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CHAPTER I

INTRODUCTION

1.1 Background

The silicon-based solar cells have been dominating the photovoltaic market.

To achieve good light absorption, relatively thick layers of silicon need to be used.

This limits the range of applications where silicon solar cells can be used and

hinder the further reduction of their price. In recent years, new materials have

been investigated in search of materials that could replace silicon. New solar cell

materials have to fulfill a number of demands, including high power conversion

efficiencies and low production costs. Moreover, the materials need to be non-toxic,

stable over long periods of time and light weight. Especially thin film materials

such as CdTe, amorphous silicon and organic molecules are being investigated as

promising candidates for a next generation of solar cells.

A new group of materials has emerged as a potential candidate for solar

cells production, which is organometal halide perovskite produced in 2009 (Kojima

et al., 2009). After that, a rapid increase of the powder conversion efficiencies and

the unusual properties of these perovskite materials, have attracted a lot attention

and motivated many researchers to focus on this materials group.

In general, perovskites have the structural analogues of the natural crystal

of calcium titanium oxide, covering a broad range of versatile materials with ap-

plications in many fields such as sensors (Fatih et al., 2015) super conductors (BA,

2003), fuel cell (Vassiliy and Peter, 2003), ferroelectric and thermoelectric (Fatih

et al., 2015). The new group of rediscovered members of this family, organo-
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lead halide perovskites turned out to be trending component of solar cell (Ko-

jima et al., 2009). Incorporated as a light harvester in solar cell, a remarkable

power conversion efficiency of 21.2% was demonstrated in lab-scale device. It

can show that apart from the role of the light absorber, the organo-lead halide

perovskites can be found both as electron and hole transporting media due to con-

versions have been reached with three main compounds (CH3NH3PbI3:MAPbI3,

CH3NH3PbI3−xClx:MAPbI3−xClx and CH3NH3PbI3−xBrx:MAPbI3−xBrx) showing

little modifications in halide content (Nguyen et al., 2016). The direct band gap

of semiconductors with a high absorption coefficient, a favorable band gap of 1.48-

2.23 eV (Eperon et al., 2014; Noh et al., 2013). However, structural and electronic

differences between the three materials, such as the exact role of I, Cl and Br anions

have yet to be undoubtedly determined by the community. The scientist observed

that incorporation of I or Cl as an dopant can improve the change transport within

the perovskites layer and increase the performance of the photovoltaic and opti-

cal properties. The Cl inclusion enhances the granular morphology resulting by

electron beam induced current method (EBIC). These findings validate the band

gap engineering strategies; the band gap of material might be efficiently adjusted

by choosing the halide anion and the organic amide constituent. The key aspects

towards a low-coat technology capable of competing with the established silicon

technology lies in the material low temperature solution process ability. The cur-

rent method bare based on both one-step and two-step deposition of a mixture of

PbX2 and CH3NH3I (X is halide anion) in a common solvent or sequential depo-

sition of the constituents from a solution onto a mesoscopic scaffold and two-step

coating methods. The coverage, pore-filling, and morphology of the deposited

perovskite are found to be observed during coating. Both one-step and two step

coating methods resulted in reproducible photovoltaic performance, but signifi-
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cant difference in especially photovoltage and fill factor. The electron life time

was dependent on coating procedure (Jeong-Hyeok et al., 2014). Recent results

demonstrated an efficiency of 21.1% on maxing perovskite materials with inorganic

cesium. This indicates that it is critical to have fine control over the nucleation and

crystal growth of the CH3NH3PbI3. The effort to control the morphology of the

organometal triholide perovskite based solar cell by varying processing conditions

and the highest photocurrent are attainable only with the highest perovskite sur-

face coverage (Saliba et al., 2016). As well known, despite the success in obtaining

excellent photovoltaic performance, the instability of CH3NH3PbX3 to water and

ambient moisture is still an open problem. Even though perovskite films have to

be processed in inert atmosphere and devices cannot survive long in air, which hin-

der the production and applications of perovskite solar cells (Qidong et al., 2016).

In addition, the CH3NH3PbX3 perovskite semiconductor has attracted attention

because of case of solution processing and excellent absorption properties. It was

often formed from the solution, containing equimolar mixture of MAI (CH3NH3I

and PbX2 by co-precipitation method using spin coating technique. Moreover,

it have been reported a one-pot solvothermal approach to synthesis the cuboid

shaped CH3NH3PbI3 single crystal (Yongping et al., 2015).

Today, research in this emerging field is largely driven by the intriguing

properties of the hybrid perovskite CH3NH3PbI3 in thin film solar cell devices.

However, other hybrid perovskites, for example the family of perovskite like metal

formats AB(HCOO)3 (A= protonated amine, B = divalent metal), also show inter-

esting properties such as multiferroic behavior and tunable mechanical properties.

Even then, there are some caveats associated with the various components

of the CH3NH3PbX3-based: the stability of the absorber material in ambient con-

ditions and the presence of Pb-toxic to name a couple. Now research addressing
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these problems is being conducted worldwide through suitable replacements to

both the CH3NH3 and Pb cations (Jeong-Hyeok et al., 2014; D B et al., 1995).

The properties by changing the constituent elements give this class of material

more scope of research and applicability. Such as the bandgap have been ob-

served in the oxide perovskite in only a small variation in bandgap is in ATiO3

compounds, with A being Sr (3.57 eV), Ba (3.42 eV) and Pb (2.87 eV) (Piskunov

et al., 2004). However, there is a large change in bandgap on changing the B

cation, e.g. BaTiO3 (3.72 eV) and BaZrO3 (5.04 eV) (Wang et al., 2014). The

optimization of the absorber material in the case of the lead halide perovskites is

also done in a similar manner, albeit via replacement of the halide i.e. I with Br

and Cl and the associated changes in the band gap and structure was the subject

of many studies (Qingbiao et al., 2004; Wang et al., 2004; Yongping et al., 2015;

Nguyen et al., 2016). Similarly, reports on replacing or mixing organic A cation

such as CH3NH3 with formamidinium have shown that their stability in ambient

conditions is increased, albeit its impaction properties of band gap (Noh et al.,

2013; Yongping et al., 2015; Nguyen et al., 2016).

Thus, in this work we focus on the synthesis of this particularly

promising class of crystalline organic-inorganic lead-free perovskite in form of

CH3NH3Pb1−xMxI3 (When M = Pb, Sn and Ba) materials powders. The crys-

talline materials have the advance that they can be structurally characterized

using techniques such as X-ray diffraction; make it possible to correlate structural

features with specific materials properties. The crystalline nature and the rigid

extended inorganic framework provide opportunities for higher electrical mobil-

ity, better thermal stability and template of organic component of the structure.

X-ray absorption spectroscopy and X-ray photoelectron spectroscopy; to confirm

the presence of some compounds such as metal oxide, and other characterization
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techniques to confirm characteristics and properties of materials such as Fourier

transform infrared spectroscopy, UV-Vis spectrometer, Raman spectroscopy, and

low-temperature permittivity dielectric were also be employed to study the pre-

pared products.

1.2 Perovskite

The name of “Perovskite” has first name of mineral composed of calcium

titanate with the formula of CaTiO3. The calcium titanium oxide was discovered

in 1839 by Gustav Rose and then, the mineralogist use perovskite to describe the

crystal with the same as formula ABX3. In this structure A and B are cations

and X is anion and have valence value ration as 1:2:1 and is derived from the

ABX3 crystal structure of the absorber materials, which is referred to as perovskite

structure.

Recently, the most commonly studied perovskite is methylammonium lead

trihalide (CH3NH3PbX3, where X is a halogen atom such as iodine, bromine or

chlorine), with have bandgab between 1.5 and 2.3 eV depending on halide content.

The perovskite structure, illustrated in Figure 2.1, is comprised of an extended

framework of corner-sharing PbI6 octahedral with the methylammonium cation

(CH3NH3I) occupying the central A site and surrounded by 12 nearest-neighbor

iodide ions.

The methylammonium lead halide perovskites was first used by D. Weber

in 1978 (Weber, 1978). His definition referred to methylammonium lead halide

perovskites (CH3NH3PbX3: X = Cl, Br, I) as cubic perovskite structure and pro-

vide structural transition upon heating. The systems and transition temperatures

are summarized in Table 1.1, as reported in the previous works (Jung and Park,

2014; Knop et al., 1990).



6

Figure 1.1 crystal structure of CH3NH3PbX3 perovskites (X= Cl, Br and I)

(Eamesl et al., 2015).

Table 1.1 Crystal systems and transition temperatures of CH3NH3PbX3.

Material CH3NH3PbCl3 CH3NH3PbBr3 CH3NH3PbI3

Crystal system Cubic Cubic Cubic

Transition Temperature (K) 177 236 330

Crystal system Tetragonal Tetragonal Tetragonal

Transition Temperature (K) 172 149-154 161

For CH3NH3PbX3 (X = Cl, Br, I) has the cubic perovskite structure with

the unit cell parameters a = 5.68 Å (X = Cl), a = 5.92 Å (X = Br) and a = 6.27

Å (X= I). With exception of CH3NH3PbCl3 the compounds show intense color,

but there is no significant conductivity under normal conditions (Weber, 1978).

