the previously formed film of lead iodide, since
from this moment the reaction between lead iodide
and methylammonium iodide begins with the for-
mation of the perovskite [42]:

B

=

é Pbl,/DMF é CH,NH,I/IPA

TWO-STEP COATING

Fig. 1. Comparison of one-step and two-step solution processes. Source: Reprinted with kind permission [41].
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Pbl, + CH;NH,I — MAPbI, (1)

MAPDI; + 1", CH.NH; + Pbl;  (2)

-
grows

For the above reactions, it should be noted that
lead iodide is not soluble in isopropanol (solvent
for methylammonium iodide), however, the formed
perovskite nuclei are susceptible to decomposition.
Based on general considerations and experimental
data it was revealed that the density of the nuclei
is related to the concentration of methylammoni-
um iodide in isopropanol and the morphology of
the surface of the lead iodide film. According to
the Ostwald ripening model [42], the coarsening of
particles in a liquid medium is due to the material
transport from small particles to large ones. As a
rule, the concentration of dissolved particles near
small particles is always greater than that near the
surface of large particles, which ultimately leads to
the appearance of the concentration gradient of dis-
solved particles. This situation is well described by
Fick's law, namely, the transport of dissolved com-
ponents from small to large particles is observed.
Such a picture is quite applicable to the formation
of perovskite in a two-stage technology.

Let us consider the dynamics of the process of
perovskite formation with variations of the MAI
concentration in isopropanol. At low concentra-
tions of the MAI solution, the appearance of a new
perovskite phase in the form of small grains makes
it possible for the continuation of the reaction at
deeper levels of the lead iodide film. On the other
hand, at high concentrations of the MAI solution,
a perovskite film instantly forms on the surface of
the second precursor film, making it difficult for
MALI to diffuse to the underlying levels of lead io-
dide (direct reaction (2)). To confirm this mecha-
nism, the authors [42] used various concentrations
of MAI in isopropanol (0.038 M, 0.063 M, 0.1 M)
in the formation of perovskite absorber. As ex-
pected earlier, the use of low concentrations of the
MALI solution (0.038 M) leads to a more complete
direct reaction and, as a result, to high conversion
rates. Nevertheless, a small amount of unreacted
lead iodide is found for this variant. The use of
higher concentrations of MAI solution leads to a
significant reduction of the conversion due to the
presence of a large amount of lead iodide not in-
volved in the formation of the perovskite phase.
Thus, according to the experimentally confirmed
Ostwald ripening model, fundamentally, due to the
nature of the reactions of the precursors and the

used solvents, it is impossible to have a complete
conversion using the direct reaction. This means
that the formation of an optimal morphology of the
absorber with a high degree of coating of the sub-
strate is very difficult.

The solution to these problems requires the find-
ing of new approaches for a two-step perovskite
technology for a planar cell configuration. Such ap-
proaches were soon found. First of all, they include
special additives (including solvents) introduced
into a solution of lead iodide to form amorphized
films [43, 44]; solvent annealing and engineering
[18, 19]; temperature variation of the solution and
the substrate; the use of other lead compounds that
do not contain halogens [45], etc.

Ahn et al. [46] proposed considering the two-
step process from thermodynamic positions in
order to identify the relationship between crystal-
lite growth and reaction temperature for the mes-
oporous cell architecture. The expression for the
Gibbs free energy taking into account the crystalli-
zation process is:

kT C
AG =—1
N D )

m

where AGy is the change of Gibbs free energy per
unit volume, C is the concentration of MAI, C, is
the equilibrium MAI concentration, V,, is the vol-
ume of solute particle.

Taking into account the crystallization process,
this equation is reduced to the form:

AG =—a3k—T
' |4

m

In

X0 +6a’c 4)

where a is the length of the cube, o is the average
surface tension.

Differentiation of the equation by the size of
cube-like crystal makes it possible to determine
the critical values of the size ac and the Gibbs free
energy AG,:

.
’ k—Tln ¢ (%)
a2
(len ¢ ) (6)
VvV, Cy(T)

Y(grain size) ~ a ~ m (7)
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Fig. 2. Plot of theoretically derived MAPbI; grain
size (Y) as a function of MAI concentration (X). The
experimental data (filled square) were fit to a theoretical
equation (Reproduced by permission of The Royal
Society of Chemistry from [46]).

