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Abstract: In recent years, perovskites have quickly gained popularity in applications
related to photonic devices and in photovoltaic applications. Over the last several years,
the efficiency of photovoltaic (PV) cells based on perovskites has matched the efficiency of
PV cells based on silicon. CsPbBr3 perovskite is gaining more and more popularity, but
due to the too large band gap value, its use in photovoltaics is difficult. Another perovskite,
very intensively researched and giving hope for further development of photovoltaics, is
CsPbl3. The CsPblz band gap is smaller than the CsPbBr3 band gap and more suitable for
photovoltaic applications. However, CsPblj is unstable under the conditions of solar cell
operation. To reduce the band gap value and increase the perovskite stability, very intensive
research, both theoretical and experimental, is devoted to structures with mixed halides,
i.e., a mixture of bromine and iodine with the general formula CsPbBryI3_y. Computational
methods based on DFT have been successfully used for many years to determine the
parameters and properties of materials. The use of computational methods significantly
reduces the costs of the research performed compared to experimental techniques. The aim
of this work is to understand the band gap changes based on DFT calculations as well as
XRD and UV-Vis experiments for CsPbBr3, CsPblz, and CsPbBryI54 perovskites.

Keywords: perovskites; DFT; band gap; XRD; UV-Vis

1. Introduction

Over the past decades, the world’s energy consumption has grown significantly and
continues to do so. Due to that, new and alternative energy sources are being developed.
One of the most intensively developed alternative energy sources is photovoltaics [1,2].
Nowadays, the best-known and commonly applied technique for building photovoltaic
cells (PVCs) is technology based on silicon [3]. However, due to opinions that silicon PV
cells have reached their maximal efficiency, new alternative materials to replace silicon
are being searched for [4,5]. A group of materials that offers the possibility for the further
development of photovoltaics and for replacing silicon is perovskites.

Perovskites are a class of compounds with a general formula ABX3. In ABX3, A
stands for cation located in the vertex of the face-centered cubic lattice (e.g., NHs*, C3Hs*,
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and CH3;NHj3", [6]), B for metal cation (e.g., Pb%*, Sn?*, etc.), and X for halogen anion or
the coexistence of several halogens (C1~, Br—, and I7) [6,7] placed in the core and apex
of the octahedra. These metal halide octahedra are bonded together and form a stable
three-dimensional structure. Thanks to crystallographic structure, perovskites exhibit
many properties desired in photovoltaics, such as low exciton binding energy and high
absorption coefficients, outstanding low exciton binding energy, and high optical absorption
coefficients. Also, perovskites possess large dielectric constant, which makes electrons
and holes possible to collect and transmit. Depending on composition, perovskites exhibit
various crystallographic structures. The formula that is used to predict the formation of
perovskite structure depending on its composition is the Goldschmidt factor ¢ [8-10] given

by the following equation:
rA + Tx

- \ﬁ(rB + rx)

where 75, rg, and 7k stand for the ionic radii of A, B, and X, respectively. Generally, a

1)

perovskite structure can be formed when the Goldschmidt parameter is between 0.8 and 1.
However, for t lower than 0.8, the perovskite structure will be formed but distorted because
of BXj tilting. When considering the type of A cations, on the other hand, if ¢ is greater
than 1, the A cation is too large to form a perovskite structure, and if ¢ is smaller than 0.8,
the A cation is too small to form a perovskite.

The perovskites investigated in this paper have a general composition of CsPbBryxI3_y.
However, the initial structures were CsPbBr3 and CsPblz. CsPbBr3 and CsPbl; expose
different crystallographic structures [6,9,11]. The chemical composition of perovskite
influences the electronic structure of a material, and so the shape and course of valence band
maximum (VBM), conductance band minimum (CBM), and band gap value (Eg) [11,12].
CsPbBr3 and CsPbl occur in several polymorphs stable in different temperature ranges.
The polymorph that can be applied in PVCs, for both CsPbBr; and CsPbls, is cubic. Cubic
CsPbBrj is more stable at room temperature than cubic CsPblz but has a too large band gap
value to be applied in PVCs. The band gap value of CsPbls is more appropriate for PVCs
than the CsPbBr; band gap value. To increase perovskite durability and adjust band gap
value, mixed halide CsPbBr;_Ix perovskites are developed. With a bromine content in
CsPbBr;_,Ix the material thermodynamic stability increases, while iodine addition reduces
band gap value [7,11-14].