In addition, his synthesis CH3NH3SnBrxI3−x (x = 0-3) and mixed Sn(II)/Pb(II)

compounds of the type CH3NH3[PbnSn1−nX3] (X = Cl, Br, I) have the cubic per-

ovskite structure which is established by X-ray powder data. With exception of

the chloro system the colored compounds show the increasing of electrical conduc-

tivity with increased Sn(II) content. Their physical properties can be interpreted
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by means of a “p-resonance bonding”. Replacement of Sn(II) by Pb(II) and I by Br

and Cl decreases this bonding effect, which is produced by the interaction of filled

X p-orbital with empty p-orbital of Sn(II) or Pb(II) (Weber, 1978, 1979). Knop et

al reported that the preparation single-crystal of CH3NH3PbX3 and characterized

them by single-crystal X-ray diffraction, NMR, adiabatic calorimetry and other

methods. To phase of Pm3m symmetry which exists above the upper transition

temperature (Ttr,u), each of three halides has low-temperature phases. The tran-

sition temperatures were determined by heat capacity measurements in the 30 to

350 K range. The cation is inside a cuboctahedral (Oh) cage formed by twelve X

atoms undergoing strongly anisotropic thermal motions. XRD has revealed that

the cation is positional highly disordered, and evidence from 2H and 14N nmr

spectra show that it reorientates in an isotropic potential at a rate which at 373

K approaches that expected for inertial rotation. In the chloride, the tumbling of

the C-N axis ceases on cooling through Ttr,u, whereas in the bromide and iodide

it continues at a decreasing rate and in an increasingly anisotropic potential. The

electrical conductivity of CH3NH3PbI3 increases with the increasing of between

temperature 0 and 95◦C and exhibits no discontinuity at Ttr = 326.6 K; the ac-

tivation energy for the conduction process is estimated at ∼ 0.4 eV (Knop et al.,

1990; D B et al., 1995).

Since 1996, the heat capacities of CH3NH3BF4 and CD3ND3BF4 were

measured in the temperature ranges 5-300 and 13-300 K, respectively. A large

heat capacity peak due to a first-order transition appeared at 251.3 ± 0.1 K for

CH3NH3BF4 and 251.6 ± 0.1 K for CD3ND3BF4. The transition entropies of

CH3NH3BF4 and CD3ND3BF4 were 20.47 ± 0.02 JK−1mol−1 and were 20.47 ±

0.02 JK−1mol−1, respectively. These data indicate that the effects of deuterium

substitution on both anomalies are minor in this compound (Onoda-Yamamuro
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et al., 1996). In the same year, Mitzi et al (D B et al., 1995). studies crystal

structure, optical and thermal properties of (C4H9NH3)2MI4 (M = Ge, Sn, Pb)

single crystals which have been grown from aqueous hydroiodic acid solutions.

For the (C4H9NH3)2GeI4 melts at 222(2)◦C, significantly below its bulk decompo-

sition temperature, (C4H9NH3)2SnI4 (Tm = 256(2)◦C) and (C4H9NH3)2PbI4 (Tm

= 285(4)◦C) melt/decompose at progressively higher temperature and are less sta-

ble as a melt. At room temperature, photoluminescence of a few (C4H9NH3)2MI4

exhibits a pronounced spectral peak in the visible range, with the peak wavelength

varying between 690(5), 625(1) and 525(1) nm for the M = Ge, Sn and Pb com-

pounds, respectively. This materials can be prepared by spin-coated thin film

of semiconducting perovskite (C4H9NH3)2SnI4 from the conducting channel, with

field-effect motilities of 0.6 square centimeters per volt-second and current modu-

lation greater than 104. The organic and inorganic components of the hybrids are

expected to further improve device performance for low-cost thin-film transistors

(D B et al., 1995; Kagan et al., 1999). Other than optical properties of microcrys-

talline CH3NH3PbX3 (X=halogen) are their mixed-halide crystals were fabricated

by the spin coating technique and their optical properties were investigated. The

CH3NH3PbBr3−xClx (x = 0-3) were successfully formed on glass substrate self-

assembly and oriented with the a-axis. These materials showed clear excitation

absorption and free-excitation emission in the visible region at room temperature.

Replacing Br and Cl made it possible to control the band structure of materials.

The peak position of the excitation band shifted continuously towards blue region

with increasing the Cl content in the films (Kitazawa et al., 2002).

Moreover, the human society is depleting fossil energy and increasing energy

demands. In order to solve these issues, the construction of efficient and clean

energy conversion and storage devices, such as wind turbines, photovoltaic cells,



9

and lithium-ion (secondary) battery, is essential.

Figure 1.2 NREL efficiency chart (NREL, 2018).

Apart from the above mentioned studies, methylammonium lead halide

perovskites materials have been well known for many years, but the first incorpo-

ration into a solar cell was reported by Kojima et al. in 2009 (Kojima et al., 2009).

This was based on dye-sensitized solar cell architecture and generated only 3.8%

power conversion efficiency (PCE) with a thin layer of perovskite on mesoporous

TiO2 as electron-collector. Because a liquid corrosive electrolyte was used, the cell

was only stable for a matter of minutes. This was improved upon in 2011, using

the same dye-sensitized concept, achieving 6.5% PCE (Jeong-Hyeok et al., 2014).

In 2012 success, when Snaith et al. from the University of Oxford realized that

the perovskite materials was stable if contacted with a solid-state hole transporter

such as spiro-OMeTAD and did not require the mesoporous TiO2 layer in order

to transport electrons (Liu et al., 2013). They showed that efficiencies of almost

9% were achievable using TiO2 architecture with the solid-state holes transporter,

but higher efficiencies, above 10%, were attained by replacing it with TiO2 scaffold
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(Kim et al., 2012). The experiments in replacing the mesoporous TiO2 with Al2O3

resulted in increased open-circuit voltage and a relative improvement in efficiency

more than those with TiO2 (Liu et al., 2013). Which leads to that a scaffold is

not needed for electron extraction (Ball et al., 2013). This realization was then

closely followed by a demonstration that the perovskite itself could also transport

holes, as well as electron. In 2013-2014 both the planar and sensitized by two

step solution processing (Burschka et al., 2013) and fabricate planar solar cells by

thermal evaporation, which achieving more than 15% efficiency (Liu et al., 2013).

In addition, a new deposition technique, nanowire by mean of small quantity of

a protic solvent in two-step spin-coating process and synthesis of nanostructure

from a novel single-source precursor were reported in 2015 (Jeong-Hyeok et al.,

2014; Jin Hyuck et al., 2014; Kollek et al., 2014; Jung and Park, 2014). It was

shown that the use of a suitable capping agent enables the control of the shape

and the aspect ratio of the perovskite nanocrystals. The same year in December, a

research team headed by Prof. M. Gratel at the Ecole Poly technique Fédérale de

Lausanne (EPFL) has established a new world record efficiency for its Perovskite

Solar Cells (PSC), with a certified conversion efficiency of 21.7%.

In April 2016, the efficient and stable perovskite solar cells prepared in

ambient air irrespective of the humidity was achieved by researchers at The Hong

Kong Polytechnic University (Qidong et al., 2016). They reported the use of

Pb(SCN)2 as a precursor for preparing perovskite solar cells in ambient air. It

demonstrated by the PCEs up to 15% obtained without humidity control and

highlighted by the little efficiency loss (< 15%) upon long- term(> 500 hrs) ageing

in humid air without encapsulation.

In addition, during recent years a structurally hybrid perovskite architec-

ture is essentially maintained. Today, this emerging field is largely driven by the
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Figure 1.3 Overview of the application procedure and the ions calculated (562

organic anion based, 180 halide based) (Kieslich et al., 2015).

intriguing properties of the hybrid perovskite CH3NH3PbI3 in thin film. However,

other hybrid perovskite for example the family of perovskite like metal formats

AB(HCOO)3 (A = protonated amine, B = divalent metal), also show interesting

properties such as multiferroic behavior and tunable mechanical properties. From

Goldschmidt’s initial approach, (effective) ionic radii are used for calculating fac-

tors of hybrid perovskite (Kieslich et al., 2015). Goldschmidt’s equation, factors

are the effective ionic radius of the protonated amine A, the ionic radius of the

anion X and the ionic radius of the divalent metal ion B in a perovskite with

general formula ABX3. The effective radii and heights of molecular anions were

calculated according to previous publication (Kieslich et al., 2015). Following the

recent publication, the applied procedure and the ions used is given in Figure 1.3.

From Figure 1.3, we will consider the effect of a complete replacement of

Pb by Ba in CH3NH3PbI3. When ionic radius of cation A (CH3NH3) and anion

X (I) are taken as 1.8 and 2.06 (Filip et al., 2014). For charge neutrality and



12

coordination number of 6 in the BX6 octahedral further reduces the number of

possible replacements at B site. Considering the size to be comparable to Pb, Ba

and Sr are obvious choices for the Pb replacement at the B site. Sr as a replacement

for Pb has already been reported (Jacobsson et al., 2015). And then ionic radii

of MA cation (A), Ba and I as 1.8, 1.49 and 2.06, respectively, the Goldschmidt

tolerance factor is calculated to be 0.797 for the CH3NH3BaI3 crystallizing in

the perovskite structure (Jacobsson et al., 2015). Therefore, one can expect the

crystal structure and the atom positions of CH3NH3BaI3 to be similar to that of

the tetragonal distorted perovskite CH3NH3PbI3; Goldschmidt tolerance factor =

0.83 (Brivio et al., 2015).

