Perovskite nanoparticles CssPbBrs and CsPbBrs: synthesis, analysis and
peculiar optical properties

A.G. Son*?, V.A. Gushina?, A.A. Egorova?, A.A. Arkhipenko?, A.A. Korotkova?, A.A. Sadovnikov?, Yu. Shandarov®, N. A.
BertS, D. A. Ivanov®, N. Ch. Petrov®, S. A. Kozyukhin?

aKurnakov Institute of General and Inorganic Chemistry, Russian Academy of Science, 31 Leninskii pr., 119071 Moscow, Russian
Federation.
b-Photochemistry Centre, Russian Academy of Science, 59 Leninskii pr., 119333 Moscow, Russian Federation.

¢|offe Institute, Russian Academy of Science, 26 Politekhnicheskaya st., 194021 St Petersburg, Russian Federation.

Abstract

All-inorganic perovskite CsPbBr; and CssPbBrs nanoparticles are being intensively studied due to their
unique properties and wide range of applications; however, however, the nature of their optical
properties is not yet fully understood due to the difficulty of synthesis of single-phase nanoparticles. In
this article we describe the features of the synthesis of single-phase particles and the results of their
chemical and phase analysis. Using data on nanoparticle concentrations, we experimentally determined
the absorption coefficient for both phases. It has been shown that nanoparticles of CsPbBrs; and CssPbBrg
perovskites exhibit features of such optical characteristics as photoluminescence, optical band gap,
including the region of weak absorption (Urbach tail), and action spectrum also. The experimental results
can be explained within the framework of existing ideas about the band gap structure for perovskite
materials.

Introduction

The use of hybrid organic-inorganic materials with the ABX3 perovskite structure (A is the organic or
inorganic cation, B is the lead cation, X is the halogen) based on lead halides as functional materials in
photovoltaic devices such as perovskite solar cells, LEDs, and photodetectors attracts on account of the
special importance of their optical and electronic properties, such as a high consumption coefficient, a
decrease in the binding energy of excitons, the possibility of detecting a band gap, a high mobility of
charge carriers, as well as a high frequency of defects!*. Current studies show that the efficiency of solar
cells based on perovskites is comparable to the efficiency of devices based on inorganic semiconductors
and is characterized by a rapid growth rate of this value in photovoltaic devices. Over the past decade,
the energy conversion efficiency of devices based on perovskite materials has increased from 3.8% to
25.7%>5. A promising composition in terms of the stability are completely inorganic perovskites, in which
the organic methylammonium cation is replaced by an inorganic one, for example, Cs+. The presence of
cesium cation at A-site provides high crystallinity and structural stability, which ensures thermal and
humidity stability of perovskite devices’.

In addition to bulk perovskites, attention is also engaged to nanoparticles (NPs) of similar
compositions obtained as a result of colloidal synthesis. The advantages of CsPbX; colloidal nanoparticles
are such parameters as a wide absorption spectrum and a bright photoluminescence band in the visible
spectral range, a large diffusion path length of photoexcited charge carriers, and the possibility of tuning
the emission band by changing the nanoparticle composition and size. In particular, anion exchange leads
to the NPs formation with a mixed halide composition, while the emission can cover the entire visible
spectrum®1°, and partial replacement of a lead cation with a manganese cation can lead to the appearance
of a second emission band!. Depending on the composition and amount of the precursors, as well as on
the conditions for the synthesis of perovskite NPs, structures of various dimensions can be formed, for
example, three-dimensional (3D) and zero-dimensional (OD) structures'>®3,
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The main reason that currently does not allow us to turn to laboratory prototypes of perovskite
devices with outstanding characteristics typical for industrial production is the lack of stability under real
operating conditions (light, humidity, temperature)**. For optical devices based on low-dimensional NPs
with a perovskite structure, there is another additional factor that affects the stability — this is the
increased chemical activity of a highly developed surface. The ionic nature of lead halide perovskites
characterizes these compounds as chemically unstable in polar solvents®®. Therefore, the selection of
surfactants to stabilize NPs with the perovskite structure is more complicated than the ligands used to
stabilize classical semiconductor nanocrystals (NCs) lI-VI, ll-V, and IV-VI. However, the high ionic mobility
characteristic of perovskite NCs positions this material as promising in photovoltaics. The CsX — PbX; (X =
Cl, Br) phase diagram contains several stable compounds, in particular, incongruent Cs,PbX6 ternary
compounds and congruent CsPbX; compounds, the structures of which are shown in Fig. 1. Perovskites of
the A4BX6 type, in particular Cs4PbBre, have a crystal structure in which the [PbBr¢]* octahedra are
isolated from each other by Cs* trigonal prisms, forming one-dimensional [CsPbXes].> chains. Such chains
are additionally isolated from each other by dodecahedrons Cs* 617, Perovskite CsPbXs, on the other hand,
has a more symmetrical simple cubic structure, where the corners of the [PbXs]* octahedra are
interconnected?®. CsPbBr; nanocrystals exhibit bright green emission and high luminescence quantum
yield ~ 92.8%'%, as well as enhanced spontaneous emission!®?°, The optical properties of CssPbBrs
nanoparticles have not been sufficiently studied, which is due to the difficulty of synthesizing pure
particles of composition 416, and therefore there is currently no consensus on the luminescent properties,
and, accordingly, various models are proposed. It was shown that this type of perovskite does not exhibit
luminescence in a number of studies on the preparation of CssPbBrs nanocrystals*14222 Qn the other
hand, the authors of some studies assume that luminescence is possible due to the presence of defects,
free halide vacancies, in the crystal, but this theory has not been experimentally confirmed®%,