This paper focuses on the analysis of CsPbBr;_,Ix perovskites. The paper consists
of two parts—experimental and computational. The main subject of both parts of the
paper is to study the effect of iodine dopant in a unit cell on unit cell parameters, crystal
morphology, band gap value, and state density.

2. Materials and Methods
2.1. Experimental Details

Two series of samples with various Pbl, concentrations, so 10Pbl, and 20Pbl,, in a
PbBr, + Pbl, mixture, were prepared. All the samples were prepared with the spin coating
method. The samples were prepared by applying two layers: the first layer was a mixture
of PbBr, + Pbl,, and the second was CsBr. The influence of Pbl, concentration on the
crystallization process, appearance of the perovskite phase, its degradation, and band gap
values was investigated. The investigated samples were prepared by applying subsequent
layers and annealing. All the layers were applied on glass slides with FTO (Fluorine-doped
Tin Oxide) on them.

The first layer was 1 M solutions of PbBr, + Pbl, with DMSO as a solvent. The
substratres were preheated for 120 °C and the solution stayed at room temperature. The
deposition was conducted by spin coating at 2500 r.p.m. for 25 s. The samples with a
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PbBr; + Pbl, layer were annealed for 30 min on a hotplate at 120 °C. After the PbBr, + Pbl,
layer, CsBr layers were applied. For PbBr; + Pbl, only one layer is needed, while for CsBr
several layers are needed because the goal of applying CsBr layers is to convert initial non-
perovskite phases to a perovskite phase. The number of CsBr layers must be appropriately
selected, depending on the Pbl, concentration in a sample, to achieve a complete transition
to the perovskite phase and prevent them from occurring in Cs-rich phase. CsBr layers
were also deposited with the spin coating method and then annealed. CsBr solution had a
concentration of 0.07 M, and methanol was used as a solvent. Each subsequent CsBr layer
was annealed for 5 min at 250 °C on a hotplate.

To characterize the samples an SEM analysis was performed, and XRD measurements
and UV-Vis spectra were measured. The XRD measurements of the perovskite films were
carried out using a Bruker D8 Discover diffractometer equipped with a Cu K X-ray source.
Bragg—Brentano (6-20) X-ray diffraction continuous scans were performed over the range
of 26 = 10-100° at 2 s per step with a step size of 0.02°. The transmittance and reflectance
of the perovskite films were measured using an optical spectrophotometer (Lambda 950S,
Perkin Elmer, Waltham, MA, USA). The band gap of the perovskite films was calculated by
Tauc’s plot, which uses the values of the absorption coefficient « of the film calculated from
the transmittance (T) and reflectance (R) data according to the following formula:

1 T

K=t m[(lRJ )

We used the reflectance data in order to increase accuracy.

2.2. Computational Details

The second part focuses on the analysis of the structural and electronic properties of
CsPbBr;_I. For the structural properties, the focus was on the influence of halides on 4, b,
and ¢ parameters and unit cell volume. For the electronic properties, the influence of iodine
concentration on the band gap value and CBM/VBM was investigated.

The structural and electronic properties of CsPbBr3_,Ixx have been theoretically exam-
ined using the density functional theory (DFT) with Perdew—Burke-Ernzerhof generalized
gradient approximation (PBE-GGA) [15] as well as the dispersive correction of vdW in-
teractions D3 Grimme [16]. The mixed wave base DZVP-MOLOPT-SR-GTH with plane
waves and pseudopotential GTH-PBE have been applied in the cp2k code [17,18]. The
cutoff kinetic energy was set to 700 Ry.