1.3 Motivation

There is a strong need to understand physical, optical, and structural prop-

erties of lead-free perovskite material in order to fabricate stable and high perfor-

mance lead free perovskite solar cells.

1.4 Scope and limitations of the study

This thesis, we shall on basic property with CH3NH3PbI3,

CH3NH3Pb1−xSnxI3 and CH3NH3Pb1−xBaxI3 perovskite materials to under-

stand the dynamics for good performance, including the physical properties on

this materials. The standard STA and PXRD will be used to determine the

temperature for reaction and confirm global structure of the prepared materials.

The chemical state or electronic state of the synthesized will be studied by using

FT-IR, UV-Vis, Raman, XPS and XAS technique. In addition, the important

properties, such as electrical, solar-cell, and optical properties will also be
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investigated.



CHAPTER II

THEORY

2.1 Lead-free metal based halide perovskite

Lead-free (Pb-free) metal perovskite have revolutionized the field of

solution-process able photovoltaic. Within a few years, the powder conversion

efficiencies of perovskites based solar cells have been improved significantly. The

breakthrough in solution based PV, however, has the drawback that these high

efficiencies can only be obtained.

The limitations impeding the commercialization of Pb based halide per-

ovskite solar cell are i) the toxicity, lead halides ii) the water solubility of lead

that might contaminate water supplies and iii) the chemical instability under am-

bient conditions, especially in the presence of air, humidity and light. The toxicity

issue of lead halide perovskite is still an unsolved drawback. Even though only

low amounts are implemented I solar cell, there is a potential risk of harms on

humans and environment (Alberto et al., 2015).

Many research groups took up the challenge to substitute lead with other

element to find new non-toxic and environmentally benign perovskite materials

suitable as efficient solar cell absorbers. Because of the fact that the perovskite

crystal structure can be found in many compounds, many different material combi-

nations are possible. However, due to these manifold possibilities, a huge number

of materials need to be screened.
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2.2 Formability and structural of perovskite

Perovskite are crystalline materials with an ABX3 structure similar to

CaTiO3. In metal halide perovskite, the A-site beging larger than B (see Fig-

ure 1.3). The B-site are usually divalent metal ions shown in Figure 1.3 and the

X-site by a halide counterion (I−, Br−, Cl−). The natures of the ions within the

perovskite structure, hybrid organic-inorganic or purely inorganic metal halide

perovskite are distinguished. A range of different divalent metal cations such as

21 divalent metal cations (please see Figure 1.3) have already been investigrated

as B-site cation.

The formability of metal halide perovskite depend on various requirements:

a) charge neutrality between cations and anions, N(A) + N(B)= 3N(X), when N

represents the valence of A, B and X ions; b) the stability of the BX6 octahedral,

it can be predicted by the octahedral factor µ ; and c) Goldschimidt tolerance

factor (t) is an indicator of how much the ions in perovskite could be displaced

from the ideal structure (Jingyu et al., 2016; Goldschmidt, 1926).

The µ factor is the ratio of the radii of B site cation (rB) and X site halide

counterion (rX). It can be used to estimate the stability of BX6 octahedral by

equation 2.1. For µ factor values between 0.442-0.895, it means metal halide

perovskites have been found to be stable in perovskite structure (Li et al., 2008).

The t factor calculated as equation 2.1 using ionic radii of A, B and X ions.

It can be used to evaluate which mismatches in size of the A, B and X ions are

tolerated to form perovskite structure.

µ = rB

rX

, t = RA + RX√
2(rB + rX)

(2.1)

The stability and formability range for ABX3 structure can be derived for

which the tolerance factor was empirically found to be 0.8 ≤ t ≤ 1.0 is desired (Li
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Table 2.1 The Goldschmidt tolerance factor (t) values to formed perovskites

structure.

t structure

1 - 0.9 cubic

0.89 - 0.8 orthorhombic, tetragonal or rhombohedral

< 0.8 A cation is too small for formation

> 1 A cation is too large for formation

et al., 2008). In the cubic phase, the perovskite forms when t in the range 1.0-0.9.

If the t is lower 0.8-0.89, the distorted perovskite with orthorhombic, tetragonal or

rhombohedral structure are likely to be formed. If t < 0.8, the distorted perovsite

structure will not be stable because A-site is too small for formation of perovskite

structure. In the case of t > 1,the A-site is too large for formation of perovskite

structure, which can be summary in the Table 2.1 (Kieslich et al., 2015).

The t factor concept was recently adapted for the family of hybrid organics-

inorganic metal halide perovskite materials taking organic molecular cations such

as CH3NH3I into consideration. However, these replacement rules have attracted

considerable attention to predict novel lead-free perovskite materials for photo-

voltaic based on ionic radii of the involved ions (see Figure 2.1). The influence

of the size and anisotropy of the linking anion on the t is highlighted for dif-

ferent cations (B) in CH3NH3BI3. Anyway, the stability range of the t can be

considerable as Figure 2.1.

The class of perovskite that thesis is concerned with the organic-inorganic

lead-free perovskite CH3NH3PbI3 , CH3NH3Pb1−xSnxI3 and CH3NH3Pb1−xBaxI3

(methylammonium lead free). The CH3NH3 cation (rA = 217 pm), Pb (rB =

119 pm), Sn (rB = 110 pm), Ba (rB = 135 pm) and I (rX = 220 pm) giving
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Figure 2.1 Calculated t and µ map for different cations (B) in CH3NH3BI3 per-

ovskite system for 34 metals to predict novel lead-free perovskite.

stable perovskite structures t factor of 0.91, 0.93 and 0.87 for tP b, tSn and tBa,

respectively. This is one reason to choose the arrangements to reduce Pb replaced

by Ba and Sn. The hope that when the transitions from Pb are Ba/Sn, perovskite

materials can be stabilized, including well light absorbance. In addition, this

approach will also help addressing the toxicity issue of Pb in the compound.

2.3 Homovalent substitution with divalent cations

A replace of lead with non-toxic and environment benign elements form

leaf-free metal halide perovskite can be generally achieved via two approaches; 1)

homovalent substitution of lead with isovalent cations such as group-14 elements

(Ge, Sn), Alkaline-earth metals (Mg, Ca, Sr, Ba), transitions metals (Mn, Fe, Ni,
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Pd, Cu, Cd) and lanthanide (Eu, Tm, Yb) and 2) heterovalent substitution with

aliovalent metal cations for examples transition metals (Au), lanthanide (La, Ce,

Pr, Nd, Sm, Eu, Gd, Dy, Er, Tm, Lu) and actinides (Pu, Am, Bk). However,

these substitution approaches cannot be predicted via Goldschmidt replacement

rules (see figure 2.1).

The homovalent replacement of lead with isovalent cations such as group-14

elements, Alkaline-earth metals, transitions metals and lanthanide can be consid-

ered for alternative lead-free perovskite (Filip et al., 2014; Kieslich et al., 2015).

However, some of these candidates have to be excluded due to their limited ability

to form perovskite, or not well suited for PV applications because of too high band

gaps, their toxicity, radioactivity and instability of the +2 oxidation state.

This work, Tin (Sn) element are the first logical candidate for homovalent

substitution of lead. The Sn2+ metal catons has a similar S2 electronic configura-

tion to Pb2+ and the not different ionic radius (Pb2+:119 pm and Sn2+:110 pm).

It is possible to form a perovskite with a formula ASnX3 on analogy to lead com-

pound. Tin is often presented as the non-toxic alternative to lead, this toxicity of

tin-based perovskite still argued. Even if Tin is good optical properties but Sn2+

ions posses a deawback compared to Pb2+ because it can be easily oxidized to the

oxidation state +4.

More interesting is Barium (Ba) element on perovskite materials. The

Ba can be potential homovalent substitutes due to ionic radii (Ba2+: 135 pm)

suitable to form perovskite structure, a high abundance in earth’s crust, non-

toxicity, and stable +2 oxidation state similarly to Pb2+. For applying the t factor

replacement rules, tBa of 0.871 for CH3NH3BaI3. Which it is similar to the lead

halide perovskite CH3NH3PbI3 (t = 0.911).



CHAPTER III

RESEARCH METHODOLOGY

3.1 Synthetic techniques

This chapter discusses experimental procedures related to fabrication pro-

cessing of lead free perovskite materials. Two sets of the samples were investigated.

There are two steps to produce metal halide perovskite: (i) synthesis of organic

salts and (ii) preparation of perovskite powder materials. The precursor metal

halide salts PbI2, SnI2 and BaI2 are purchased from Sigma-Aldrich Company. For

the organic part we synthesized from methylamine solution 33 wt% in ethanol and

hydroiodic acid (HI) 57 wt% in water are from Sigma-Aldrich Company. Two sets

of the samples were investigated.

