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RESUMO

Perovskitas hibridas tém ganahdo cada vez mais atencdao da comunidade cientifica por suas
aplicagdes em optoeletronica, armazenamento de dados e células solares. Neste trabalho, sinteti-
zamos os haletos hibridos (NH4),SnClg e [(CH3),NH;]4InCl; (DMA4InCly,) através do método
de evaporacdo lenta. Usando difracdo de raios-X conseguimos determinar suas estruturas cris-
talinas como pertencentes aos grupos cibico Fm3m e ortorréombico P2;2,2, respectivamente,
que se mantiveram em baixas temperaturas. A fim de analisar suas propriedades estruturais,
fizemos espectroscopia Raman em baixas temperaturas nos dois compostos e, a partir destas
medidas, analisamos a dindmica de reorientacdo do amdnio no composto (NH4)>SnClg e, para o
DMA4InCl; fizemos a andlise do comportamento do pico de emissao como fun¢do da tempe-
ratura, o que nos permitiu atribuir este pico de emissdo a presenca de auto aprisionamento de

excitons.

Palavras-chave: perovskita hibrida; fotoluminescencia; espectroscopia Raman; difragdo de

raios-X; reorientacao de ion.



ABSTRACT

Hybrid perovskites are gaining attention from the scientific community because of their ap-
plications in optoelectronics, data storage and solar cells. In this work we synthesized the
perovskite-like hybrid halides (NH4)>,SnClg and [(CH3),NH]4InCl; (DMA4InCl7) by using the
slow evaporation method. Using X-ray diffraction we were able to determine their crystalline
structures belonging to the space groups cubic Fm3m and orthorrombic P22,2, respectively,
which are maintained at low temperatures. In order to analyze their structural properties, we
performed Raman spectroscopy at low temperatures in both compounds and, from these measu-
rements, we analyzed the ammonium reorientation dynamics in the compound (NHy4),SnClg and,
for DMA4InCl; we analyzed the emission peak behavior as a function of temperature, which

allowed us to attribute this emission peak to the presence of self-trapped excitons.

Keywords: hybrid perovskite; photoluminecensce; Raman spectroscopy; x-ray diffraction; ion

reorientation.
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1 INTRODUCTION

Since the discovery of photovoltaic properties of the compounds CH3NH3PbBr3 and
CH3;NH3Pbl; by Kojima in 2009 (KOJIMA et al., 2009) metal halide perovskites have been
gaining visibility in the scientific community, with these materials serving as the foundation
in the development of photovoltaic cells (GREEN et al., 2014). Until now the perovskites that
show the best results are the ones with lead as their metal (ZHANG et al., 2018), however, it is
necessary to develop new materials lead-free in order to make the solar cells based on perovskites

more environment-friendly for commercial applications.

Q©

[
by

Photovoltaic

VAR
Rashba Effect

Ve

Chirality Spintronics

Figura 1 —Illustration of 2D perovskites with structure tunability for a variety of optoelectronic
applications. Adapted from ref (ZHANG et al., 2020)

The interest in the development of hybrid perovskites comes from their properties
such as high extinction coefficient, long charge carrier diffusion length, tunable band-gap and
high charge carrier mobility. In solar cells, the photogenerated charges in the perovskite layer
positioned between a cathode and an anode, which are responsible for the transport of electrons
and holes, respectively (GRANCINI; NAZEERUDDIN, 2019; HUANG et al., 2017). Another
aplication of hybrid perovskites are Light Emitting Diodes (LEDs) (ZHANG et al., 2021b).
Among the properties that enable this application are the tunable emission wavelength and the

narrow emission band in these materials.

The versatile chemistry of halide perovskite allows the control of its band structure
and emission spectrum through alterations in its composition and dimentionality. For instance,

by altering the halide composition in the X site the emission spectrum can be changed to cover
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any section of visible spectrum (KUMAWAT et al., 2015; AKKERMAN et al., 2015). In terms
of their dimensionality, these compounds are categorized by the connectivity of their octahedra
(bidimensional layers, unidimensional wires or isolated octahedra) and how these species are
isolated from one another by the organic cations, which allows these compounds to showcase

intrinsic properties of their individual blocks (ZHOU et al., 2019a).
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Figura 2 —Photo of sample vials under UV illumination and PL spectra of MAPbI,Br3-, perovs-

kite NCs in toluene with different halide compositions. Adapted from ref (LIANG et al., 2018)

3D perovskites have general chemical formula ABX3; where A is a small organic
cation, B is a divalent metal such as Pb*2, Snt2 or Ge™?2 and X is an halide (PTAK e al., 2021).
In these materials the octahedra BX¢ are connected by their vertex while the organic cation
occupy the cavity between these octahedra. The molecular dimensionality of perovskites depends
on the ionic radii of the ions within the structure. This restriction is stronger in 3D structures
but it is relaxed when the dimensionality is reduced (GANGADHARAN; MA, 2019). Due to
quantum and dielectric confinement the band gap and exciton biding energy is directly influenced
by the changes in dimensionality. The reduction in dimensionality of the crystal lattice, however,
produce confinement effects inducing brand new optical and electronic while the stability is

improved (WANG et al., 2021; HOYE et al., 2022; HAN et al., 2021).