One of the key characteristics for the study of nanoparticles is the value of the quantitative concentration
in a colloidal solution. This parameter is necessary for modeling laboratory prototypes of optoelectronic
devices based on nanocrystals, assessing the toxicity of nanoparticles, and when using these structures as
biolabels**?8, Determining the concentration of semiconductor nanoparticles is a complex experimental
problem. Currently, the most popular methods for determining the concentration of nanoparticles are
thermogravimetric analysis and UV-visible spectroscopy. However, these two methods are not accurate
and require comparison with direct methods for the quantification?>3°, Also, the concentration of NPs in
a colloidal solution can be determined using inductively coupled plasma atomic emission spectroscopy.
This method of the substance quantitative determination is the most accurate with an error of ~ 1072
mg/g. The disadvantages of this method are the sample complete destruction, and the impossibility of
determining the remnants of unreacted components in the sample. Determining the substance
concentration in a solution by electron spectroscopy is based on the dependence of light absorption on
the concentration of the solute. Therefore, in order to apply this method, knowledge of the substance
absorption coefficient is necessary. Experimentally, the intrinsic absorption coefficient for 8 nm CsPbBr;
perovskite nanocrystals (NCs) was first determined by a group of scientists led by Kovalenko, Hens and
coworkers by combining inductively coupled plasma mass spectrometry (ICPMS) and absorption
spectroscopy?l. Later, Hens et al. presented another study on the determination of the intrinsic absorption
coefficient for CsPbBr; NCs with sizes less than 7 nm, in which the authors use the same approach2. Based
on the results of two studies, it was proved that the intrinsic absorption coefficient of CsPbBr; NCs does
not depend on the particle size, and its value is estimated at ~ 2x10° mol™? 3132,

The purpose of this study was to obtain Cs4PbBrs nanoparticles without CsPbBr; impurity, as well as to
examine the optical properties of the resulting colloidal solutions of nanoparticles and quantify the
concentration of these nanoparticles in solutions.
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Fig. 1. Scheme of perovskite crystals (a) 3D phase and (b) OD phase.

Experimental Section

Colloidal solutions of Cs4sPbBrs and CsPbBrs nanoparticles were obtained using modified hot injection® and
sonication techniques®.

Octadecene is the most popular high-boiling non-coordinating solvent in hot injection synthesis¥3133,
Mineral oil with a viscosity is eight times higher that of octadecene was chosen as the dispersion medium
in given study. It is assumed that the replacement of the solvent with a more viscous one will make it
possible to more effectively control the size of the resulting nanoparticles. According to the results of DLS
analysis, the particles obtained in mineral oil have a smaller particle size than those obtained in
octadecene under the same synthesis conditions (see SI, Fig. S2).
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Fig. S2. DLS analysis of colloidal solutions CsPbBr; NPs obtained in (a) mineral oil and (b) octadecene.

Oleic acid (OA) and oleylamine (OAm), are commonly used as stabilizers®3'%, Pan et al. investigated the
effect of using various amines and carbon acids on the final product. This study shows, the combination
of oleylamine with other long chain alkylamines as well as alkyl dithiols results in a stable colloidal solution
with a narrow size dispersion®. Oleic acid and a mixture of oleylamine and pentadecylamine were used
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as stabilizers in this study. We have previously shown that the use of pentadecylamine as a surfactant
improved the optical properties of CsPbls perovskite nanowafers®.