3.1.1 CH3NH3I synthesis

At first, we need to synthesis the ammonium iodide (CH3NH3I) salts from

the amine by reacting the amine with halogen acid the process could be described

by formula: CH3NH2 + HI → CH3NH2I. The ammonium salts are methylamine

(CH3NH2, 33 wt% in ethanol, Sigma-Aldrich) and hydroiodic acids (HI, 57 wt%

in water, Sigma-Aldrich) were stirred in an ice bath for 2 hrs, and controlling

the temperature continuously. Then, the solution was stirred at 50◦C for 24 hrs

and CH3NH3I was obtained. Finally, the solid obtained was washed three times

with diethyl ether (purity 99.8%, Sigma-Aldrich) and dried at 70◦C in vacuum

overnight. After the drying procedure, the final salt is stored in the silica gel and
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dry place. The procedures are shown in Figure 3.1.

Figure 3.1 Flow chart of the synthesis of CH3NH3I powders.

3.1.2 CH3NH3PbI3 synthesis

After the synthesis, the dry CH3NH3Iare used to prepare CH3NH3PbI3

perovskite samples powders. In this stage the synthesized CH3NH3I and PbI2

(purity 99%, Sigma-Aldrich) via the direct-mixed method with chemical reaction:

CH3NH3I + PbI2 → CH3NH3PbI3 (3.1)

The CH3NH3PbI3 powders were pressed into pellets of 11 mm and were

heated in Ar-flow at 200◦C. The synthesis flowchart is show as figure 3.2.
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Figure 3.2 Flow chart of the synthesis of CH3NH3PbI3 materials.

3.1.3 CH3NH3Pb1−xMxI3 synthesis

The samples were prepared in the same way as described in section of

CH3NH3PbI3 synthesis. In this thesis, the M parts are Sn and Ba. The synthesized

CH3NH2I, PbI2, BaI2 and SnI2 (purity 99%, Sigma-Aldrich), x = 0.02, 0.04, 0.06,

0.08, 0.1 and 0.2 were direct-mixed in mortar. In general, this reaction can be

described by the formula:

CH3NH3I + (1 − x)PbI2 + xMI2 → CH3NH3Pb1−xMxI3 (3.2)
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Figure 3.3 Flow chart of the synthesis of CH3NH3Pb1−xSnxI3 and

CH3NH3Pb1−xBaxI3 materials.

3.2 Characterization techniques

3.2.1 Thermal gravimetric analysis

Thermal gravimetric analysis (TGA) with differential thermal analysis

(DTA) belongs to thermal analysis group of techniques. TGA analysis, change in

physical and chemical properties of materials is measured as a weight loss with

increasing temperature. This technique a precision balance and programmable

furnace is needed. The characteristics of material connected with the mass loss

can be examined by this method.

1) Determine of the organic and inorganic content in the sample.

2) Study of degradation and reaction mechanisms.
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3) Characterization by analysis of decomposition patterns.

Figure 3.4 Heat Flux DSC.

The curve provides data about physical phenomena such as second order

phase transitions, including vaporization, absorptions, adsorption, desorption and

sublimation. The chemical phenomena can be traced by TGA, this include dehy-

dration, decomposition, oxidation/reduction reaction and chemisorptions (Coats

and Redfern, 1963).

DTA defined formally as a technique for recording the difference in tem-

perature between a substance and reference against either time or temperature as

the two specimens are subjected to identical temperature regimes in an environ-

ment heated or cooled at a controlled rate. Sampled differential temperature is

then plotted against time or temperature, endothermic and exothermic changes
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are detected by relation to the inert reference (Bhadeshia, 2002). The DTA curve

provides data on the transformation that have occurred such as glass transitions,

crystallization, melting and sublimation. The area under peak is the enthalpy

change and is not affected by the heat capacity of the sample.

Thermal analysis of the samples were investigated by TGA analysis using

a STA NETZSCH STA 449F3 which was performed at a heating rate of 5◦C/min

from room temperature to 800◦C in N2 atmosphere.

3.2.2 X-Ray Diffraction

X-ray diffraction (XRD) is a technique used for phase identifying the struc-

ture of a crystal, which the crystal atoms cause a beam of incident x-ray to diffract

into specific directions. Measuring the angles and intensities of diffracted beams,

a crystallographer can produce a three-dimensional picture of atoms within the

crystal, position, chemical bonds, disorder and various other pieces of information

(Richard, 2006). The diffraction can be determined by Bragg’s law:

2d sin θ = nλ (3.3)

When d is spacing between diffraction of atoms, θ is the incident angle, n

is any integer and λ is wavelength of the beam. These specific directions appear

as spots on the diffraction pattern called reflections. The XRD patterns were

recorded by a Rigaku MiniFlex300/600 for powders with parallel beam and Cu

Kα wavelength. Symmetric 2θ scans were obtained using a step size of 0.02◦

and time per step of 4 s. The crystalline phase identification was carried out

by comparison with Crystallographic Information File. The Ritveld refinement

of XRD pattern of perovskite materials by JANA2006 software to crystallite size

and lattice parameter in this thesis. The Rietveld method uses a least squares
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Figure 3.5 Basic components of X-ray diffractometers.

approach to refine a theoretical line profile until it matches the measured profile.

The principle of the Rietveld method is to minimize the sum S of the squares

of the difference between the intensity at point i in pattern, yi0, and calculated

profile, yiC as:

S =
∑

i

wi(yi0 − yiC)2 (3.4)

where wi is the statistical weight quality which is equal to 1/yi0 and yiC

is the net intensity at point I. The basic of Rietveld method, determined the

calculated intensity at each point of the pattern by

yiC = yiB +
∑

p
k2∑

k=k1
p

pGik
pIk (3.5)

when yiB is the background intensity, Gik
p is the normalized peak profile

function and Ik is the intensity of the k bragg reflection contributing intensity at

point I and p is the number of phase present. The variation of peak FWHM with

θ is defined by

Hk = (Utan2θ + V tanθ + W )1/2 (3.6)
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Ik = SMkLk|Fk|2PkAkEk (3.7)

where S is the scale factor, Mk is the multiplicity, Lk is the Lorentz po-

larization factor, Ak and Ek are the adsorption and extinction correction factors,

respectively. Pk is used to describe the effect of preferred orientation (no preferred

orientation is indicated with Pk = 1) and Fk is

Fk =
∑
j=1

fiexp[hr
trj − hk

tBjhj] (3.8)

where fi is the scattering factor or scattering length of atom j and hk, rj and

Bj are matrices representing the miller indices, atomic coordinates and anisotropic

thermal vibration parameters, respectively. The superscript t indicates matrix

transposition.

The quality of refinement can be confirmed by weighted profile Rwp, the

profile factor Rp, the profile factor RBragg, the profile factor RF , R-expected value

(Rexp) and Goodness of fit value (GOF) are defined as;

Rwp = |
∑

i=1,n wi((yi(obs)) − yi(cal))2∑
i=1,n wi(yi(obs)2 |1/2 × 100 (3.9)

Rp =
∑

i=1,n |yi(obs) − yi(cal)|∑
i=1,n |yi(obs)|

× 100 (3.10)

RBragg =
∑

h |I(obs,h) − I(cal,h)|∑
i=1,n |I(obs,h)|

× 100 (3.11)

RF =
∑

h |F(obs,h) − F(cal,h)|∑
i=1,n |F(obs,h)|

× 100 (3.12)

Rexp = ( N − P∑
i wiyi02 )2 (3.13)
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and

GOF = χ2 =
∑

i=1,n wi((yi(obs) − yi(cal))2

n − p + c
× 100 = | Rwp

Rexp

|2 (3.14)

The GOF is the ratio between Rwp and Rexp should be not lower than 1,

which the good refinement should be give GOF values lower than 2.

In addition, the XRD pattern can be estimated crystallite size of the ma-

terials were calculated from diffraction peak by using Scherer’s equation as;

D = kλ

FWHMcosθ
(3.15)

where k is a constant depending on the XRD equipment and has been

determined between 0.89-1.39, this work k =0.89. λ is the wavelength of the X-

ray radiation, θ is diffraction angle, FWHM is the full-width at half maximum of

XRD peak.

3.2.3 UV-visible spectroscopy

Ultraviolet visible spectroscopy (UV-vis) is method based on the express

the refract process, which is the interaction between electromagnetic waves and

material. In principle, we can get the band gap from the refraction spectra. For

instance, the refraction spectrum can indicate the rotation and vibration infor-

mation in the molecular. Optical absorption coefficient (α) is calculated using

reflectance data according to the Kubelka-Munk equation:

F (R) = α = (1 − R)2

2R
(3.16)

Transformed Kubelka-Munk function,

[F (R)hν]P = A(hν − Eg) (3.17)



28

where R is the percentage of refracted data, Eg is band gap energy, A is constant

depending on transition property, P is power index: related to the optical absorp-

tion process, which is equal to 1/2, 2, 3/2 or 3 for allowed direct, allowed indirect

forbidden direct or forbidden indirect and hν is incident photon energy.

In this work, the spactra have allowed direct optical reflection and Tauc plot

in [F (R)hν]2 vs hν coordinates allows us to estimate the optical bandgap by drop-

ping a line from the maximum slope of the curve to the x-axis. Room-temperature

reflection spectra were recored using a UV-Vis-NIR spectroscopy (JASCO V-7200

spectrometer).

3.2.4 Fourier Transform Infrared Spectroscopy Analysis

Fourier transform infrared (FT–IR) spectroscopy analysis stands for the

preferred method of infrared spectroscopy. In infrared spectroscopy, IR radiation

is passed through a sample. Some of infrared radiation is absorbed by the sample

and some of it is passed (transmitted). The resulting spectrum represents the

molecular absorption and transmission, creating a molecular fingerprint of the

samples. Like a fingerprint no two unique molecular structures produce the same

infrared spectrum. This makes infrared spectroscopy useful for several types of

analysis.