The most commonly studied compositions are the methylammonium (MA) tri-
iodade (MAPDI3), other halide variants such as MAPbBr3 and mixed halides (KRISHNA et al.,
2019). The 3D material MAPDI;3 is considered the archetypical material of interest, combining
direct bandgap with high molar extinction coefficient, low trap densities, low exciton biding

energies which cause long-range free-carrier diffusion lengths. However, this material has its
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drawbacks, including its high content of lead ant its chemical instability under several external
parameters, such as moisture. The substitution of MA, which is known to be very hidrophilic, by
formamidinium (FA) improves the stability to moisture of PSCs. In this case, the 3D structure
is kept and the electronic dimensionality of such material is kept (LEBLANC et al., 2017,
BRENNER et al., 2016). The choice of A cation in 3D perovskites is limited by the geometrical

considerations of the empirical Goldschmidt tolerance factor (t),

:L(”A—H'X) (1.1)

V2 rp+rx
where r4, rp and ry are the effective radii of A, B and X ions, respectively (FU et
al.,2019). A t value between 0.8 and 1.0 is favorable to the typical halide perovskite structure,

but values outside of the range result in perovskites with lower dimensionality.
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Figura 3 —a) Crystal structure of cubic perovskite with generic chemical formula ABX3. b)
Tolerance factor for the formation of the ideal cubic perovskite structures Adapted from ref
(KRISHNA et al., 2019)

0D perovskites are characterized by isolated inorganic octahedra surrounded by
organic cations (ZHOU et al., 2019a). In this case, the OD structure enables the display of
intrinsic properties of individual metalic halides such as high efficient photoluminescence, broad
emission bands with high decay time. These materials are prone to the appearance of self-trapped
excitons (STEs) (LI et al., 2019), in which case the electron phonon interaction is strong enough
so that a localized exciton (electron-hole pair) causes a deformation in the local lattice structure,
which, in return traps the exciton. Therefore, after the generation of excitons they are quickly
trapped, dragging the lattice distortion. The STE formation usually leads to narrow conduction

and valence bands, promoting the creation of exciton states within the band gap.
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Although lead is one of the components of the most promising halide perovskites, its
toxicity and instability hinder future commercialization and industrialization (ZHANG et al.,
2019; XIAO et al., 2019). Lead is harmful to the brain, vision, kidneys, digestive system, and
extremities, leading to hallucinations, audition problems, muscular pains and constipation (LIN
et al., 2021). In order to avoid potential risks of lead, it is important to search for alternatives
for the B site in halide perovskites. Among the alternatives are other bivalent materials such as
tin and germanium, trivalent metals adjacent to lead, such as antimony and bismuth, besides
the combination of metals with different valences like silver (+1) and bismuth (+3). While this
approach has had some success, the lead-free structures when compared to their lead counterparts
still show low efficiency, poor film quality, high recombination rates, huge electron and holes

effective mass and a band gap to big or indirect.

In chapter 3, the stability and vibrational properties of the perovskite like material
(NHy4)28nClg were investigated by temperature dependent X-rays diffraction and Raman spec-
troscopy. The X-ray diffraction measurements were carried between 90 and 300 K, while the
Raman spectroscopy measurements could be performed between 10 and 300 K. The Raman
spectroscopy measurements revealed the role of ion reorientation in the dynamics of the ammo-

nium ion within the [SnClg] =2 framework.

In chapter 4, we investigated the relation between molecular structure and photo-
luminescence in the material [(CH3),NH;]4InCl;. The structure was resolved at two different
temperatures and Raman spectroscopy measurements were performed between 10 and 300 K.
This material exhibits a photoluminescence emission at temperatures below 110 K, and by

analyzing its temperature evolution we could identify its origin and mechaninsms.
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2  AMMONIUM REORIENTATION IN THE ORGANO HALIDE (NH4),SnClg STU-
DIED THROUGH RAMAN SPECTROSCOPY

2.1 Introduction

The outstanding performance of lead-based perovskite absorver layers are attributed
to their excellent optoelectronic properties such as tunable bandgap, high absorption coefficient
and carrier mobility, longer diffusion length and carrier lifetime (AFTAB; AHMAD, 2021).
However, the toxicity and carcinogenic nature of lead is a major obstacle for the large scale
implementation of Pb-based perovskite solar cells. An alternative which has been extensively
reported as a suitable replacement for Pb is tin (Sn)(YANG et al., 2020). Sn possesses the same
valence and comparable ionic radius as Pb. Therefore, it can be substituted for Pb with negligible

perovskite lattice perturbation.