3. Results and Discussion
3.1. Experimental Part

The goal of applying CsBr layers on PbBry + Pbl; layers is to convert the initial phases
to perovskite phase CsPbBr3_,Ix. The number of applied CsBr layers must be appropriately
selected depending on the Pbl, concentration in samples. Too few CsBr layers will not
convert the initial phases to a perovskite phase resulting in Cr deficient CsPb,Brs phase,
while too many CsBr layers will cause the perovskite phase to change into a cesium-rich,
Cs4PbBrg non-perovskite phase.

Below, the analysis of the SEM pictures and XRD patterns investigate the influence
of subsequently applied CsBr layers and the optimal number of layers depending on Pbl,
concentration. The conclusions from the analysis of the SEM images and XRD patterns are
then compared with the results of the UV-Vis measurements.
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3.2. Analysis of SEM Images

Figures 1-4 represent the SEM images of PbBr;, + Pbl, with various Pbl, concentra-
tions with 1.5 k and 10 k zoom. Moreover, Figures 1 and 2 present PbBr, + 10% Pbl,
with six subsequent CsBr layers whereas Figures 3 and 4 present PbBr; + 20% Pbl, with
five subsequent CsBr layers. Images with a focus of 1.5 k allow for the analysis of large
fragments of the sample, while images with a focus of 10 k enable a thorough analysis of

the crystal morphology.
T0%PbI2_0 N D42 xi5  50pm  10%Pbi2_1 N D44 x15k SOpm  10%PbI2_2 N D&6 x15k 50um  10%Pbi2_3 N D45 x15k 50pm

6

Figure 1. SEM of PbBr2 with 10% Pbl, and after susecquent CsBr layers with 1.5 k magnification.
Numbers 0-6 stand for subsequent CsBr layers, so 0: no CsBr layers, 1: one CsBr layer, 2: two CsBr
layers, 3: three CsBr layers, 4: four CsBr layers, 5: five CsBr layers, 6: six CsBr layers.

N D45 x0k 10am

N D38 xi0k  10mm £ N D37 xiOk  10pm 0%PbiZ_6 N D40 xi0k  10um

Figure 2. SEM of PbBr2 with 10% Pbl, (0) and after susecquent CsBr layers (1-6) with 10k magni-
fication. Numbers 0-6 stand for subsequent CsBr layers, so 0: no CsBr layers, 1: one CsBr layer,
2: two CsBr layers, 3: three CsBr layers, 4: four CsBr layers, 5: five CsBr layers, 6: six CsBr layers.

For the 10Pbl; sample (zoom 10 k, Figure 2) after applying the fourth CsBr layer,
crystals of a size comparable to the crystals of 20Pbl, and the third CsBr layer start to appear.
The application of the fifth CsBr layer causes further crystal growth, while also the cesium-
rich, Cs4PbBr phase appears. After applying the sixth CsBr layer, crystal degradation
contines as more of this phase covers the surfaces of prevovskite phase underneath.
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For the SEM pictures of the 20Pbl, samples (zoom 10 k, Figure 4), for the third CsBr
layer, well-formed crystals with a size of about 10 um are observed. For the fourth CsBr
layer, further crystal growth is observed. However, in the case of 20Pbl, samples the is
tencendy of formation of Cs rich phase in random location.

20%Pbi2_0 0 N D41 xi5k 50um 20%Pbl2_2

20%Pbl2_1 1 N D40 x1.5k 50pm

20%Pbi2_3 3 N D38 x15k 50um  20%Pbi2_4 4 N D38 x1.5k S0pm  20%Pbi2_5 5 D37 x15k  50pum

Figure 3. SEM of PbBr2 with 20% PbI, (0) and after susecquent CsBr layers (1-5) with 1.5 k magnifica-
tion. Numbers 0-5 stand for subsequent CsBr layers, so 0: no CsBr layers, 1: one CsBr layer, 2: two
CsBr layers, 3: three CsBr layers, 4: four CsBr layers, 5: five CsBr layers.

20%Pbi2_1 1 N D40 x10k  10um

D41 x10k 10 pm 20%Pbl2_2

St e M.
N D38 x10k

T — D37 x10k  10pm

20%Pol2_a 4 ‘
Figure 4. SEM of PbBr2 with 20% Pbl, (0) and after susecquent CsBr layers (1-5) with 10k magnifica-
tion. Numbers 0-5 stand for subsequent CsBr layers, so 0: no CsBr layers, 1: one CsBr layer, 2: two

CsBr layers, 3: three CsBr layers, 4: four CsBr layers, 5: five CsBr layers.