The range of infrared region is 12800∼10 cm−1 and can be divided into

near-infrared region (12800∼4000 cm−1), mid-infrared region (4000∼200 cm−1)

and far-infrared region (50∼1000 cm−1). Infrared absorption spectroscopy is the

method which scientists use to determine the structures of molecules with the

molecules’ characteristic absorption of infrared radiation. Infrared spectrum is

molecular vibrational spectrum. When exposed to infrared radiation, sample

molecules selectively absorb radiation of specific wavelengths which causes the
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change of dipole moment of sample molecules. Consequently, the vibrational en-

ergy levels of sample molecules transfer from ground state to excited state. The

frequency of the absorption peak is determined by the vibrational energy gap.

The number of absorption peaks is related to the number of vibrational freedom

of the molecule. The intensity of absorption peaks is related to the change of

dipole moment and the possibility of the transition of energy levels. Therefore,

by analysing the infrared spectrum, one can readily obtain abundant structure

information of a molecule except for several homonuclear diatomic molecules such

as O2, N2 and C12 due to the zero dipole change in the vibration and rotation of

these molecules. Infrared absorption has useful is capable to analyse all gas, liquid

and solid samples. The common used region for infrared absorption spectroscopy

is 4000∼400 cm−1 because the absorption radiation of most organic compounds

and inorganic ions is within this region.

Figure 3.6 Schematic representation of diamond ATR accessory.

This work, we used FTIR by ATR (Attenuated Total Reflectance) is ap-

plicable to the same chemical or biological systems as the transmission method.
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Figure 3.6 shown infrared beam is directed onto an optically dense crystal with

a high refractive index at a certain angle. This internal reflectance creates an

evanescent wave that extends beyond the surface of the crystal into the sample

held in contact with the crystal. This technique to be successful, sample must be in

direct contact with the ATR crystal, because the evanescent wave or bubble only

extends beyond the crystal 0.5-5 µm by placing just enough sample to cover the

crystal area. The sample height should not be more than a few millimetres. The

solid has been placed on the crystal area, the pressure arm should be positioned

over the crystal/sample area. When using the ATR accessory, the pressure arm

locks into a precise position above the diamond crystal. Force is applied to the

sample, pushing it onto the diamond surface. Then the FT-IR software utilizes a

Preview Mode for allows the quality of the spectrum to be monitored in real-time

while fine-tuning the exerted force. The reflectance examination technique refers

to the obtaining an infrared spectrum by passing an IR beam through a sample.

FIIR-ATR spectra of the prepared samples were measured using a Bruker Vertex

70 spectrophotometer. FTIR-ATR spectra were recored in the 4000-400 cm−1 at

room temperature. The evaluation of the FTIR spectra was performed by OPUS

software.

3.2.5 X-ray Photoelectrons Spectroscopy

X-ray Photoelectrons Spectroscopy (XPS) is the surface analysis technique

used for studying the elemental, electronic and chemical state of a material. XPS

is widely used for studying surface physics and chemistry of a material because of

its high sensitivity to the surface (about 5-100 ). XPS provides information about

the surface of the material being studied: elemental composition, stoichiometry

and the empirical formula of the material, and the chemical and electronic state of
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the elements on the surface. The basic components of XPS instrument are shown

in Figure 3.7. It mainly consists of a Photon source, ultrahigh vacuum (UHV),

detector and an electron energy analyzer. The choice of X-ray source is determined

by the energy resolution desired and X-rays (about > 1000 eV) are to be used in

the case of inorganic or organic samples.

Figure 3.7 Schematic of XPS instrument.

From Figure 3.7 shown the X-ray beam energy is irradiated on sample

surface, the energy of the X-ray photon is absorbed completely by the core electron

of an atom. If the photon energy hν is large enough, the core electron will then

escape from the atom and emit out of the surface. The emitted electron with the

kinetic energy of Ek is referred to as the photo-electron. The binding energy of

the core electron is given by the Einstein relationship:

hν = Eb + Ek + ϕ (3.18)

Eb = hν − Ek − ϕ (3.19)

where hν is the X-ray photon energy (for Al Kα, hν = 0 - 1400 eV and
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Mg Kα, hν = 0 - 1200 eV); Ek is the kinetic energy of photoelectron, which can

be measured by the energy analyzer; and ϕ is the work function induced by the

analyzer. Since the ϕ can be compensated artificially, it is eliminated, giving the

binding energy (Eb) as follows:

Eb = hν − Ek (3.20)

The photoemission process in 4 step (see figure 3.8): 1) the hv energy ra-

diation is absorbed by the electron transition from initial state to excited state

(initial state effects), 2) atom response and makes photoelectron/relaxation (final

state effects), 3) the photoemitted electron makes its way to the surface (extrinsic

effects), 4) after overcoming the material’s work function, the photoemitted elec-

tron is ejected into the vacuum. The majority of the photoemitted electrons that

make their way to the surface undergo a series of inelastic scatterings, recombi-

nation, excitation of the sample, recapture or trapping in various excited states

within the material, all of which results in a decrease in their kinetic energies.

In this work, the XPS results were measured at X-ray Photoelectron spec-

troscopy beam line (BL5.3) at synchrotron light research institute (SLRI, Public

Organization, Thailand). The spectra were recorded at high pressure to measure

C, N, O, I, Pb, Ba and Sn elements. All binding energies have been corrected for

the charging effect with reference to the C 1s line at 284.6 eV.

3.2.6 X-ray absorption spectroscopy

XAS is a widely a widely used technique for the local structure and elec-

tronic structure study for materials. The experiment is performed by tuning the

efficiency photon energy to reject a core electron from an atom. Samples can be in

solution, gas-phase or condensed matter (solid). Structure can be determined from
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Figure 3.8 Schematic of X-ray processes which include photoemission, X-ray

fluorescence and Auger electron emission where hv is the incident photon, Eae is

the energy of the outgoing Auger electron (Eae = EK - EL - EM), Ep is the energy

of the outgoing photoelectron or relaxation (Ep = hν - EK - EM), Eerf is the

energy of the outgoing fluorescence photon (Exrf = EK - EM) and EK , EL and

EM are the energies of the K, L, and M orbitals respectively.

samples that are both heterogeneous and amorphous. A parallel monochromatic

from samples that are that are both heterogeneous and amorphous. A parallel

monochromatic X-ray beam of intensity I passing through a sample of thickness

x will get a reduced intensity I following the equation.

I = I0e
− (3.21)

where µ is the linear absorption coefficient which is the probability that it
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will be absorbed, I0 is the incident X-ray intensity.

Figure 3.9 XAS spectrum of I L3-edge collected in transmission mode.

At certain energies the absorption of the X-ray increases dramatically when

the energy matches well with the binding energy of the electrons. This is the reason

for a decrease in the transmitted X-ray intensity of the absorption area. Normally,

absorption edge occurs when the energy of the incident photon energy is sufficient

to cause excitation of a core electron of the absorbing atom to a higher energy.

Three main regions are commonly distinguished in the XAS spectra. First region at

around 20-50 eV (shown in figure 3.9) below the absorption edge, namely pre-edge

structure. The pre-edge peak caused by the electron transition (dipole allowed) to

the lowest empty bound state near is the Fermi level. The strengths of the pre-edge

peaks provide information about absorber local structure and electronic structure

around absorber atom such as a number of neighbour atoms and valence state.

The second region where the incident X-ray is sufficient to transfer an atomic core
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of electrons to final states is innthe energy region of about 40-100 eV above an

absorbed atomic core level of ionization energy which X-ray absorption near edge

structure (XANES). Analysis of the absorption edge feature of XANES spectra

can be applied for understanding the oxidation state and the coordination number

of the absorbing atoms. The final region of the oscillation above the edge, which

can extend to 100-1000 eV or more is refereed to as the Extended X-ray absorption

fine structure (EXAFS) (see in figure 3.9). In this region, the incident photon is

able to excite the core electron if its energy is equal or higher than the edge energy.

Because there are many other atoms around the absorber atom and these become

scatting centres of the photoelectrons wave. The final state of the photoelectrons

can be explained by the sum of the original and single scattered waves from the

nearest neighbouring atoms. The analysis of the EXAFS part contains information

about the interatomic distance, coordination number and species of neighbouring

atoms. The EXAFS signal is described as a function of the wave vector k as:

χ(k) =
∑

j
S0

2Nj

kRj
2 |fj(k, π)|sin[2kRj + ϕj(k)]e−2δj

2k2
e−2Rj/λ(k) (3.22)

where Nj is the number of neighbors in j shell of surrounding atoms, k is

photoelectron wave vector, fj is the scattering amplitude, S2
0 (k)is the amplitude

reduction term due to many-body effect, Rj is radial distance from absorbing

atom to j shell, S2
0(k) is electron mean free path, σj is the Debye-Waller factor

and ϕ(k) accounts for the total phase shift of the curve wave scattering amplitude

along the scattering trajectory. Moreover, since the scatting amplitude and phase-

shifts depand on the atomic number Z of the neighbouring atoms, EXAFS is also

sensitive to the atomic number type of the neighbouring atoms. The absorption

spectra were transposed to the wave vector k-space using the formula k = (2m(E-
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Figure 3.10 Detail an atoms.inp input file to generate “feff.inp” for FEFF calcu-

lation.