The free energy increases when the size of the
growing crystal is less than the critical value and,
conversely, decreases when the size is larger than
the critical size.

Equation (7) can also provide information about
the dependence of the crystal size on MAI con-
centration (Fig. 2). Such a conclusion completely
coincides with the ones obtained in the Ostwald
ripening model. It should be noted that this equa-
tion also relates the size of the growing crystal to
temperature. For real cells formed using low con-
centrations of MAI (0.038 M) it has been experi-
mentally confirmed that the size of the crystals is
700—-800 nm, which has high PCE.

Summarizing the above, it can be argued that
for a two-stage perovskite formation technology it
is very important to control the sizes of the grow-
ing crystals by searching for optimally low concen-
trations of the MAI solution and temperature.

4. One-step technology of perovskite solar
cells

Mixed perovskites due to the possibility in-
creasing of the diffusion path length and the for-
mation of crystallites with significant sizes of more
than 1 pum (Cl-containing) and increasing the ser-
vice life (Br-containing) attract the large attention
of researchers [47-49]. Consider the peculiarities
of the perovskite formation in the one-stage vari-
ant, which is carried out by spinning the solution
of precursors (methylammonium iodide or chlo-

ride and lead iodide, or lead chloride). In the first
case, methylammonium lead tri-iodide is formed,
and a mixed-halide perovskite is formed in the sec-
ond one. It has been proven that iodide perovskite
is formed in both versions with no traces of the
presence of chlorine atoms. However, it was found
that the diffusion path length of photogenerated
charge carriers is significantly higher (more than
I micron) in the mixed perovskite than for per-
ovskite iodide (100 nm). There are some attempts
to explain the role of chlorine in providing such
values (as a dopant, as a compound contributing to
optimizing morphology, etc.). In our opinion, the
Density Functional Theory, (DFT) calculations of
defects in the perovskite structure should be con-
sidered the most acceptable, which indicates that
the use of lead-containing precursor with no io-
dine atoms, they do not lead to the appearance of
deep-lying levels in the forbidden zone responsi-
ble for the recombination processes. The standard
perovskite is acceptable for the mesoporous cell
architecture, whereas the mixed perovskite can be
successfully used for the planar configuration of
the cells.

The one-stage technology of perovskite produc-
tion and optimization ways are widely presented in
the literature, related to the refinement of the ratio of
precursors, the choice of common solvent and sol-
vent mixture, solution and substrate temperatures,
to the influence of the humidity of the formed me-
dium, to the introduction of special additives into
the precursors solution, etc. Especially important is
the colloidal chemical description of the precursor
solution and the kinetics of the perovskite forma-
tion process corresponding to this state. Yan et al.
[50] demonstrated the presence of Tyndall effect in
the precursor solution, which points to the origin of
these colloidal solutions. Dynamic light scattering
on precursor solutions confirmed the presence of
dispersion of the particle sizes from 10 nm to more
than 1000 nm. This means that in addition to the
dissolved lead iodide and MAI compounds, a num-
ber of coordination compounds are present in the
precursor solution. Among them there can be var-
ious types of polyiodides of the anionic character
up to the full octahedral structure.

Based on the initial preforms formed during
the dissolution of precursors, the size of the final
crystallites also has two types of size distribution,
crystallites grown from polyiodides in the form of
hexagonal disks with sizes up to 300 nm and from
practically dissolved particles with sizes close to
10 nm.
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For the solar cells with a standard ratio of pre-
cursors of CH;NH;I/Pbl, of 1:1 conversion is 9%
and 6% in the reverse and forward scans respec-
tively. The authors attributed the low PCE and the
observed hysteresis to the presence of unreacted
lead iodide. A decrease or increase in the content of
the organic precursor further reduces PCEs to less
than 5% due to a large amount of free lead iodide
and excess organic precursor (which is extracted at
high temperatures and leads to the decomposition
of perovskite), respectively. These problems were
resolved by adding the methylammonium chloride
to the precursors, which is released at lower tem-
peratures and, as revealed earlier, this precursor
at the dissolution stage tends to form polyiodide
close to the octahedral structure.