Synthesis of CsPbBr; NPs

CsPbBr; nanoparticles (hereinafter 113) were obtained by injecting cesium oleate into a solution of lead
bromide in a non-coordinating high-boiling solvent (mineral oil or octadecene) with a small amount of
oleic acid, oleylamine, and pentadecylamine. After the introduction of cesium oleate, the colloidal
solution was centrifuged, and then the precipitate was dispersed in a low-boiling solvent, n-hexane.

Synthesis of Cs;PbBrs NPs

Cs4PbBrs nanoparticles (416) were obtained by ultrasonic treatment (UT) at room temperature under
ambient conditions. A mixture of cesium carbonate, lead bromide and stabilizers: oleic acid, oleylamine
and pentadecylamine was dispersed in mineral oil using an ultrasonic homogenizer.

Results and discussions
CsPbBrs; and CssPbBrs NPs structure

The morphology of nanoparticles with the perovskite structure was studied using the analysis of
transmission electron microscopy, presented in Figure 2 (b, e). The CsPbBr; sample (Fig. 2b), obtained by
the hot injection method, is a cubic particle with a characteristic size of 6-13 nm, which is consistent with
the results of the analysis performed by the STEM method (Fig. 2a, d). The CssPbBrs sample (Fig. 1e)
obtained by UT also represents particles of a cubic shape with sizes of 30-70 nm. In most particles, a pore
about 5 nm in diameter is present in the center; there are particles with several pores. The main elements
include Cs and Br, about 1 at. % Pb, which is confirmed by the EDX spectra (SI, Fig. S3 a, b). The absence
of any peaks associated with impurity elements in the EDX spectra confirms the results of X-ray phase
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Fig. 2 (a, d) STEM images of (a) CsPbBrs; (d) Cs4PbBrs. (b, €) TEM images of (b) CsPbBrs3; (e) Cs4PbBrs. (c, f) NPs XRD patterns of (c) CsPbBr; and (f) Cs4PbBrs.
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analysis on the formation of a pure phase. The presence of oxygen and carbon is associated with the
presence of stabilizers, and the copper signal refers to the material on which the particles were deposited.
Figure 2 (c, f) shows the X-ray diffraction patterns of thin films of perovskite nanoparticles obtained.
According to the XRD data, for the Cs4PbBrs (416) composition, XRD reflexes are satisfactorily described
by the rhombohedral structure of CssPbBrg, which belongs to the P2 group (PDF2 #73-2478). The structure
of the CsPbBr; (113) sample has a monoclinic phase belonging to the R-3cr group (PDF2 #18-364). X-ray
measurements show that both types of nanoparticles have good crystal quality without the presence of
secondary phases, which is consistent with the results of the EDX analysis performed using TEM. The

lattice parameters and unit cell volume for the rhombohedral and monoclinic phases extracted from the
data shown in SI, Table S1.
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Fig. S3. EDX spectra of (a) CsPbBr3 (113) and (b) Cs4PbBrs (416).

Table S1. Lattice parameters for rhombohedral and monoclinic phases/Full profile analysis of diffraction

patterns.
Rhombohedral Monoclinic
Cs4PbBrg (416) CsPbBr; (113)
Parameter Value Parameter Value
a 13,3683 A a 5831A
b 5,86 A
c 5,92 A
Angle B 89,282° Angle B 90°

Unit cell volume, A3

2388,5 202,3

https://doi.org/10.26434/chemrxiv-2023-vpzhz ORCID: https://orcid.org/0009-0006-7107-5714 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-vpzhz
https://orcid.org/0009-0006-7107-5714
https://creativecommons.org/licenses/by-nc-nd/4.0/

Absorption spectra

The absorption spectrum of sample 416 (Fig. 3a) is characterized by the presence of two maxima at 225
nm and 313 nm. The absorption band at 313 nm corresponds to the absorption edge of Cs4PbBr6 NPs and
can be attributed to the localized ®S1/, > ®Py; transition inside individual [PbBrs]*~ octahedra separated by
Cs+ions!>% . Liu et al. asserts that the position of the absorption band does not change depending on the
NP size, which confirms the assumption about [PbBrs]* octahedra isolated from each other in Cs4PbBrs
NPsY’. A colloidal solution of NPs does not absorb in the visible range, which is consistent with the results
obtained earlier for Cs4PbBrs nanoparticles, as well as for crystals and thin films of this composition?3%3,
The CsPbBrs; absorption spectrum (Fig. 3a) consists of several maxima, the position of which corresponds
to the length waves 225, 260, 360 and 510 nm. The spectra of samples 416 and 113 show an absorption
band at a wavelength of 225 nm. An identical maximum in the absorption spectrum was obtained for the
Cs4PbClg crystal. S. Kondo et al. suggest that its presence can be attributed to the absorption of cesium
ions®’.