Molecular groups may rotate between their equilibrium positions in solids. At low
temperatures the rotation is dominated by tunneling, but at high enough temperatures the ther-
mally activated reorientation takes over (INGMAN et al., 1987). In this case, if the barrier height
is zero, there is free ion rotation and all the different orientations are energetically equivalent
(JOHNSON, 1988). The rotational dynamics of NH4 has been studied in several compounds
such as (NH4)2B12H12» (VERDAL et al., 2011) and (NH4),PdClg (SMITH, 2001). The main
technique used to perform this kind of study is tunneling resonance, although it is possible to
extract some information about the same phenomenon by using Raman scattering technique

(HAGEMANN et al., 2004).

The (NH4)>SnClg has been extensively studied in the past because it is well suited
example to investigate molecule rotations and rotation potentials over a wide range of temperatu-
res (BRUCKEL et al., 1984). This is because it has a simple and highly symmetric structure
and it does not show any phase transition from room temperature down to about 20 K. There are
several studies using techniques such as inelastic neutron scattering (PRAGER et al., 1977) and
nuclear and magnetic resonance (FIMLAND; SVARE, 1982).There are, also reports of Raman
spectroscopy of this compound, but the results are not deeply examinated (DIMITROPOULOQOS;
PELZL, 1980). Recentely, Li et al reported that the the Te-doped derivative of this material is a
high efficient orange phosphor with bright broad band emission (LI et al., 2021). In this way, a
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deeper analysis of the vibrational properties of the (NH4),SnClg can lead to the development of

new related materials with optoelectronic properties.

In this chapter we synthesized the compound (NH4),SnClg by using the slow evapo-
ration technique. We also investigated the evolution of the cell parameter and the vibrational
spectra by using X-rays diffraction and Raman spectroscopy, respectively. We also established
a complete assignment of the vibrational modes and used that to enlighten the mechanisms

governing its dynamics.

2.2 Results and Discussion

The X-rays diffraction analysis revealed that the (NH4),SnClg crystallizes at room
temperature in a cubic lattice with spacial group Fm3m and lattice parameter a = 10.0519(4).
This structure was already reported by Brill in 1974 (BRILL et al., 1974), and its unit cell has
the [SnClg]~2 octahedra centered on the corners and center of its faces, separated by NH I ions
with the hydrogens pointing towards empty corners of the unit cell. Since the octahedra do not

share any vertexes this structure can be described as a 0D perovskite-like structure (figure 4).

Figura 4 —(a) Packing of (NH4),SnClg; (b) Unit cell of (NH4)2SnClg; seen through one of its
crystallographic axis. Blue spheres represent nitrogen, pink spheres represent hydrogen, green
spheres represent chlorine and orange spheres represent tin.

After verifying its structure, a Raman spectrum was taken at room temperature.
The group theory predicted by the Bilbao Crystallographic Server (KROUMOVA et al., 2003)

revealed that the irreducible representations of the Raman active modes are 2A 1, P 2E, D 4F,.



18

The free NH j ion has symmetry 7; and has four internal modes: non degenerate symmetric
stretching (A1), the double degenerate symmetric bending (E), the triple degenerate asymmetric
stretching (F;) and the triple degenerate asymmetric bending (F») (PLAZA et al., 1996). The
free [SnClg] 2 has symmetry O, Six of the eight modes predicted by the group theory analysis

were observed in our measurements (figure 5).

Ionic Species Free ion symmetry Site symmetry Unit cell symmetry

NH; T, T, o}
Ay (v A 2A1, (V7 V(ALy))
E(v;) E 2By (v, ,V(Ey))
2F, (v5, v)) 2F; — 3Fo, V5, v, 6(Fap))
¢ (V)
[SnClg] 2 Oy, Oy,
Alg (V(Alg)) Alg

Eg (V(Eg)) - Eg
F2g (5(F2g)) F2g
Tabela 1 —Correlation table for the Raman active modes of (NHy4),SnClg.

Since the symmetry of the octahedron is preserved by the unit cell symmetry, all

octahedron modes are preserved. One of the F, modes of the NH 4+ becomes silent.

Three peaks could be observed below 400 cm~! and they can be associated to the
internal and lattice vibrations of the inorganic octahedra. In the region with higher wavenumbers,
the peaks localized at 1404 and 1600 cm™! are due to triply degenerated bending of the NH,4
(v;r and v2+ ) and the peak localized at 3156 cm™'can be associated with the stretching of the

N — H bonds (v;") (WAGNER; HORNIG, 1950).