Already when the ratio of precursors of CH;N-
H;CI/CH;NH;I/Pbl; is 0.5:1:1, the conversion
rates are 10% and 9% in the forward and reverse
directions, respectively. The authors determined
that the ratio of 1:1.05:0.95 is optimal, the cells
formed under these conditions and the thickness of
the perovskite layer of 320 nm produce a conver-
sion of 17%.

The above demonstrates how important the ra-
tio and nature of the organic precursor in the re-
action with the inorganic precursor in a colloidal
solution is for a high-quality perovskite absorber
to be achieved.

5. Influence of growth conditions on the form
of nanocrystal nucleus

Among the problems of the growth of per-
ovskite crystals under various conditions, a spe-
cial place takes the determination of the possible
shape of the formed nuclei. At present, this ques-
tion has appeared in applications of technology
using nanoparticles, in connection with the devi-
ation of the shape of growing nanoparticles from
spherical observed in a number of cases [51]. In
addition to the obvious applied relevance of this
problem, from a fundamental point of view, it is
extremely important to identify the reasons for the
appearance of such nonsphericity. Indeed, within
the framework of the well-known Curie-Prigogine
symmetry principle, the symmetry of the result
of processes cannot be less than the symmetry of
their causes [52]. In the above-mentioned problem
of the growth of nanoparticles, this means that in
isotropic solutions, the appearance of nonspherical
nuclei is impossible, although the experiment indi-
cates the opposite cases. To analyze the causes of

this paradox, it is necessary, first of all, to take into
account the fact that when formulating this princi-
ple, the condition of the proximity of systems to an
equilibrium state and their macroscale dimensional
characteristics was implicitly used, while deviation
from these conditions, as will be shown below, re-
moves the paradoxicality of the fact of coexistence
nucleuses of various shapes.

Let us consider the process of growth of a
nanoparticle in an isotropic medium. The rate of
growth of the nucleus radius is described by the
equation [53]:

i’_]; =a’ja(R)=a’nva(R) 3

Here a® is the “size” of an atom deposited on
the surface, j=nv is the flux of deposited atoms,
n is their density at the surface of the nucleus, v
is their thermal velocity. Let us assume that, as a
result of fluctuations in the concentration n near
the surface of the nucleus, on its surface (locally)
a certain random build-up arises, the further evo-
lution of which is determined by the competition
between its diffuse spreading along the surface
during the time

r,=R*/D (€)]

where D is the surface diffusion coefficient, and it
further increases as a result of the accommodation
of particles falling on it from the solution (a(R) is
the accommodation coefficient depending on the
nucleus. Time of this accommodation process:

1 n

(10)

%
Ty ®— ="
néva(R) Jja(r)

Further, the situation is as follows:

- under the regime 1,>1,, diffusion spreading of
the tubercle along the surface occurs;

- in the regime t,<t,, there is an accelerated
growth of the tubercle.

To implement the latter mode, the condition of
nonlinearity of accommodation is necessary: on a
surface with a greater curvature 1/p, the value of
a(1/p) must be greater:

"’“(%Lo (11)
%)
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Fig. 3. Diagram of directions of neighboring Tamm
orbitals (L, and L,), differing by angle 6, hemispherical
nanoparticle in case of its rough (fractal) surface [49,
50].

This is undoubtedly the case shown in Fig. 3
and discussed in [54] for a similar case of fractal
nanocatalysis: an increase in the angle ® between
the surface Tamm orbitals, according to Coulson
[55], enhances the reactivity, for example, to the
capture of particles from the near-surface region.
Then the condition t,~t, should divide the phase
diagram (T;j) into two parts: at T>] the diffusion
resorption is more effective, and the nucleus grows
spherical; at T<j, the shape of the nucleus is non-
spherical since fluctuations in atomic deposition
prevail over resorption. Taking into account that
the temperature T determines the rate of surface

diffusion
D =D, exp[_ Q%Tj (12)

then the equality 1,~1, parametrically depends on
the radius of the nucleus: the greater R, the easier
the condition 1,<t, is satisfied, i.e. the dashed line
according to the inequality

2 2
n R (9, 13
ja(®) " D, exp[ Vir ) (4

is placed below.