CsPbBr; fluorescence spectra

A colloidal solution of CsPbBr3 (113) has a bright fluorescence with an emission center at a wavelength of
518 nm (Fig. 3b). According to the data obtained, the position of the emission center does not depend on
the concentration of NPs in the solution; however, with an increase in the aliquot in the solution, a linear
increase in the sol fluorescence intensity is observed (SI, Fig. S4). No fluorescence was found in the
Cs4PbBrs (416) colloidal solution, which indicates the absence of emission centers and is consistent with
experimental studies!?38,
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Fig. S4. (a) CsPbBr; fluorescence spectra for different NP concentrations in the range from 107 to 10°®
mol/l. (b) The dependence of the emission center intensity on the NP concentration.

CsPbBr; (113) action spectrum

To evaluate the efficiency of nonradiative transitions from the excited state of a fluorophore, one can use
the absorption-fluorescence method®. The essence of this method is to compare the absorption and
excitation spectra of fluorescence. The absorption spectrum measured by a spectrophotometer can be
written as

A = e(N)cl @

where £(4) is the molar extinction coefficient, A is the absorption of colloidal solution, c is the fluorophore
concentration, and [ is the optical path length. Since relaxation from an excited state can occur both
radiatively and nonradiatively, we can rewrite this expression as

AQ) = [er(D) + ey D]l O]
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Fig. 3 (a) Absorption spectra of a colloidal solution. (b) CsPbBr3 fluorescence spectrum. (c) The absorption and excitation spectra of CsPbBr3 colloidal
solution, (d) CsPbBr3 action spectrum. (e) The intrinsic absorption coefficient of CsPbBrs.

where &¢(4) and &,,.(1) have the meaning of the radiative and nonradiative relaxation cross sections,
respectively. In this case, the fluorescence excitation spectrum is proportional to the first term:

FD) ~ g (A)cl ®)

which allows us to represent the absorption spectrum as the sum of two terms:

A = kF(Q) + Act(L) 4)

here k is a wavelength-independent coefficient describing possible losses in the spectrophotometer,
F(4) is the fluorescence excitation spectrum, and Act(1) = &,,-(4) is the action spectrum responsible
for fast nonradiative transitions from the excited state. The coefficient k must be such that the excitation
spectrum nowhere exceeds the absorption spectrum, which follows from the law of conservation of

energy.

On Fig. 3c shows the absorption spectrum and normalized excitation spectrum of CsPbBr; (113). Their
difference is an action spectrum (see Fig. 3d), which exhibits several minor peaks in the 350-500 nm
region, and increases very rapidly in the ultraviolet part of the spectrum, which may be due to non-
radiative transitions in the cesium atom. The action spectrum minimum, which determines the excitation
wavelength with the maximum fluorescence quantum yield, corresponds to 375 nm.

For a qualitative assessment of the losses associated with nonradiative transitions, one can introduce the
quantity:
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[ Act(Ayda

Gnr = TAbs()dl (5)

In the range from 375 to 530 nm, this value is about 0.1; however, for the entire absorption spectrum
(200 —530 nm), g, increases to ~ 0.7 due to the significant contribution of nonradiative processes in the
region of 200 — 350 nm.

Determination of the molar concentration and the intrinsic absorption coefficient of colloidal solutions

One of the problems of colloidal nanoparticle solutions is to determine the concentration of the
components that make up the solution. The well-known method of determining the concentration of
chemical elements is mass spectroscopy, which allows to determine this parameter with low error values.
However, concentration determination by mass spectrometry is a labour-intensive and technically
difficult task. In our study it was proposed to combine inductively coupled plasma atomic emission
spectroscopy (ICP-AES) and X-ray fluorescence elemental analysis (XRF) with UV-visible spectroscopy in
such a way as to minimize the use of mass spectroscopy.