Temperature dependent X-rays diffraction experiments were conducted between
90 and 300K. Between 90 and 150 K the measurements were made each 3 K, while for the
remaining of the range, the measurements were made each 10 K. From these experiments it was
possible to extract structural parameters of the (NH4),SnClg, such as the cell parameter a and
the unit cell volume, as well as inter atomic distances. It was also possible to conclude that the

spacial group does not change within this range of temperature, staying with the same Fm3m
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Figura 5 —Raman spectra at room temperature of (NH4),SnClg. The inset amplifies the region
between 1300 and 1700 cm~!.

group. The temperature dependency of the cell parameter is shown in figure 6.
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Figura 6 — Temperature dependence of the cubic cell parameter

The cell parameter shows a linear dependency on temperature. So, the experimental

data was fitted by using a linear expression of the form:

a(T) = (3—;) T +ag (2.1)
P

The coefficients obtained from the linear fit were da/dT = (5.4640.05) x 1074 /K
and ap = 9.903+0.001 .This experimental data was used to calculate the temperature dependence
of the unit cell volume, which is shown in figure 7:

The same linear fit was done with the data from the unit cell volume, in a similar

expression for its temperature dependence:

dv

V(T) = (d—T) T+Vp, (2.2)
P

and the values obtained were dV /dT = 0.159 £0.001 3/K and Vo = 971.94 0.2 3.
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Figura 7 — Temperature dependence of the unit cell volume

This data allows us to calculate important thermodynamic relations, such as the
coefficient of thermal expansion o, defined as the fractional increase in the volume per unit

increase in the temperature of the system maintained at constant pressure (CALLEN, 1998):

1 (Vv

AEn (2.3)
P

The temperature evolution of the thermal expansion coefficient is show in figure 8:
The thermal expansion coefficient shows a linear behavior through all the temperature range and

it decreases with the increasing of temperature.
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Figura 8 — Temperature dependence of the thermal expansion coefficient.

The Raman spectra was recorded at the temperature range between 10 and 300
K with an interval of 10 K between each measurement. All spectra were adjusted by using
Lorentzian functions to extract further information about the temperature dependence of the

positions and FWHMs of the peaks.

The spectra shows peaks in only three regions: 100 - 400 cm™!, where the the
inorganic motions are represented, 1300 - 1700 cm~!, which shows bending of the ammonium
ions and the region between 2800 and 3300 cm~ !, where the stretching of the ammonium ion is

located.

Our spectra show three modes which can be related to the internal and lattice vibrati-
ons of the SnClg octahedra: The non degenerate V(A;,) due to the Sn-Cl symmetric stretching,
the double degenerate V(E,) due to the Sn-Cl asymmetric stretching and the triply degenerate
0(F>,) due to asymmetric bending. The frequencies vary in the following order: 6(F2,) < V(E,)
< V(A1g) (BELESSIOTIS et al., 2021). For the inorganic perovskite Cs>SnClg the modes v(A1y),
V(E,) and 6(F>,) were observed at 307, 230 and 167 cm™! at room temperature, respectively. In
comparison, we observed modes with similar intensities at 319, 239 and 174 cm~! at the same

temperature.
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Figura 9 — Temperature dependence of the Raman spectrum between 80 e 700 cm™".

1

Figure 9 shows the temperature evolution of the three peaks related to the motions

of the [SnClg)~2 octahedra. All peaks tend to harden upon cooling. In order to obtain further

information about their temperature evolution, the spectra were deconvoluted into Lorentzian

distribution and information about the temperature evolution of parameters such as their position

and FWHM were extracted. The temperature evolution of the peaks are shown in figures 10,11

and 12.

The experimental Raman shifts and FWHMs were adjusted to the model described by

Balkanski et. al. (BALKANSKI e al., 1983) which takes into account anharmonic contributions

due to three and four phonon processes. The expressions for the Raman shift @ and FWHM I" are:

3

3

o(T) = ay+A |1+ 1+

e —1

3

ey —1

e (2.4)

3

I(T)=C|1+ +D

e —1 e —1

"oy

(2.5)
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Where x = hay/2kpT, y = hay/3kgT and A,B,C,D and ay are fitting constants.
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Figura 10 — Temperature dependence of the peak center and FWHM of the 0 (F>,) mode for the
(NH4)2SHC16.

The mode shown figure 10 can be related to the bending of the octaedra 0 (Fag).
While this mode depends very weakly on the temperature, its frequency shift could be adjusted
into the model within all the temperature range. The FWHM, however, was well adjusted in

temperatures above 150 K besides the high variance and it shows some deviation from the model

below 140K.
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Figura 11 — Temperature dependence of the peak center and FWHM of the v(E;) mode for the
(NH4)2SDC16.

The mode shown figure 11 can be related to the asymmetric stretching v(Eg) of the
octahedra. Due to its low intensity, the FWHM shows high variance and could not be adjusted
into equation 2.5. The shift, however, could be adjusted with equation 2.4, and the constants A
and B have low value, showing that the three and four phonon contributions are negligible to the

frequency shift.

The mode shown figure 12 can be related to the symmetric stretching V(A1) mode
of the octahedra. The shift mode follows the behavior in equation 2.4 up until 30 K, where it
shows a slight deviation. The FWHM follows the model closely above 150K, but shows a slight

deviation from the model between 130 and 40 K, and then a bigger deviation below 30 K.