E0)/~2)1/2, and Fourier was transformed into the R-space with a k3-weight.

In this work, the XAS comprising of XANES and EXAFS were collected at

the SUT-NANOTEC-SLRI XAS beamline (BL-5.2), Synchrotron Light Research

Institute (SLRI) of Thailand. All spectra of I L3-edge, Pb M5-edge and Ba L3-

edge were collected in transmission mode using a Ge (220) monochromator for I

and fluorescent using InSb (111) for Pb and Ba edge. The EXAFS spectra were

converted by Fourier transform from k space to real space using k3-weighting factor

and a Hanning window.

The spectra from XANES and EXAFS from experiment and calculation are

compared and analyzed in this study two programs in the package are used: 1)

ATHENA, a program for basic XAS spectrum analysis, 2) ATHEMIS, a program

for EXAFS analysis and fitting the experimental spectra with FEFF theoretical

modeling. Which FEFF-XAS spectrum calculation can be edited within the input

file name “feff.inp” (see figure 3.10 and 3.11). The file can be controlled with

some details, for instance the generator of input file and number of atom which is

contained in cluster.
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3.2.7 Low-temperature phase transition

Measurement of dielectric properties can provide design parameter infor-

mation, the loss of a cable insulator, the complex relative permittivity and the

complex relative permittivity of the materials. A complex dielectric permittivity

includes a dielectric permittivity and dielectric loss. The dielectric permittivity

is the ability to store energy an external electrical field when it is applied to the

material. The dielectric loss part represent how much energy is lost from the

materials due to an external electric field.

The dielectric and specific heat capacities characterization were performed

using an alpha Impedance Analyzer (Novacontrol, Germany) in conjunction with

the physical property measurement system (see figure 3.12) (PPMS, Quantum

Design, USA) at NIMS (National institute for materials science), Japan. This

section was employed to measure the dielectric constant and loss tangent on a

frequency of 10-10,000 Hz and temperature range from 2-300 K, to determine the

phase transition temperature. In addition, still can do in the function of heat

capacity in the range of 2-200 K.
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Figure 3.11 Detail of feff.inp input file of CH3NH3PbI3 with Pb as center atom

for FEFF calculation.
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Figure 3.11 (Continued) Detail of feff.inp input file of CH3NH3PbI3 with Pb as

center atom for FEFF calculation.
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Figure 3.11 (Continued) Detail of feff.inp input file of CH3NH3PbI3 with Pb as

center atom for FEFF calculation.
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Figure 3.12 The alpha Impedance Analyzer in conjunction with the physical

property measurement system.



CHAPTER IV

RESULT AND DISCUSSION

The experimental results and their discussion on the study of the Lead-free

perovskites materials are reported in this chapter. This chapter is divided into

four sections. The first section describes the CH3NH3I pure phase formation. The

second is devoted to explaining the phase formation of CH3NH3PbI3. The other

two sections describe the phase formation of Sn2+ and Ba2+ doped CH3NH3PbI3.

In part of characterization, the phase structure, crystalize size of all samples are

studied by XRD, FTIR and XPS. The optical bandgap are studied by UV-vis

technique. The local structure that confirm the structure in materials, are studied

by using XANES and EXAFS. These techniques can be employed to explain the

low-temperature phase transition.

4.1 CH3NH3I synthesis

CH3NH3I powders were synthesized by sol-gel method. The CH3NH3I

showed a white color conversion from solvent yellow color. The global structure of

CH3NH3I was investigated by PXRD patterns which 2θ scans were obtained using

a step size of 0.02◦ and time per step of 4 s was used. In addition, the CH3NH3I

powder were characterized by TGA and XPS to confirmed the organic compound

in the sample.
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4.1.1 TGA analysis

TGA is used here to determine the mass loss behaviour of individual organic

component that make up the building block of CH3NH3I as the function of tem-

perature. The TGA spectra is presented in figure 4.1. The component, undergo

100% weight loss in the first step during the thermal degradation of CH3NH3I,

which occurs at 271◦C under an inert atmosphere proceeds as:

CH3NH3I → NH3 + CH3I (4.1)

Therefore, the decomposition reactions of the methylammonium ions

(CH3NH3
+) assisted by iodide proceed through the so-called reverse Menshutkin

reaction (a bimolecular nucleophilic substitution SN2 simultaneously breaking a

C–N bond and forming a C–I bond) as it is well described for quaternary ammo-

nium salts (Emilio J et al., 2016). The remaining residues may be some decom-

position products or impurities present in the materials. For example, the HI is

distilled 99.999% trace metal basis, thus contain 0.001% impurities that may or

not undergo decomposition or evaporation up to 650◦C.
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Figure 4.1 Weight loss curves of powder.

4.1.2 XRD spectra

XRD measurement was formed from HI and CH3NH2 are observed to show

the peaks associated with the expected CH3NH3 (see figure 4.2). Clearly, the

XRD peaks are good agreement with previous work (Emilio J et al., 2016) and

exhibited single phase of orthorhombic (P22121) space group. In addition, the

Rietveld refinement shown WRp = 10.40%, GOF = 1.92, which confirm the good

fitted with 100% orthorhombic (P22121) model.
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Figure 4.2 The XRD spectra of CH3NH3I powders from mixed precursor solution

of HI and CH3NH2.

4.1.3 XPS spectra

The XPS spectra are shown figure 4.3, representation spectra for C 1s, N

1s, I 3d and O 1s are presented in figure 4.3, panels a-d, respectively. The C 1s

spectrum attribute the appearance of a higher BE peak at 284.6 eV in the C 1s

spectrum to NH3 from CH3NH3I sample. Moreover, we observed signal at 285.6,

287.2 and 288.3 eV, corresponding to C-N, C-I and CO2. The CO2 signal was

exposed to any carbon-/oxygen-containing contamination of the XPS preparation

(see figure 4.3a and d). In addition, N 1s show strong and small peaks confirmed

the N-H and C-N, respectively.

Additionally, I 3d is presented in figure 4.3c. The I 3d spectra show a strong

peaks at 617.8 and 629.4 eV (I 3d5/2 and I 3d3/2), corresponding to C-I in the I 3d

for CH3I, which corresponding to chemical reaction as equation 4.1.
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Based on the observations above, we can specify that synthesized CH3NH3I

has an outstandingly orthorhombic phase. First principles calculation support the

experimental results, which molecular ionic pair (CH3NH2
+ and I−) decomposes

to energetically favoured thermal degradation products CH3I and NH3 in strong

contrast to the decomposition pathway to CH3NH2 and HI (Emilio J et al., 2016).

Figure 4.3 The XPS spectra of a) C 1s, b) N 1s, c) I 3d and O 1s for CH3NH3I.
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4.2 CH3NH3PbI3 perovskite

We synthesized CH3NH3PbI3 compound from CH3NH3I and PbI2 by direct

mixing method. The samples were analyzed using many techniques, including

TGA, PXRD, UV-vis, FT-Raman, XPS technique and phase transition at low

temperature.

4.2.1 TGA analysis

Thermal analysis was used to determine the mass loss behavior of the in-

dividual organic and inorganic components that make up the building blocks of

MAPbI as a function of temperature. The sublimation behavior of the isolated

organic component was examined in depth and used to interpret the STA data of

CH3NH3PbI3 powder. STA curve is shown in figure 4.4. The weight loss occurs

in several steps between 250 and 700◦C corresponding to the total weight loss of

85% with the remaining 15% of the unidentified black residue. Our STA data

show two main weight loss steps at 326 and 426◦C corresponding to the weight

loss of 28%, 57% (see figure 4.4), respectively. The high-temperature weight loss

demonstrated several shoulders extending to 700◦C. The STA data reported here

are in qualitative agreement with the CH3NH3PbI3 decomposition reported earlier

by Amalie et al. (Amalie et al., 2014). While there are some quantitative differ-

ences between the two data sets (see figure 4.4), they may be explained by the

different carrier gas used (e.g., Ar in our case and N2 in the case of Ref. (Amalie

et al., 2014)) and different heating rates.

The weight loss between 270 and 340◦C is attributed to the thermal de-

composition of the CH3NH3PbI3 at which the organic components i.e., CH3NH3I,

CH3NH2 and HI are removed from the material. Indeed, the decomposition reac-

tion CH3NH3PbI3 → CH3NH3I + PbI2 predicts the weight loss of 25.7% in good
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Figure 4.4 The weight loss curves of CH3NH3PbI3 powder (red) and data from

Amalie et al. (black).

agreement with the experimentally determined weight loss of 28%. A recent study

on the CH3NH3PbI3 perovskite thin film shows that CH3NH3PbI3 begins to trans-

form to PbI2 at temperature as low as 140◦C (Supasai et al., 2013). The next major

weight loss occurs in the temperature interval of 400-690◦C. We attribute this loss

to the partial sublimation of the remaining PbI2 inorganic component from the

melt. While there is a noticeable difference in the onset temperature of the PbI2

sublimation process detected in our data (T = 425◦C) and the data reported in

Ref. (Amalie et al., 2014) (T = 588◦C), the temperature of the completion of the

weight loss is almost the same, i.e. � 650 ± 20◦C. At the moment we do not have a

clear explanation as to why the onset temperatures of the PbI2 sublimation in our

data and Ref. (Amalie et al., 2014) differ so much. The possible reasons behind

this discrepancy could be the different heating and gas flow rates as well as the

morphology and purity of the sample.
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4.2.2 XRD spectra

CH3NH3PbI3 perovskite powders, all Bragg peaks were indexed as (hh0)

Bragg reflections on a tetragonal I4/mcm cell with a = b ≃
√

2ac, c≃ 2ac indicating

a highly oriented growth.