One of the well-known methods for concentration determination of nanoparticles is the UV-visible
spectroscopy. According to the Lambert-Beer law, the absorption of light in colored solutions depends on
the concentration of the solute®.

A = &cL (6)

where A is the absorption, c is the molar concentration, L is the optical path length u € is the molar
absorption coefficient. A similar dependence is also observed for colloidal solutions of semiconductor
nanoparticles. Thus, the concentration of a colloidal solution can be found if the molar absorption
coefficient ¢ is known. The expression for the absorption coefficient of colloidal solutions of
semiconductor nanoparticles is based on the Maxwell-Garnett effective medium theory within the local
field approximation41 and can be determined by equation 7.

NaVop
_NaVop 7
In10 M )

where p; is the intrinsic absorption coefficient, N, is Avogadro number, V,; is quantum dot volume. By
definition y; is related to the absorption of the colloidal solution A4, the concentration of nanoparticles f
and the optical path length L 313241,

_ In104
Wi = fL

(®)

The NPs concentration f depends on the molar concentration of the colloidal solution and the lattice
constant of perovskite nanoparticles and can be calculated by the equation:

cXNyXa
f= 1024 9

where c is the molar concentration of colloidal solution, N, is Avogadro number, a is the unit cell volume.

M. Kovalenko and Hens determine the intrinsic absorption coefficient for semiconductor nanoparticles of
CsPbBr; composition depending on the particle size from 6 to 11 nm. According to these results, it was

https://doi.org/10.26434/chemrxiv-2023-vpzhz ORCID: https://orcid.org/0009-0006-7107-5714 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-vpzhz
https://orcid.org/0009-0006-7107-5714
https://creativecommons.org/licenses/by-nc-nd/4.0/

found that y; does not depend on the size of semiconductor NPs in separate wavelength regions, 325-345
nm and 415-455 nm33241, This approach is also applicable to more complex nanocrystals, such as
core/shell heteronanocrystals, nanorods, nanowires, or nanoplates?®%>44 Knowing the intrinsic
absorption coefficient makes it possible to understand the mechanism of NP synthesis kinetics, the
photoluminescence processes of single nanocrystals, and also to evaluate the possibility of enhancing the
optical characteristics of devices based on semiconductor NPs?#4546,

The ratio of the main components of the sols was established using the method of fundamental
parameters (Table 1). Based on the obtained XRF data (see SI, Fig. S5), it was found that the ratio of
elements by fundamental parameter method (FPM). The ratio of CsxPbyBrz for colloidal solution 113 is
equal to CsPb;,Br,s, and for solution 416 — CsgsPbBrss. The high content of cesium and bromine in
colloidal solution 416 may be due to the presence of side products, cesium oleate and cesium bromide.
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Fig. S5. X-ray fluorescence spectrum of Cs.Pb,Br, colloidal solutions.

To determine the exact value of lead concentration content in the obtained samples, the resulting
colloidal solution of nanoparticles was transferred to a true solution by dissolving the nanoparticles in a
mixture of hydrochloric and nitric acids, followed by separation of the organic phase in a separating
funnel. The separated solution was made up to the mark with deionized water. For analysis by the ICP-
AES method, the samples were additionally diluted by a factor of 10. The analytical lines of the element
being determined were chosen by conducting a preliminary experiment on model solutions. The selection
criterion was the possibility of taking into account the background in the vicinity of the line. To determine

Table 1 The results of X-ray fluorescence analysis obtained using the FPM method.

Sample Element Mass fraction, %

CsPbBrs (113) Cs 23,85+ 1,54

Pb 41,78 £3,32

Br 34,37 +3,42

CsPbBrs (octadecene) Cs 30,40+3,41
Pb 36,75+1,86

Br 32,48 £1,11

CsaPbBrs (416) Cs 58,08 +5,1

Pb 10,85+2,53

Br 31,07 £ 4,43
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Table 2 Results of determination of lead concentration by AES-MS methods.

Sample Element Concentration, mg/|
Cs4PbBrs (416) Pb 174,92 + 0,07
CsPbBrs (113) Pb 22,17 £ 0,05

CsPbBrs (octadecene) Pb 20,08+ 0,05

the Pb concentration, the following analytical lines were chosen: 220.353 nm, 216.999 nm and 261.418
nm. The limits of determination were calculated using the 3S test and amounted to 0.002-0.010
depending on the analytical line. The results of the analysis of Cs«Pb,Br, samples by AES-MS are shown in
Table 2.