The values obtained from the fit show that three and four phonon processes do not
have significant contribution to the frequency shifts for these modes which is reveled by the fact
that the position of the modes show some deviation from the anharmonic model described by
equations 2.4 and 2.5 at lower temperatures and the small value of the fit constants A, B, C and D.
The peak broadening show some deviation from the model at temperatures between 100 and 150

K for the 6(F>g) and V(Ay,), but has a good agreement with the experimental data otherwise.
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Figura 12 — Temperature dependence of the peak center and FWHM of the v(A,) mode for the

(NH4)QSDCI6.

The other spectral region is related to the ammonium modes. This region has two
modes at around 1400 cm™! where the modes are related to the bending motion and other two

modes at 3000 cm ™! related to the N-H stretching motions. The temperature evolution for these

modes are shown in figure 13:
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The symmetrical modes are stronger and have lower wavenumber compared to their
asymmetrical counterparts. In addition, the asymmetrical stretching mode disappear due to the
thermal noise at 120 K. Figures 14 and 15 show the temperature dependency of the FWHM for
the symmetrical bending and stretching modes. The broadening of the peaks can be associated
to two main mechanisms: (i) the anharmonicity of vibrations and (ii) orientational change in
molecules. This can be summarized in the following expression: (equation 2.6) (LIMA et al.,

2002; CARABATOS-NEDELEC; BECKER, 1997)

“E
I[(T) = A+ BT +Toexp (k—;) (2.6)
B

Where A, B and I'y and fitting constants and E, is the activation energy. In this

expression, the exponential term is related to reorientation of molecules and the linear term is

related to anharmonicity.

From a fitting procedure for the two bands we have that, for the bending mode, A
=0.96 £ 0.02cm !, ) =30 £ 1 cm™!, and B = 0.0063 + 0.0003 cm~! K~!, while for the

stretching mode, A is equal to 2.7 + 0.1 cm™!, Iy is equal to 20 4 1 cm™! and B is equal to
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0.009 £ 0.002 cm~! K~!. The small values of B clearly indicates that the two modes are weakly
anharmonic and that the orientational mechanism dominates the changes in the linewidth of
the bands with temperature variations. We also obtained 321 £ 11 K and 667 + 18 K for the

activation energies for the stretching and bending modes, respectively.

6r  R*=0.99944

FWHM (cm™)
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Figura 14 — Temperature evolution of FWHM of the mode related to the symmetric bending
motion.
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Figura 15 — Temperature evolution of FWHM of the mode related to the stretching motion.

The peak position exhibits two regimes: one in temperatures below 140 K and the
other in temperatures above 140 K. We can begin to understand the mode behavior by thinking
about the amplitude fluctuation of a one-dimensional simple harmonic oscillator as a function
of temperature. If the temperature T is much greater than the oscillator frequency €, the total
variance comes from purely classical fluctuations. However, for lower temperatures, there is

another contribution to the variance due to quantum fluctuations (CHANDRA et al., 2017).

In this case, the ammonium group has a rotational barrier where, at temperatures
higher than its rotational barrier it exhibits classical reorientational dynamics around its sym-
metry axis, while at lower temperatures, it acts as a hindered quantum rotor for which only the
roto-librational ground state is significantly populated. This pattern is observed in other groups

such as methyl (USEVICIUS etal.,2023).

The strong influence of reorientation in the dynamics of the ammonium ion revealed
by the fitting procedure of the FWHM of the peaks, in addition to the change in behavior of
both symmetrical bending and symmetrical stretching leads us to predict that the reorientational

regime changes from a classical one to a quantum one as the temperature decreases.
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Figura 16 — Temperature evolution of peak center of the mode related to the stretching motion.

In this way, for higher temperatures, the phonon frequency has the expected trend: a
line with positive coefficient. When the temperature is reduced, the sign of the lead coefficient of
the line changes and there is another contribution that comes from the quantum term. The reason

for the sign chance is not clear, since it has not been yet reported in other works.
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Figura 17 — Temperature evolution of peak center of the mode related to the stretching motion.

Furthermore, the bending mode also displays a linear shift at temperatures above
120 K, whereas at temperatures below 120 K, the peak center shows a parabolic behavior, and

again, the origin for this tendency is not clear yet.

2.3 Conclusions

In this chapter we synthesized the perovskite material (NH4),SnClg by using the
slow evaporation method. We also verified that this compound crystallizes in the cubic spacial
group Fm3m and it maintains the same spacial group at lower temperatures by using X-rays
diffraction combined with Raman spectroscopy. In order to take maximum advantage of the
Raman spectroscopy results we identified all Raman active modes present in this structure, and
combined with the temperature dependent Raman spectroscopy measurements, we were able
to have a understanding of the mechanisms that are responsible for the ion dynamics within
the structure. The vibrational spectra showed that the interaction between the organic and
inorganic parts that compose this structure and the anharmonic contributions are negligible,
while reorientation is the main mechanism responsible for the motion of the ammonium ion

within the [SnClg] 2 framework.
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3 NEAR INFRARED EMISSION AT LOW TEMPERATURES IN THE 0D METAL
ORGANO HALIDE [(CH3),NH,]4InCl,