In addition to the conclusions about the ratio of
T, R and j, we can say that an increase in the degree
of supersaturation of the solution (large fluxes j)
should lead to an increase in non-sphericity of the
particle; the same effect should be observed with
decreasing of temperature T.

6. Basic successes and important current problems

At present time, the registered conversion for
perovskite solar cells is over 25.2%. Let us turn
to a number of important factors underlying the
achieved success [18-21, 50, 56].

The main strategy for solving the problem of
effective coating of a perovskite film is to create
conditions for an increase in the density of nucleat-
ing centers due to the acceleration of solvent evap-
oration.

The resolve of this problem took place thanks
to comprehensive studies of the nature of solutions
of perovskite precursors, namely, colloidal proper-
ties, that is, the formation of iodine-lead coordina-
tion complexes and their transformation into a per-
ovskite structure during the spinning of solutions
and subsequent heat treatment. Particular attention
in this aspect deserves work on the formation of
intermediate complexes, the interaction of Lewis
acid and a base, among which are lead iodide and
solvents dimethylformamide and dimethyl sulfox-
ide, respectively [56].

Another important problem is to provide favor-
able conditions for crystallization, the used sol-
vents have high boiling points and low pressure of
saturated vapors, and the residues of these solvents
in the formed perovskite phase inevitably lead to
their degradation. Some possible solution consists
of the initiated studies on the choice of highly vol-
atile solvents and the creation of favorable condi-
tions for the formation of the required intermediate
complexes by optimizing the ratio of precursors.

Significant advances have been made in the
control of solvent evaporation after the spinning
process, the use of an anti-solvent, the blowing of
the surface of the forming film with gases, vacuum
drying, and the method of high substrate tempera-
tures. The introduction of additives to regulate the
crystallization stage is also decisive in determin-
ing the optimal conditions for crystal growth in the
range of 500—1000 nm, i.e. this morphology of the
absorber significantly reduces the concentration of
surface defect states. A large amount of research
is associated with the optimization of interfaces,
surface defects at the interface between crystals
and their purposeful passivation, and the search in
this connection for the choice of hole and electron
conducting layers [57].

Despite the successes achieved, the commer-
cialization of these devices is difficult due to the
problems of instability and degradation in real
operating conditions. Cell performance has under-
gone a significant leap since the first transducers
were manufactured, from minutes to several thou-
sand hours. At the same time, commercialization
requires at least ten years of uptime guarantees.
And this problem is the key one at the moment. It is
noted that the intensity of research in this direction
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is the highest; almost all important problems and
ways to solve them are perfectly described in the
review [58], which includes an analysis of many
publications in recent years devoted to this section.

7. Introduction of solvent additives

One of the advantages of perovskite solar cells
is the possibility of using solution technologies in
the creation of these devices, which significantly
reduces the cost of their production. In particular, a
layer of a light-absorbing material, as well as aux-
iliary layers of selective semiconductors, can be
applied from various solvents. At the moment, a
large number of solvents used at different stages
of assembly of perovskite solar cells are known,
but the features of the interaction of solvent mole-
cules with the light-absorbing material that affect
its properties are not always known. This leads to
a deterioration in the properties of light-absorbing
materials in the solar cell and a decrease in the ef-
ficiency of the device as a whole.

In addition, the constant search for new organ-
ic and inorganic selective semiconductors requires
the simultaneous selection of optimal solvents for
their application on top of the hybrid perovskite
layer without destroying the latter.