The XRD patterns of MAPbI powders annealed at different temperatures

are shown in figure 4.5. XRD patterns of sample show sharp diffraction peaks at

13.9◦ for (002), 14.1◦ for (110), 19.9◦ for (112), 28.4◦ for (220), 32.1◦ for (310),

40.5◦ for (224) and 41.1◦ for (400), as shown in Figure 4.5. Among them, (110)

and (220) peaks are the strongest. The XRD results suggest that the crystal

structure of MAPbI powders is a tetragonal phase (I4/mcm space group) with

lattice parameters of a = 8.8586 Å and c = 12.6280 Å (Takeo, 2015). The XRD

result also indicates that an increase in the annealing temperature causes a gradual

shift in diffraction peaks toward lower angles, suggesting larger lattice parameters.

Figure 4.5b shows the magnification of (002) and (110) peaks where both peaks

shift to lower 2θ values as the temperature increases. An increase in the annealing

temperature to 225 and 250◦C results in materials with the cubic structure (Pmm

space group), as indicated by the typical peak at 13.84◦. The sharp diffraction

peaks also indicate the high crystallinity of the powders. It is evidenced by the

low-value shift of 2θ in figure 4.5b, the annealed tetragonal samples exhibit larger

cell parameters than the as prepared MAPbI. This observation is confirmed by

the results of the Rietveld refinement listed in Table 4.1. The particle size was

estimated by the Scherer equation τ = kλ/FWHM cos θ; where τ is the crystallite

size, k is the dimensionless shape factor (0.89), λ is the X-ray wavelength (1.5406

Å, FWHM is the line broadening at half the maximum intensity and θ is the

Bragg angle (in degrees) of the XRD pattern. The results for tetragonal samples

are summarized in Table 4.1. The data for MAPbI-225 and MAPbI-250 samples
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are not shown here because in this work we focus mainly on the materials with

a tetragonal structure, while MAPbI-225 and MAPbI-250 samples exhibited the

cubic structure, as shown in figure 4.5, with an increased portion of PbI2 phase.

A clear correlation is observed between the annealing temperature and the

perovskite formation behavior. The samples annealed at 200◦C gave the higher

proportion of the tetragonal structure (97.4%) with the lattice parameters a, c and

τ ; a = 8.8735, 12.6657 Å and 2.55 nm, respectively. At lower annealing tempera-

tures, both the lattice parameters and the crystallinity decreased as a consequence

of incomplete conversion of PbI2 + CH3NH3I into the perovskite phase also re-

sulting in appearance of the secondary phases. At higher temperature (200◦C) a

more complete phase formation was observed, as confirmed by Rietveld refinement.

Unfortunately we could not achieve complete phase purity of the CH3NH3PbI3 per-

ovskite. In addition to the main phase, the peak at 2θ = 12.6◦ originating from

PbI2 was present in all the samples both annealed and as-prepared. This is consis-

tent with the results reported in Ref. (Brenner et al., 2016). However, our results

show that annealing at 200◦C can significantly suppress the PbI2 secondary phase

in our powder down to 3.6%.
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Table 4.1 Phase formation, lattice parameter and Crystallite size by Rietveld

refinement of the XRD pattern. (when AT is annealed temperature, PF is phase

formation, LP is lattice parameter and CS is crystallite size).

Sample AT % PF LP (Å ) CS

(◦C) CH3NH3PbI3 PbI2 a c FWHM D (nm)

MAPbI - 46.6 53.4 8.8743 12.6660 0.0905 2.30

MAPbI-150 150 83.9 16.1 8.8769 12.6581 0.0790 2.49

MAPbI-200 200 97.4 3.6 8.8735 12.6657 0.0870 2.55

4.2.3 UV-vis spectroscopy

The optical properties of MAPbI powders are shown in figure 4.7. In the

absorption spectra of the samples at different annealing temperatures, the ab-

sorption edge is seen to shift to lower energy (longer wavelength) with increasing

annealing temperature. The band gap was calculated by applying the Kubelka-

Munk (K-M) equation to the measured diffused reflectance spectra (Kortüm, 1969;

EL, 1975). By fitting the plots of the photon energy (eV) vs [F(R)hν]2, the band

gap energies of Eg=1.53 (± 0.002), 1.52 (± 0.001) and 1.51 (± 0.004) eV were

obtained for as-prepared sample and samples annealed at T = 150◦C and 200◦C,

respectively; consistent with the previous reports (Oku, 2015). The position of

the absorption peak corresponding to the band gap is determined by I (5p) or-

bitals and the Pb (6s) orbitals. The optical transitions in the methylammonium

lead halide perovskite are similar to the transitions in PbI2 (Oku, 2015; Brenner

et al., 2016; Ishihara et al., 1990). The valence band of the PbI2 is composed of
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Pb (6s) orbitals and I (5p) orbitals while the conduction band is composed of Pb

(6p) orbitals. Moreover, the energy level of I (5p) is lower than the energy level

of Pb (6s) (Ishihara, 1994), the optical absorption peak position of MAPbI is thus

shifted to lower energy with an increase in annealing temperature.
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Figure 4.5 a) XRD patterns of CH3NH3PbI3 annealed at different temperatures

and b) the magnified XRD spectra of (002) and (110) peaks (# PbI2).



54

Figure 4.6 Rietveld refinement of the powder X-ray diffraction data of the

CH3NH3PbI3materials with experimental data are show as • symbols. The solid

line is fit, the vertical bars are the expected Bragg reflection position.

Figure 4.7 The absorption spectra of the CH3NH3PbI3 samples.
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4.2.4 FT-Raman measurements

The chemical structure of the synthesized perovskite samples can be ex-

amined and correlated by the FTIR measurements, as shown in figure 4.8, and

Raman measurements presented in figure 4.9a, 4.9b. The FTIR spectra shown

in figure 4.8 display the characteristic bands for organic groups detected in the

powder samples with peaks at 905 cm−1 (CH3−NH3+ rocking), 957 cm−1 (C-N

stretch), 1472 cm−1 (N-H bending) and 3099 cm−1 (N-H stretch), which are at-

tributed to C-H bending modes and N-H stretching modes with the NH3+ group

of the CH3NH3I cation (Müller et al., 2015). The details of the characteristic

bands and peak positions are presented in Table 4.2. As seen in figure 4.8, only

as-prepared MAPbI sample shows new broad peaks at around 3500 cm−1, which

is related to O-H stretching vibrations, as the measurements were carried out un-

der ambient conditions. The O-H oscillations of water molecules are embedded in

such a way that they affect the hydrogen bonds between the NH3+ group and the

iodide because the N-H stretch vibrations are known for their sensitivity to the

strength of the interaction between the methylammonium and the iodide (Müller

et al., 2015; Glaser et al., 2015).

Figure 4.9a presents the Raman spectra, which offer complementary de-

tails on the characteristic bands for the inorganic group in MAPbI powders as a

function of annealing temperature. Raman signals in the region from 50 to 300

cm−1 (excitation wavelength 532 nm) is present for all measurements and there

was no visual change of the samples during the experiment. The spectra are quite

similar to those of related hybrid perovskite (Pérez-Osorio et al., 2015) and are

characterized by a broad Raman signal in the 50-150 cm−1 region, with two well-

defined maxima at ∼71 and 96 cm−1 and two less intense maxima at ∼61 and

109 cm−1. A broad signal between 166 and 215 cm−1 is also found. The ∼61
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and 96 cm−1 vibration peaks are in good agreement with density functional the-

ory calculations (Quarti et al., 2014). The 62 and 94 cm−1 peaks were reported

previously for MAPbI, where as in our samples 61 cm−1 peak is very weak, and

stronger 71 cm−1 peak is more likely corresponding to the significant mode in this

area. In addition, the Raman spectra of MAPbI in the region from 800 to 1700

cm−1 (excitation wavelength 1064 nm) show the features characteristic to organic

species which are compared with the FTIR data, as shown in the figure 4.9b

and summarized in Table 4.2. The Raman peaks in the 800-1700 cm−1 range well

correspond to the FTIR features as shown in figure 4.9b. It is noted that some

peaks cannot be found in the infrared spectra, but are present in the Raman spec-

tra. This is because the vibration energy is Raman active if it causes a change in

polarizability whereas it is IR active if there is a change in the dipole moment. It

should be emphasized that the peaks at 905, 957, 980, 1239, 1423, 1472 and 1579

cm−1 are related to the frequency of vibration mode of organic cation, CH3−NH3+

rocking, C-N stretching, O-H bending, CH3−NH3+ rocking, CH3+ bending and

NH3+ bending, respectively (Idigoras et al., 2016). The displacement of the above

peaks was found previously (Glaser et al., 2015) when different halides (X= Cl,

Br and I) were used; this change is known as Lorentz-Lorenz shift caused by dif-

ferent interactions of the MA cation with the surrounding Pb-X cage (Lewis and

McElhaney, 2000; Juana, 1960).
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Figure 4.8 FTIR spectra of MAPbI powder in the range of 700-4400 cm−1.