3.1 Introduction

The most studied family of perovskite materials is the MAPbX3; (THATRIBUD:;
RASSAMESARD, 2022; BOKDAM et al., 2021; MOSCONI et al., 2016; LAAMARI et al.,
2019; DING et al., 2018) , that has been extensively investigated both theoretically and experi-
mentally. However, due to the toxicity, long degradation lifetime, stability in the ecosystem and
high solubility in water of lead is an obstacle to the large-scale utilization of such materials (SHI
et al.,2017; EPERON et al., 2015). Several research groups have been trying to find non-toxic
alternatives to substitute lead in perovskite materials and some of the more promising candidates
are based on Sn™?, Ge™, Cu™? and Bi™ metals(SHUYAN et al., 2018; PARK et al., 2015;
ELSEMAN et al., 2018; HAMDI et al., 2022; CORTECCHIA et al., 2016; LIU et al., 2022;
LI et al., 2020). Despite all these possible candidates, it is still necessary study alternatives to

substitute lead in the B-site of perovskite materials.

Another metal capable of occupy the B-site is the indium. However, due to the
small atomic radii of In™3 materials formed with it tend to cristallize in zero-dimensional (0D)
structures, which usually enhance the electron-phonon (EP) coupling and causes self-trapped
exciton (STE) emissions(ZHANG et al., 2021a). Various authors have reported the PL emission
in indium-based perovskite materials like all inorganic Cs3InBrg, Cs;InBrs-H,O (ZHANG et al.,
2021a; HUANG et al., 2021; ZHOU et al., 2019b) and hybrid materials like the ones synthesized
by Li D et al. (LI et al., 2022), which combines the yellow light emission from the [InClg] 3

octahedra and the blue emission from the luminescent organic cations to form a broad white PL.

STEs are a kind of exciton that widely exist in halide crystals, condensed rare gases
and organic molecular crystals. In these materials the EP interactions are strong enough for
excited electrons and holes to cause elastic distortions in the lattice surrounding them (LI et al.,
2019). In alkali halides, photogenerated holes are self-trapped by two adjacent halogen ions
approaching one another. This molecular ion eventually emits intrinsic luminescence when it
further captures an electron. In the process of STE, the exciton will lose some energy, called the

self-trapping energy Ey. At the same time, the energy of the ground state will rise because of
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lattice deformation, and this contribution is called deformation energy, E;. Consequently, the

emission energy can be described by Ep, = E; — E;, - Ey - Ey.

In this work we synthesized and studied the vibrational properties at low temperatu-
res of the hybrid perovskite [(CH3),NH;]4InCl; (DMA4InCl;). This structure has already been
reported by Knop(KNOP ez al., 1987), however, its optical properties have not been studied yet.
We have been able to find a red-light emission at temperatures lower than 110 K, and by studying
its temperature dependence, the PL emission could be related to the presence of STE emission.
Further characterization has been made with Raman spectroscopy, which does not suggest any

structural change in the 10-300 K temperature range.

3.2 Results and discussion

[(CH3),NH;]4InCl; ((DMA)4InCl7) crystalizes at room temperature in an orthorhom-
bic system with P2;2,2 space group. (DMA)4InCl; possesses a 0-D structure with isolated
[InClg] 3 octahedra surrounded by DMA™ and CI~ ions. This structure can be seen as the
combination of two layers parallel to the crystallographic axes c. The first one is at z = 0 and
is formed by DMA™ cations and Cl anions attached by a hydrogen bond. The second layer is

located at z = 1/2 and is formed by a [InClg] 3 octahedra and two DMA™ cations.

Figura 18 — Unit cell of the (DMA)4InCl; compound seen through the crystallographic axis.
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The distances between the indium atom at the center and the chlorine atoms to the
corners of the octahedra vary slightly between 2.507 and 2.531 and the CI — In — Cl angles
vary between 87.19° and 94.73°, forming a slightly distorted octahedron. The deformation
from the Oy symmetry involves changes in In - Cl bond lengths (d), and Cl - In - CI angles (0),
with changes in the the edges length and Oy, volume (V) compared to the ideal structure. The
quantitative parameters for evaluation are the octahedral elongation (A,¢;) and octahedral angle

variance (62.,) (THOMAS, 1989; ROBINSON et al., 1971):

oct

1S /4

Aot = 6; (d—o) (3.1)
1 L2

Goer = 77 2 (6:—90)* 3.2)

where d; are the In - Cl bond lengths, d is the center-to-vertex distance of a regular
polyhedron of the same volume and 6; are the CI - In - Cl angles. Geometrical distortions of
perovskite lattices are closely related to its defectivity and charge relaxation dynamics (CORTEC-
CHIA et al., 2017). The distortion factors increase on cooling. A, goes from 1.0005 at room
temperature to 1.0006 at 150 K, while 62, goes from 3.2805 to 4.3114. Both A,; and 62, values
are superior to the ones obtained for other 0D perovskites with photoemission properties such
as [(C¢H|1NH3)4BiBrg|Br-CH3CN, (SUN et al., 2021) MA4InBr; and MA4Ing 975Sbg g25B1r7
(YUAN et al., 2022).