3.3. Analysis of XRD Patterns

Based on specific signals in the XRD spectra, it is possible to determine the influence
of CsBr layers on crystallization and the presence of phases in the tested samples.
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By analyzing the XRD patterns in Figures 5 and 6, it may be found that depending on
the Pbl, concentration, a different number of CsBr layers is necessary for the transition of
the initial phase to the perovskite phase. The most noticeable difference when comparing
the two diffractograms is for the third CsBr layer.
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Figure 5. XRD pattern for 10Pbl, with subsequent CsBr layers (from single layer to 6 CsBr layers).
Symbols: *—FTO, #—CsPb,Brs o—CsPbBr3, A—Cs4PbBry.
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Figure 6. XRD pattern for 20Pbl, with subsequent CsBr layers (from single layer to 5 CsBr layers).
Symbols: *—FTO, #—CsPb,Brs, o—CsPbBr3, A—Cs4PbBr.
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When it comes to 10Pbl; series, based on the XRD pattern in Figure 5, it may be noticed
that the perovskite phase appears for the fourth CsBr layer and its further growth may be
noticed for the fifth CsBr layer. For the sixth CsBr layer, non-perovskite, Cs reaches too
high concettation and the perovskite phase decomposes precipitating the Cs4PbBrg phase.

For 20Pbl,, according to the XRD patterns in Figure 6, the perovskite CsPbBr3 phase
appears after applying the third CsBr layer and further growth may be noticed for the
fourth CsBr layer. The degradation of the perovskite phase and appearance of the Cs4PbBrg
layer starts after applying the fifth CsBr layer.

For the 10 Pby, and 20Pbl, samples, the growth of the perovskite phase for subsequent
layers is possible to observe through the increase in the intensity of peaks on the XRD
patterns. The degradation of the perovskite phase and growth of the Cs reach phase can be
observed by increasing the ratio of the intensities of peaks from the perovskite phase to the
intensity of peaks from the Cs reach phase.

3.4. Transmittance Plots

The transmittance UV-Vis spectroscopy plots presented in Figures 7 and 8 may be
used to detect and confirm the existence of the perovskite phase in the investigated sample
and support the results of the XRD analysis. The plots in Figures 7 and 8 present the
transmittance UV-Vis spectra as a function of wavelength of the samples 10Pbl, and 20Pbl,
with subsequent CsBr layers. The presence of the perovskite phase is manifested by a
significant decrease in transmittance (plots 7a and 8a). Based on plots presenting the
minimal values of transmittance at around 515 nm from Figures 7b and 8b as a function
of several applied CsBr layers (Figures 7b and 8b), the highest share of the perovskite
phase may be confirmed. The most uniform perovskite phase is considered to be the
phase for the CsBr layer, for which the first point in the series of minima is observed in
diagrams 7b and 8b.

(a)

70 9
60{ @
£ 50
g | .
]
§ 40
£ A
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s 30
= \ °
20
e
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(b) n CsBr
I —
70 e =
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[ — n=1
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©
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360 460 560 6(‘)0 760
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Figure 7. Data for determining phase transitions for PbBr, + 10Pbl,. (a) Transmittance as a function
of wavelength for samples with successive (0-6) CsBr layers for 10% Pbl, content. (b) transmittance
minimum for A = 518 nm as a function of successive (0-6) CsBr layers for 10% Pbl, content.
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Figure 8. Data for determining phase transitions for PbBr, + 20Pbl,. (a) Transmittance as a function
of wavelength for samples with successive (0-5) CsBr layers for 20% Pbl, content. (b) transmittance
minimum for A = 518 nm as a function of successive (0-5) CsBr layers for 20% Pbl, content.