The main factor affecting the stability and effi-
ciency of a photoelectric device is the stability of
the crystal structure of the photoactive layer (per-
ovskite). This depends mainly on the choice of ma-
terials, their composition and the method of obtain-
ing a photoactive film. In addition, the adjustment
of the stability of the structure can be provided by
alloying elements and additives in the precursors.
For example, solvent additives are usually used to
control the crystal structure of perovskite.

As shown above, in order to optimize the mor-
phology and crystal structure of the perovskite
film, in addition to using different deposition meth-
ods, various solvent additives are used. According
to the results [59], the introduction of a small num-
ber of solvent additives into solutions of perovskite
precursors improves the crystal structure of the film
and increases the performance characteristics of
the entire device. The additives are introduced into
the precursor solvents, which for lead halides and
MALI are the polar aprotic solvents DMF, DMSO,
GBL, and N-methyl-2-pyrrolidone (NMP). The
organic solvents chlorobenzene, benzene, xylene,
toluene, 2-propanol, and chloroform, despite their
poor solubility, are also used in the preparation of
solutions for organic conductive polymers and buf-
fer layer materials.

Thus, the addition of acetonitrile (ACN) to the
FAI/MABt/MACI precursor during the prepara-
tion of Cs-FA-MA perovskite using the sequential
deposition method led to the fact that the surface
defects on the perovskite film decreased and the
grain size increased [60]. This modification of the
film contributed to an increase in the PCI of the de-
vice to a value of 15.64% compared to the samples
obtained without additives (13.06%). In addition,
devices based on ACN additives showed more sta-
ble behavior in tests for resistance to atmospheric
air, temperature and humidity. According to the re-
sults of a number of studies, the addition of DMF
has a good effect on the morphology of the struc-
ture of MAPbI; perovskite films. By introducing
methylammonium chloride (MACI) and a polar
solvent as additional additives during two-stage
sequential deposition, it was shown that DMF pro-
motes easy penetration of MAI into the Pbl, lay-
er to form a dense perovskite film with a uniform
morphology. Also, the addition of MACI1 induces
MAPDI; to crystallize in the pure a-phase. The re-
sults of the study of the combined use of MACI
and DMF demonstrate that a pure alpha-phase per-
ovskite film with uniform morphology and a PCE
0f 19.02% and a VOC of up to 1.181 V. Oseni et al.
[61] showed that in the two-stage processing meth-
od, the addition of DMSO to the solvent during the
deposition of the first layer of Pbl, led to the for-
mation of smoother grains and uniform size with
a reduced Pbl, residue compared to films obtained
using DMF.

Recent studies [62] in the preparation of hybrid
perovskite (CH;NH;Pbl;) under conditions with
high relative humidity (RH ~ 60%) of the atmo-
sphere have shown that the use of a mixture of
ethyl acetate and 4-tretbutylpyridine (tBP) as an
anti-solvent contributes to the formation of a more
homogeneous surface of perovskite with high hy-
drophobic ability. It is shown that the introduc-
tion of tBP in EA makes it possible to obtain a
device with a PCE of 18.04% and maintain more
than 80% of the initial efficiency for more than
180 days in conditions of high humidity. The ad-
dition of 1-chloro-naphthalene (CN) to the sol-
vent in the preparation of the CH;NH;Pbl; — film
demonstrates a smooth and uniform film structure
with fewer point holes and voids, and with a bet-
ter surface coating than conventional films, but the
degree of ultraviolet radiation absorption is lower,
which indicates a non-uniform perovskite struc-
ture [63].
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Bis (trifluoromethane) sulfonimidelithium salt
(LiTFSI) is often used for p-doping, to increase
the concentration of holes, in the Spiro-MeOTAD
layer to achieve high PCE. Perovskite solar cells
made of spiro (TFSI) 2 have shown improved sta-
bility in an inert atmosphere [64]. Thus, the modifi-
cation of the perovskite structure by improving the
film deposition technology and the introduction of
various additives contribute to the improvement of
the film morphology, to obtain a uniform and dense
structure, which leads to an increase in the stability
and efficiency of the device.