The Raman spectra was recorded within the 80-3600 cm™! range with ten accumula-
tions of fifteen seconds each. Temperature-dependent Raman spectra measurements were carried

out from 10 K to 300 K with 10 K intervals between each measurement.

According to group theory, the irreducible representations of (DMA)4InCl; with
space group P22,2 at the I"-point are 77A + 76B; + 78B, + 78B3 and the acoustic modes have
irreducible representations B; + B, + B3 (KROUMOVA et al., 2003). All 77A, 76B, 78B, and
78B3 modes are Raman active, while only the 76B, 78B, and 78B3 modes are infrared active.

Only 33 and 61 modes of total 309 modes can be identified in the room temperature and in the
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10 K experiments, respectively.

A free DMA™ cation has symmetry C,, and its 27 vibrational modes can be divided
into three groups: 9 modes related to the motion of the amine group, 3 modes related to CNC
vibrations and 15 related to the methyl groups. The frequency of the modes of a free DMA™
cation were calculated by using DFT calculations (MACZKA et al., 2014; SAMET et al., 2010).
The skeletal bending, symmetrical stretching and asymmetrical stretching modes are calculated
to be at 420, 916 and 1060 cm~! respectively. The temperature evolution of the espectra is
shown in figures 19, 20 and 21. The N-H and C-H stretching appear in the region between 2700
and 3300 cm™!. The mode that should couple to the hydrogen bonding is the rocking of the NH,

group and it is expected to appear at 820 cm~!.
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Figura 19 —Raman spectra of the (DMA)4InCl; compund between 100 and 900 cm™ L,
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At temperatures below 110 K this compound exhibits a luminescence spectrum with

one peak. Figure 22 shows the temperature evolution of the spectrum.
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Figura 22 — Temperature dependence of the PL spectra of the (DMA)4InCl;.

The peak shows a blueshift with the increase in temperature, while its intensity
decreases, and the peak becomes broader. The spectra were then adjusted in order to quantify
these tendencies. Using these adjustments, it was possible to calculate parameters such as the
exciton biding energy. The Arrhenius equation relates the binding energy with the integrated

intensity of the peak (BIMBERG et al., 1971):

Ip
I(T) = _
1 +exp (—kB—”T>

(3.3)

where [ is the intensity at OK, E}, is the exciton biding energy and kp is the Boltz-
mann constant. The fit is shown in figure 23. The energy biding energy value calculated
was 6.3 £ 0.7 meV. This value is close to the thermal dissociation energy at 70 K ( 6 meV),
which explains the reason why the emission only appears at lower temperatures. This value of
exciton biding is lower compared to other zero-dimensional indium based halide perovskites
that also exhibits PL, such as[H,PhPz],InCl7-(H,O), (PhPz = 1-phenylpiperazine)(39 meV),
[H2EP]»InClg-Cl-H,0-C3HgO (88.89 meV) , [H3AEP]InClg-H,O (63.3 meV) (EP = 1- ethylpi-
perazine, AEP = N-aminoethyl piperazine) (LI et al., 2022; MA et al., 2022).
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Figura 23 — Temperature dependence of the intensity of PL spectra of the (DMA)4InCl; com-
pound.

The temperature dependent emission broadening within semiconductors has a well
understood model and the analysis of this model can be used to assess the mechanisms of
electron-phonon coupling in a wide range of inorganic semiconductors. For most inorganic
semiconductors, different mechanisms of scattering between charge carriers and phonons or
impurities are associated with different functional dependencies of the PL linewidth. The
broadening of the PL peak can be expressed as the sum over different contributions (STEELE et

al., 2019; ZHUANG et al., 2017; WRIGHT et al., 2016):

F(T) = Fo + T+ FLO + Fimp (34)

I(T) =To+ YaeT + Y10

hopo

exp (— Tt

where I’ is the intrinsic FWHM broadening, I';. and I' are due to interaction with

kgT

) + yimp eXp <_£) (35)
—1

acoustic and longitudinal optical (LO) phonons (Frohlich), with coupling strengths ¥, and Y10,
respectively and I';;,, accounts for the scattering of ionized impurities. Our experimental data
was best adjusted when ignoring the LO phonon interaction term, meaning that this interaction

between LO phonons and the charge carriers is negligible to the PL emission in this compound.
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The term with the bigger contribution was the impurity term, which can be associated with
the presence of trapped states within the band gap (AKKERMAN et al., 2018). By using this
equation to fit our data, it is possible to calculate the biding energy of the trapped state. The
experimental data was adjusted to the equation ignoring three experimental points. These points
were ignored because the intensity of the peak was low, which hindered the quality of the fit.
Depite this, we were able to adjust the experimental data to equation 3.5. The value found the

energy biding energy was 3.3 & 0.6 meV.
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Figura 24 — Temperature dependence of the FWHM of PL spectra of the (DMA )4InCl; compound.
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The existence of defects can cause the emergency of additional electronic local
levels(AKKERMAN et al., 2018) . It was shown that large interstitial space between octahedra
in the structure can reduce the coupling between the [InClg] ™3 octahedra, which immobilizes the
excitons (HAN et al., 2018). This can cause a largely localized change in the local bonding and
a shorter-range lattice distortion, resulting in a small polaron (SMITH; KARUNADASA, 2018).
The polarons bind the carriers to the lattice site, known as self-trapping (MCCALL et al., 2017).