By analyzing Figures 7 and 8, it may be noticed that for the 10Pbl, and 20Pbl, sample,
the perovskite phase appears after applying the second CsBr layer, however highest share
of perovskite phase is after applying the fifth CsBr layer for 10Pbl, and fourth for 20PbI,.
Judging by the further increase in transmittance in both Figures when another CsBr layer
is added, perovskite becomes ovestatureated with Cs decomposes precipitating Cs4PbBrg
phase. after applying the sixth CsBr layer.

Rapid decrease in transmittance as a function of the applied CsBr layers indicates
phase transition from the non-perovskite to perovskite abrsorbing phase of a compound
with the same chemical composition. Moreover, the minimal value of transmittance as a
function of applied CsBr layers indicates the highest share of perovskite phase. Additionaly,
Cs-rich nonabsorbing phase (Cs4PbBrg) that coexists with the perovskite phase causes the
increase of transmittance. For sample 10Pbl,, a rapid decrease in transmittance is observed
after applying the third CsBr layer (Figure 7a), whereas a minimal value of transmittance is
observed for the fifth CsBr layer (Figure 7a). When it comes to the 20Pbl, samples, a rapid
decrease in transmittance is observed after applying the second CsBr layer (Figure 8a),
whereas a minimal value of transmittance is observed for the fourth CsBr layer (Figure 8a).
When comparing Figures 7a and 8a, it may also be observed that for Figure 7a, sample
10Pbl,, the decrease in transmittance values is distorted compared to the same trend but
for Figure 8a, sample 20Pbl,. This may be due to the worse quality of 10Pbl, than 20Pbl,.
The XRD patterns for 10Pbl, (Figure 5) and 20Pbl, (Figure 6) confirm the presence of a
Cs-rich phase for both lines of samples.
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3.5. Band Gap Analysis

Based on the UV-Vis spectra, using the Tauc method, the band gap value was de-
termined for samples with different Pbl, concentrations. Eg values from Figure 9a as a
function of the Pbl, content in the unit cell are shown in Figure 9b. Based on Figure 9b,
it can be seen that with the increase in the content of Pbl, in the unit cell, the value of
the energy gap decreases compared with Table 1. This relationship is in line with the

expectations and literature values [13,14].
0%PbI,

10%Pbl;

6 /
20%Pbl; y
Yosees, = 153.57x-363.71 ‘//' N
“== Yiown, = 135.75x-317.34 /
=== Yaowers, = 71.4x-164.87 ’,’ \
i \
’/’l} —~ ™
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0% Pbi; 10% Pb; 20% Pbi;
I; content (%)

Figure 9. Data for band gap values. (a) Fragments of the UV-VIS spectra to determine band gap;
(b) band gap values as a function of iodine concentration in the unit cell.

Table 1. Band gap values with iodine content in unit cell.

PbI, Concentration [%] EgleV]
0 2.368
10 2.338
20 2.309

3.6. Summary of Experimental Part

After analyzing the SEM pictures and XRD patterns of the samples with 10% and 20%
Pbl, concentration and subsequently added CsBr layers, it may be noticed that depending
on Pbl, concentration, the different number of CsBr layers is necessary for a CsPbXs
perovskite phase to appear. According to the XRD patterns, the lower the Pbl, concentration
is, the more CsBr layers are needed to convert the initial phase to the CsPbX3 phase. The
optimal number of CsBr layers for the 10Pbl, samples is five, and for 20Pbl, samples is four.
For the next deposited layer, for 10Pbl, and 20Pbl,, the decomposition of the perovskite
layer was observed, and the appearance of a non-perovskite layer rich in cesium. The
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results from the SEM pictures and XRD were compared with the UV-Vis spectroscopy
results. The conclusions from the UV-Vis measurements confirm the conclusions from the
SEM/XRD measurements. For the 10Pbl, sample, the perovskite phase appears for the
second deposited CsBr layer, is most uniform for the fifth CsBr layer,. On the other hand,
for the 20Pbl, sample, the perovskite phase appears for the second deposited CsBr layer, is
most uniform for the fourth CsBr layer, and disappears for the fifth CsBr layer.

3.7. Computational Part

All the calculations were performed for two input structures, so CsPbBr3* and CsPblz*.
The initial structures were gradually substituted with iodine or bromine, respectively. The
input structures are marked with an asterisk. Figure 10 presents structures of CsPbBrz and
Figure 11 presents structures of CsPbls.