To calculate the intrinsic absorption coefficient, series of electron absorption spectra of colloidal solutions
were recorded depending on the NPs concentration. The dependences of absorption values on the NPs
concentration were plotted based on experimental results (Sl, Fig. S6 a, b). One can see that these
dependencies are linear, which makes it possible to apply the Lambert-Beer law to calculate pi of colloidal
solutions (S, Fig. S6 ¢, d). The calculated values of the intrinsic absorption coefficient (Eq. 8) are shown in

Table 3.
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Fig. S6. (a, b) Absorption spectra of a colloidal solutions. (c, d) Dependence of absorption on NPs
concentration at A =313 nm.

The absorption coefficient calculated for A = 335 nm, so this section of the spectrum does not depend on
the size of the nanostructures®***!, Table 4 shows the y; values of the sols calculated for A = 335 nm, as
well as for A =313 nm and 360 nm, corresponding to the characteristic absorption maxima of the samples.

Estimating the absorption coefficient for a colloidal solution is a rather difficult task. To establish the true
value of the absorption coefficient of CsPbBrs; NPs, colloidal solutions were synthesized using the classical
non-coordinating solvent octadecene (CsPbBr; octadecene) and mineral oil (CsPbBr; 113). It was found
that the use of mineral oil leads to a tenfold increase in the absorption coefficient, which is an indicator
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Table 3 Evaluation of the intrinsic absorption coefficient

Sample Mi (225 nm), cm™1 Hi (313 nm), cm™1 Mi (335 nm), cm™1 Mi (400 nm), cm™1
CsaPbBre (416) (1,51+0,05)x10° (1,740,11)x10°
CsPbBr; (113) (6,23+0,06)x105 (1,74+0,07)x108 (1,3+0,05)x106 (5,42+ 0,07)x10°
CsPbBrs (octadecene) (7,63+0,1)x10° (3,04+0,09)x10° (2,29+0,05)x10° (1,09£0,07)x10°
CSPbBI"gErmr! Bookmark not 2x10° 0'9X105
defined.
CSPbBI"gErmr! Bookmark not 1,6X105 0,8X105

defined.

of the interaction of the NP surface with mineral oil. We assume that mineral oil in this case plays the role
of not only a solvent, but also the role of a surfactant, additionally stabilizing NPs in a colloidal solution.
Therefore, the use of mineral oil in the synthesis process enhances the absorption of the colloidal solution
of perovskite particles. The use of the method for estimating the absorption coefficient of semiconductor
NPs*, proposed by Hence, does not take into account the interaction of the solvent and NPs in a colloidal
solution, and, therefore, is inaccurate.

The optical band gap of CsPbBr; and Cs;PbBrs NPs

The fundamental quantity characterizing the applicability of a material as a photovoltaic device is the
optical band gap E,. To estimate this value from the experimental optical absorption spectra, the Tauc
method was used, which describes the dependence of the absorption coefficient of a direct-gap
semiconductor on the photon energy in the form of an equation47:

ahv* = B(hv — Eg) (10)

where a is the absorption coefficient of the sample obtained from the electron absorption spectra, h is
Planck's constant, v is the photon frequency, x is the coefficient depending on the nature of the electronic
transition, B is the coefficient depending on the substance concentration, Ej is the band gap of the
semiconductor. In our study, we use the values of the intrinsic absorption coefficient p_i calculated by the
method proposed by Hens* taking them as a. Coefficient B was taken equal to 1, the effect of the solvent
was not taken into account. The value of the exponent x for both CsPbBr; and Cs4PbBrs is 1/2, which
corresponds to the allowed direct optical transition. Thus, Tauc equation (10) takes the form:

uhv* = B(hv — Eg) (12)

where y; is the intrinsic absorption coefficient of the NPs.

Based on the results of UV-Vis spectrophotometry for NP samples 113 and 416, the dependence
[m;h9]Y/% = f(h9) was plotted (Fig. 4 a, d). For each graph, a linear section was distinguished, which was
extrapolated to the intersection with the x-axis; the intersection points of which corresponds to the value
of the optical band gap. The values for the samples 113 were 2.34 eV, and 3.73 eV for 416. Previously,
papers were published on the estimation of the band gap of crystals and thin films with the perovskite
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Fig. 4 (a, d) The optical band gap estimation of nanoparticles by Tauc method. (b, e) The intrinsic absorption coefficient dependence of energy. (c, f)
The dependence of In(u;) on energy.

structure CsPbXs and CssPbXs by DFT methods. Thus, for CsPbBr; perovskites, the band gap is estimated
as 3.26 eV, and 3.95 eV for CssPbBrs*°.