These trapped states can then recombine and cause the PL emission.

The peak position also changes with the temperature. The temperature affects the
band gap via thermal expansion and electron-phonon coupling. The thermal expansion changes
the lattice constant while the electron-phonon coupling changes the electronic band structure via
lattice vibration due to the temperature (YU et al., 2011; BHOSALE et al., 2012; WANG et al.,

2019). Under constant pressure, the temperature dependency of the band gap can be described

as:
JE, OE, 9V IE, \ 1,
ar ~avar 'k (an,._,q> 2l (30

Where n; ¢ is the number of phonons in the j branch with wavevector q, calculated

by using the Bose-Einstein distribution:

1
njq= 3.7)

exp <hk(;ij"‘ ) —1

Where 0, q is the angular frequency of the phonon, 7 is the reduced Plank constant

and kp is the Boltzmann constant. By assuming a linear relationship between the lattice constant
and temperature together with the one-oscillator model, equation 3.7 can be simplified as (WANG

etal., 2019; BHOSALE et al., 2012):

Eg(T> =FEg+AreT +Agp

ho

2
1+—exp OF 1] (3.8)

Where Arg and Agp are constants related to thermal expansion and the electron-

phonon coupling, respectively, Ey is the unrenormalized band gap such that E,(T = 0) =
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Eo+ Agp after taking into account the quantum factor in the Bose-Einstein distribution. Equation
3.8 was then applied to fit the temperature dependency of the center of emission, while ignoring
the thermal expansion term due to its insignificance and produced a good agreement with our
experimental data. The thermal expansion term was ignored during the fitting of experimental

data.
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Figura 25 — Temperature dependence of the center of PL spectra of the (DMA)4InCl; compound.

The unrenormalized band gap calculated was 1.801 £ 0.001 eV and the energy of
the phonon interacting with the lattice was 21 4+ 2 meV. In this way, the phonon interaction raises
the bandgap and as a consequence the peak emission shifts towards lower wavelenghts. This
value is comparatively smaller than the value encounterd in other photo emissive OD halides

such as Cs4PbBrg (CHEN et al., 2021) and [H3 AEP]InClg-H,O (MA et al., 2022).

3.3 Conclusions

In summary, we have synthesized the organic inorganic lead-free OD halide (DMA )4InCl;
and have demonstrated its near-infrared emission at low temperatures. The X-rays diffraction

measurements showed that the structure belongs to the same special group P2{2;2 at both
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room temperature and 150K. By analyzing the temperature dependence of the emission peak
in combination with the temperature dependent Raman spectra, we assigned STEs as the main
mechanism responsible for the emission, as they can be assigned to the anharmonicity caused by
the interaction of the DMA™ cation with the [InClg] > cluster and the lattice. It can be anticipa-
ted that our work represents an advance in the field of environmentally friendly optoelectronic

materials, highlighting its potential future application in the future.
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4 GENERAL CONCLUSIONS

The relation between structure and physical properties is one of main goals when
studying materials for real world applications. One way to elucidate this relation is changing
the temperature of these materials. Temperature dependent Raman spectroscopy and x-rays
diffraction emerge as great techniques capable of investigate the vibrational and structural pro-
perties, respectively. In this thesis, this relation was studied in the materials DMA4InCl; and
(NH4)2SnClg by using standard techniques such as X-rays diffraction and Raman spectroscopy

in extreme condition of temperature.

The (NH4)2SnClg compound showed the absence of anharmonic contributions to
its vibrational properties, which can be related to its structure, by means of the analysis of the
temperature dependence of its cell parameter and vibrational modes related to the inorganic
octahedra. We then used this material to study the reorientatinal dynamics of the ammonium ion
within a inorganic framework by means of Raman spectroscopy where we were able to identify
the transition from a classical regimem to a quantum rotor. We can expect to use this study as a
model to study more complex organic cations in the same regimen and further develop similar

materials with optoelectronic properties.

The 0D pervskite DMA4InCl; exhibits PL emission at low temperatures, a detai-
led analysis of the temperature dependence of its properties revealed the role of STEs as the
mechanism responsible for the emission. As we combine the photoemission and the structural
analysis at two temperatures (300 and 150 K) we could connect the formation of STEs with distor-

tions in the octahedra framework, caused by the presence of DMA cation within the crystal lattice.
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