(a)

Figure 10. CsPbBr; polymorphs: (a) cubic; (b) orthorhombic; (c) tetragonal.
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Figure 11. CsPbl; polymorphs: (a) cubic; (b) orthorhombic.

For both CsPbBr; and CsPbls, calculations were performed for all the polymorphs:
cubic, orthorhombic, and tetragonal for CsPbBr3 (Figure 10) and cubic and orthorhombic
for CsPblz (Figure 11). The results presented in the paper are for CsPbBrs cubic and CsPbl3
cubic. The initial structures for CsPbBr; and CsPbl; are gradually substituted with another
halide until the halide is completely replaced with another. Replacing halides in the input
structures goes according to paths below:

CsPbBrj as initial structures:

CsPbBr3* — CsPbBryI — CsPbBrl, — CsPbls
CsPblj as initial structures:

CsPblz* — CsPbl,Br — CsPbIBr, — CsPbBrs

3.8. Influence of Chemical Composition on Unit Cell Parameters

Figure 12 presents the calculated unit cell parameters a, b, and ¢, and unit cell volume V
for the initial and transition structures with various bromine and iodine concentrations.
When analyzing Figure 3, it may be noticed that with increasing iodine concentration in
the unit cell, unit cell parameters a, b, and ¢, and unit cell volume V increase. It should
be pointed out that iodine has a larger radius than bromine, so when iodine atoms are
incorporated into perovskite crystals, the a, b, and c periods should increase. This trend
is observed in Figure 12. For Figure 12a, the starting structure is CsPbl3* subsequently
substituted with Br atoms to achieve CsPbBr3, whereas for Figure 12b starting structure is
CsPbBr3 " subsequently substituted with I atoms to achieve CsPbls. Starting structures from
the experimental data are marked with a star (CsPbl3* and CsPbBr;*), whereas structures
with the same composition, but generated by substituting experimental, so initial structures
with bromine or iodine, are not marked with a star (CsPbl; and CsPbBrs). Both panels
in Figure 12 (so panels a and b) present how periods a, b, and ¢ and unit cell volume V
change depending on perovskite composition. For both panels in Figure 12, the periods
and unit cell volume change when changing perovskite composition. While there is no
clear trend observed in how period values change, there is a relatively clear trend for a
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change in unit cell volume. Moreover, the analysis of unit cell volume is claimed to be more
reliable than the analysis of every period separately. For both panels in Figure 12, with an
increase in iodine concentration, unit cell volume also increases. This trend is expected and
observed. However, there is some difference in this trend for the two panels. For panel b,
the trend is slightly distorted compared to panel a. This is most likely due to the fact that
in panel b, the initial structure is clear bromine (CsPbBrs*) and initial periods a, b, and ¢
are smaller than the initial periods for the initial structure clear iodine (CsPbl3*) and when
adding bigger atoms (which is iodine) to crystals with smaller atoms (which is bromine)
and smaller periods, crystal may become distorted. Most likely, such distortion, being a
result of adding bigger atoms to a crystal with smaller atoms and periods, is reflected as
a deviation from the observed trend, so there is an increase in unit cell volume with an
increase in iodine concentration.

(a)
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Figure 12. Calculated cell parameters and cell volume; panel (a) represents the achieved structures
obtained from the starting point: cubic CsPbl;, panel (b) shows the achieved structures obtained
from the starting point: cubic CsPbBrs.

3.9. Density of States

To understand the origins of the bang gap decreasing with the iodide concentration,
the analysis of the Density of States has been performed. Firstly, the addition of iodide to the
structure dramatically changes the number of states involved in the valence band maximum.
The position of the VBM shifts to higher energy (compare the panels in Figure 13). The
position of the CBM does not move so much because the origin of this band is orbitals from
the lead. However, for the CsPbBr,I structure, the conductance band reflects the two picks,
both originating from lead orbitals. When analyzing DOS plots, it may be noticed that
the band gap value changes with increasing iodine concentration in the unit cell. As the
concentration of iodine increases, the band gap value decreases.
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Figure 13. The Density of States for the calculated structure using the protocol with starting point as
a cubic structure of CsPblj: (a) CsPbBr,[; (b) CsPbBrly; (c) CsPbls.