8. Surface engineering of perovskite nano-crys-
tals to select the best ligands for filling surface
traps with electrons

The authors of [65] carried out surface engi-
neering of perovskite nano-crystals to select the
best ligands for filling traps with electrons. They
obtained laboratory samples of perovskite nano-
crystals suspensions. Metal halide perovskite na-
no-crystals were synthesized by colloid ligand as-
sisted reprecipitation (LARP) method.

For the synthesis of nanocrystals by the LARP
method, a solution of perovskite CH;NH;Br
(MAPBr) was prepared. 11.2 mg of CH;NH;Br
and 36.7 mg of PbBr, were dissolved in 1 ml of
dimethyl formamide (DMF). Then 200 pl of ole-
ic acid and varying amounts of octylamine/oleyl-
amine were added to the solution: 15, 30, and
60 ul of octylamine in the first series of samples;
15, 30, and 60 pl of oleylamine in the second se-

ries. Afterwards, 100 pl of perovskite solution with
ligands was added to 3 ml of toluene with vigorous
stirring. The solution acquired a green color and
a greenish glow when illuminated with ultraviolet
light.

Next, the nanocrystals synthesized by the LARP
method [66] were washed with different amounts
of a toluene/acetonitrile (1:1) mixture (600 and
800 pL) and centrifuged at 9000 rpm for 2 min.
The particles were dispersed in toluene. The glass
substrates were UV treated for 15 min. This meth-
od helped to obtain a uniform film. The nanocrys-
tal film was covered by poly-methyl methacrylate
(PMMA) to increase the stability of the layer when
working outdoors. The washing suspensions of
nanocrystals with a mixture of toluene/acetonitrile
improve their optical properties. For studying the
structural properties of MAPBr, perovskite nano-
crystals were synthesized by the LARP, as men-
tioned earlier method. The structural peculiarities
and morphology of MAPBr nanocrystals were
studied using a Crossbeam 540 scanning electron
microscope (SEM) (Carl Zeiss), JEM-1400 Plus
(JEOL) transmission electron microscope (TEM)
for samples deposited on an optically polished
crystalline silicon wafer and a gold grid with car-
bon-coated, respectively.

Figure 4 shows SEM images of MAPBr nano-
crystals with average sizes of 130 (a), 50 (b) and
6 (c) nm. Figure 6 shows the corresponding histo-
grams of the size distribution of nanocrystals (bars)
approximated by lognormal functions (lines).

Fig. 4. SEM images of MAPBr nanocrystals with average sizes of 130 (a), 50 (b), and 6 nm (c).
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Fig. 5. Size distribution histograms of MAPBr nanocrystals (bars) with average sizes of 130 (a), 50 (b), and 6 nm (c)

approximated by lognormal functions (lines).

According to SEM data (Fig. 4), the synthesized
MAPBTr nano-crystals have cubic shape with aver-
age transverse dimensions of 6 = 1.4, 50 = 2 and
130+ 30 nm (Fig. 5) for samples prepared with dif-
ferent amounts of ligand (octylamine). It is notice-
able that the nano-crystals thickness can be much
smaller than their transverse dimensions.

Some important theoretical aspects of processes
in perovskite-based solar cells are presented in [67,
68].

9. Conclusions

1. It was shown that current technological ad-
vances and developments require the use of reli-
able sources of energy that guarantee the sustain-
ability of our near future.

2. The concepts presented in this paper on the
features of the formation of a perovskite layer in
one- and two-stage technologies using a number of
progressive approaches (introduction of additives,
crosslinking of perovskite crystallites, regulation
of the nucleation and crystal growth by adding an-
ti-solvents, temperature annealing and annealing
with solvents, etc.) open up broad prospects for
improving the optoelectronic characteristics of a
perovskite absorber and the conversion character-
istics of solar cells based on them.

3. An analysis of literature data showed that the
most promising is a synthesis of perovskite nano-
crystals by the method of colloidal reprecipitation
with ligand-assisted reprecipitation (LARP).

4. The use of benzyl alcohol in addition to the
octylamine ligand and oleic acid promotes the for-
mation of perovskite nanocrystals with long-term
stability: the nanocrystals retain their photolumi-
nescence intensity for more than three weeks.
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