As can be seen from the dependence p; = f(h9) shown in Figure 4 (b, e), for both samples, an exponential
dependence follows below the region of weak absorption. The area of exponential change in the
extinction coefficient with increasing ho is called Urbah tail, and it appears in the low crystalline, poor

crystalline, the disordered and amorphous materials because these materials have localized tail states
which extend in the band gap®’.

The sub-gap states contribute to the well-known tail states in non-crystalline solids, where the absorption
coefficient is found empirically to depend exponentially on the energy below the conduction band edge.
The steepness parameter is a major of the density of disorders present in the tail states and hence the
Urbach energy depends on the energetic disorder and is one of the parameters that influences the rate
of trap assisted recombination and perovskite solar cells (PSCs) performance.

Urbach law can be written as®%:

a(E) = agexp [(E;—UEO)] (12)

where Ey is the Urbach energy, a characteristic quantity that characterizes the edge steepness Ej is the
energy associated with the band gap. The value E, can be defined as the minimum possible for a sample
without defects®°, These values are 2.34 eV for CsPbBrs NPs and 3.73 for CssPbBrs NPs in our study.

We used the calculated values of the intrinsic absorption coefficient u; as «, the equation for the low-
energy edge dependence of the absorption spectrum can be written as:

i (E) = po exp [%] 13)
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According to eq. 13, the value of Ej; can be calculated by linear approximation of the dependence of log(x;)
in h9. The value of Ey; for sample 113 is 7.3 meV, for sample 416 it is 190.1 meV. One can see that 416
NPs have a significantly higher Urbach energy compared to 113 NPs; we also identified that colloidal
solutions of 416 NPs do not demonstrate noticeable FL at room temperature, in contrast to colloidal
solutions of the composition CsPbBr; (113) which show bright green emission (see Fig. 3b).

It is well established that perovskites are known to suffer from a significant density of sub-gap
states leading to non-negligible recombination losses®®*’. It is also well known that in perovskite
structures when free electrons and holes meet, they may form an exciton, which will dissociate again into
free electrons and holes with high probability. Occasionally, the excitons (or free electrons and holes)
recombine radiatively, leading to photoluminescence, or nonradiatively. It can be assumed that in the
case of 416 NPs the electrons and holes spend significantly more time as free charge than bound as
excitons, and the free electrons are hence susceptible to becoming trapped in defect sites, the density of
states of which is large, resulting in nonradiative decay. If the density of defect states is reduced as in the
case of 113 NPs with a low Urbach energy, the fractional time the charges spend bound as excitons
increases, and the radiative recombination is realized during their dissociation. Hence, the competition
for radiative decay increases with respect to charge trapping, leading to bright green emission.

Conclusions

Colloidal solutions of perovskite nanoparticles with compositions CssPbBrs and CsPbBr; were obtained
using modified methods of hot injection and UT. In this study provided alternative reaction conditions, in
particular, classic high-boiling solvent octadecene was replaced by mineral oil; that was improved
absorbance colloidal solutions. It was experimentally determined the intrinsic absorption coefficients of
CsPbBr; obtained by in silicon oil and CsPbBrs and Cs4PbBrs obtained by in octadecene, for CsPbBr; (113)
the value was (1.73%0.07) x 10° cm™®, for CsPbBrs (octadecene) — (2.29 + 0.05) x 10°cm™, Cs4PbBrs (416) —
(1.70 £ 0.11) x10® cm™. Based on our results, the use of silicon oil promotes significant contribution to
obtaining particles with high value of absorbance. Colloidal solutions of CsPbBrs; exhibit bright
luminescence with an emission centre at 518 nm, while Cs4sPbBrs does not exhibit emission in the
ultraviolet and visible spectral ranges. Also, in this study, it was calculated optical band gap and Urbah tail
energy. Cs4PbBrgs value of Urbah tail energy exceeds CsPbBr; value, that indicate the presence of a larger
number of defect states in the band gap. If the density of defect states is lower, as in the case of 113 NPs
with low Urbach energy, then the lifetime of excitons will be longer, and their dissociation will lead to
emission. This provides important insights to the optical properties of perovskite based on lead, bromine
and cesium.
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