In addition, the calculations for the crystallographic and the calculated structures
have been performed. The results are depicted in Figure 14, and the second pathways of
calculations are presented in Supplementary Materials. The results are in line with those
previously presented.
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Figure 14. The comparison of the Density of State calculated for CsPbBr3 cubic structure was extracted
from crystallographic data (a) and calculated using the star point CsPblj; structure (b).

For the initial structures of CsPbBr; and CsPbls, the calculated shape of the valence
band maximum (VBM) and conduction band minimum (CBM) agrees with the expectations.
For all the DOSs calculated for all the structures, it has been noted that VBM consists
primarily of the PDOS of halides, and CBM consists primarily of the Pb atom.

4. Conclusions

This paper focuses on the study of CsPbBryI3_y perovskites, in particular the influence
of halogen type and composition on unit cell parameters as well as the shape of VBM and
CBM. The paper consists of two parts: experimental and theoretical.

As for the unit cell parameters, in the experimental part, SEM pictures and XRD
measurements were taken for samples with different iodine content with CsBr layers
overlaid. Based on the SEM images, it was observed that when the CsBr layer was deposited,
the formation of crystals for the sample with a specific iodine content was observed. The
SEM results were compared with the diffraction patterns.

Based on the SEM photos, the analysis of the XRD diffraction patterns, and the trans-
mittance graphs, it can be seen that the transition from the initial phases originating from.

PbBr; + Pbl, to the perovskite phase takes place for the third and fourth superimposed
CsBr layers. Moreover, based on the XRD measurements, the parameters of the unit cell a,
b, and c were determined. Unit cell parameters, so a, b, and ¢, and unit cell volume V were
calculated using DFT methods. The results for a, b, and c obtained from the diffraction
patterns agree with those calculated with the DFT methods. Moreover, for the results of
both the experiment and the calculations, it was noticed that with the increase in the iodine
content, the parameters of the unit cell also increased.

Due to the increasing diversity of methods to synthesize perovskites with different
compositions, it is worth mentioning other papers describing various methods of synthesis.
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An interesting approach to perovskite synthesis is presented by Zheng Chen et al. in the
publication “A Confined Fabrication of Perovskite Quantum Dots in Oriented MOF Thin
Film” [19]. This approach, in recent years, has become more and more popular for some
time and allows one to obtain uniform perovskites [20-22]. It is very likely that MOF Thin
Film methods allow one to synthesize more uniform and more repetitive samples than the
spin coating method. Nevertheless, the main focus of this paper was not to refine the spin
coating method, but to investigate the influence of composition on band structure.

The second part of the publication focuses on the analysis of the influence of iodine
on the energy gap value and the shape of the DOS. The experimental value of the energy
gap was determined based on the UV-VIS spectra from the Tauc method. As expected,
the energy gap value decreased along with the increase in iodine value. The DOS state
densities were determined based on the DFT calculations. Here, too, the expected results
were reproduced. The gap between CBM and VBM decreases with increasing iodine content.
Moreover, the calculations reflected the composition of CBM and VBM. The calculations
also showed, as expected, that lead Pb had the major share in CBM, and the halide had the
major share in VBM.

To sum up, the results of the experiment and calculations agree with the experimentally
determined quantities. Moreover, as expected, the addition of iodine affects the unit cell
parameters and the energy gap value. With an increase in the iodine content in a unit cell,
the parameters a, b, and ¢ and the volume V increase, and the energy gap decreases.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/physchem5010003 /51, Figure S1: The Density of States for the
calculated structure using the protocol with starting point as a cubic structure of CsPbBrj3: (a) CsPbBrs;
(b) CsPbBr,I; (c) CsPbBrl,; Figure S2: The comparison of the Density of State calculated for CsPbl;
cubic structure was extracted from crystallographic data (a) and calculated using the star point
CsPbBrjs structure (b).
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