Table 4.2 Measured resonance frequencies of vibrational modes and peak Assign-

ments for perovskites.

ν Position (cm−1) Peak assignment

ν1 904.74 CH3−NH3+ rocking

ν2 957.16 C-N stretch

ν3 979.74 C-N bending

ν4 1239.16 CH3−NH3+ rocking

ν5 1422.64 CH3 bending

ν6 1472.01 NH3 bending

ν7 1581.13 NH3 bending
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Figure 4.9 The Raman spectra of MAPbI powder in the range of 50-300 cm−1

a) and b) comparison between Raman and FTIR spectra in the range of 800-1700

cm−1.
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4.2.5 XPS measurement

The XPS spectra were recorded to confirm the oxidation state and chemical

bonding states in the samples. The XPS data of C1s, N1s, I3d and Pb4f core levels

with the different annealing temperatures. All spectra have been normalized to the

same height for visual clarity. When carbon signal is substantially larger, an N1s

signal from the organic cation appears. In the case of Pb shown the Figure 4.11,

the main Pb4f peak is spin-orbit split into a 4f5/2 and 4f7/2 doublet located at ca.

138.4 eV and 143 eV in agreement with the literature data (Haining et al., 2015).

The as-prepared sample shows a low-energy shoulder which completely disappears

in the sample annealed at 200◦C (Figure 4.11. We tentatively attribute this low-

energy shoulder in the as-prepared sample to the PbI2 second phase where the Pb2+

ion in located in the different crystal field environment. As the PbI2 phase almost

disappears in the sample annealed at 200◦C so does the low-energy shoulder in the

Pb4f peak. Figure 4.12 shows I signal (I3d3/2 and I3d5/2) spectra for all the samples

at 619.3 eV and small signal at ∼618.5 eV. The spectra indicate a well separated

spin-orbit component, with a separation of around 11.5 eV being found in all the

cases which is typical of the presence of I− (NIST, 2000). In addition, the signals

of I are shifted towards higher BE values, suggesting that small modifications are

produced in the oxidation state of I− after annealing (∼0.2 eV), and the small

signal at ∼618.5 eV suggesting the presence of alkali iodides (Noh et al., 2013).

The slight modifications of an interaction between PbI2 and MAI can be observed

in the chemical bonding. For example, the signals obtained for N are analyzed;

both N1s and C1s core levels include a second peak, as shown in Figure 4.13 - 4.14

for both as-prepared and annealed samples. The N1s and C1s core signals of the

annealed samples shifted slightly towards the higher BE, indicating that the N and

C components undergo some complex chemical modifications occurring during the
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annealing process. In addition, O-C was found (see figure 4.15), indicated that the

samples contamination with air during preparing the sample for measurement.

The previous work by Calloni group reported XPS analysis of the organic-

inorganic perovskite prepared from a solution of PbCl2 and CH3NH3I (Alberto

et al., 2015). Through a thin-film characterization, it was found that the absence

of the Cl peak and detection of the N1s peak in the XPS spectrum are related

to methylamine molecules, a strong indication of the dissociation of CH3NH3Cl

species. Sadoughi et al (Sadoughi et al., 2015) studied the depth-dependent chem-

ical composition of mixed-halide perovskite. Substantial amounts of metallic lead

were found in the perovskite films. The post-annealing process in air can reduce

the metallic lead content in the perovskite film, indicating that a simple anneal-

ing procedure could be employed to increase the performance of perovskite solar

cells (Sadoughi et al., 2015). The study reported in Ref. (Sadoughi et al., 2015)

clearly demonstrated the importance of the understanding of which type of impu-

rities or defects play a key role in the photovoltaic performance of the perovskite

material. In our present work, the optimum annealing condition appears to be

approximately 30 min at 200◦C in Ar-atmosphere, resulting in the highest propor-

tion of the perovskite material, as confirmed by Rietveld refinement method. The

Rietveld refinement was employed in this work to confirm the crystal structure and

quantitative phase assemblage. The quantitative information of the CH3NH3PbI3

phase listed in the Table 4.1. Annealing of the samples at the temperature higher

than 200◦C causes degradation of the perovskite material with the loss of the or-

ganic component and the PbI2 formation (Alberto et al., 2015; Sadoughi et al.,

2015; Haining et al., 2015; NIST, 2000; Noh et al., 2013), as shown in the Figure

4.5.
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Figure 4.10 XPS survey scan of CH3NH3PbI3 powders.

Figure 4.11 XPS spectra of CH3NH3PbI3 samples and the Gaussian fitting for

Pb 4f of a) MAPbI, b) MAPbI-150◦C and c) MAPbI-200◦C.
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Figure 4.12 XPS spectra of CH3NH3PbI3 samples and the Gaussian fitting for I

3d of a) MAPbI, b) MAPbI-150◦C and c) MAPbI-200◦C.

Figure 4.13 XPS spectra of CH3NH3PbI3 samples and the Gaussian fitting for

C 1s of a) MAPbI, b) MAPbI-150◦C and c) MAPbI-200◦C.

Figure 4.14 XPS spectra of CH3NH3PbI3 samples and the Gaussian fitting for

N 1s of a) MAPbI, b) MAPbI-150◦C and c) MAPbI-200◦C.
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Figure 4.15 XPS spectra of CH3NH3PbI3 samples and the Gaussian fitting for

O 1s of a) MAPbI, b) MAPbI-150◦C and c) MAPbI-200◦C.

4.2.6 XANES analysis

The experimental Pb M5-edge (2484 eV) and I L3-edge (4557 eV) XANES

spectra have been reported on Lead-halide perovskite materials by a few group.

Indeed, up to present, there is no report on theoretical XANES spectrum. In this

section, it is shown that XANES can provide the complementary information on

local structure verification.

The XANES measurement was done in florescence mode (FL), InSb(111)

for Pb M5-edge and transmission mode (TM) Ge(220) for I L3-edge double crys-

tal monochrometor were used for photon energy selection. The measurement Pb

M5-edge and I L3-edge XANES of CH3NH3PbI3 and PbI2 do not have reference

compound available in the database. However, there get supporting information

from XRD (Weber, 1978). Therefore, the calculation XANES from candidate

compounds must be generated and compared with the experiment results.

The FEFF 8.2 code is used to calculate the XANES spectra of CH3NH3PbI3

and PbI2 for ensuring all features of extrapolated XANES spectra. For calcula-

tion of CH3NH3PbI3 tetragonal structure, the lattice parameters a=8.849 and

c=12.642 Å (Weber, 1978) are used. For PbI2 trigonal (P3m1) structure, the

parameter a=4.558, c=6.986 Å is used. After the calculation XANES database
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has been compiled, the spectra can be used to compared and fitted with the ex-

periment spectra as shown in Figure 4.16 and 4.17. The features of Pb M5-edge

experiment spectra (see figure 4.16a) look similar to calculation spectra (see figure

4.16b) of those materials. The calculated spectra are in good agreement with the

corresponding measured spectra obtained from those samples. Therefore, from the

XAS point of view, it can be concluded that the CH3NH3PbI3 and PbI2 materials

used in this work are composed of CH3NH3PbI3 and PbI2 compound.

In addition, I L3-edge (4557 eV) XANES spectra of CH3NH3PbI3 and PbI2

samples also were measured at room temperature. The features of I L3-edge

spectra of samples also look similar to calculation spectra. However, a small shift

of the absorption edge to the higher energy as shown in figure 4.17. These can

be attributed to the concentration of phase with CH3NH3PbI3 and PbI2 structure

appeared in XRD pattern of samples.

4.2.7 EXAFE analysis

The experimental absorption result was performed using ATHENA software

to get EXAFS spectra. The curve fitting was done for the k2-weighted spectrum

over the k-range of 3-8 Å −1 using a window of Hanning type W(k). The EXAFS

spectra were processed, information on local structure of I atom via fitting with

perovskite model of CH3NH3PbI3 (Weber, 1978) in ARTEMIS program. This

material, the I L3-edge EXAFS spectra can only be obtained up to photon of 200

eV above the absorption edge. Therefore, direct EXAFS fitting for sample, the

structural parameters can be obtained. In the Figure 4.18a are two k2-weighted

L3-edge EXAFS spectra; the experimental spectrum and the spectrum from direct

fitting. Normally, it may be seen that the two spectra are good agreement over

the region 3-8 Å−1. Therefore, the good overview of qualitatively and the reliable
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Figure 4.16 Measured Pb M5-edge XANES spectra (a) and calculated Pb M5-

edge XANES spectra (b).
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Figure 4.17 Measured I L3-edge XANES spectra (a) and calculated I L3-edge

XANES spectra (b).
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structural parameters would be obtained from fitting.

From cure fitting of experiment data to the EXAFS equation using FEFF-

fit, important structure parameters were extracted. The consistent Fourier trans-

form (FT) of the two spectra are shown in the real space in the figure 4.18b. It

can be seen that the fitting spectra can reproduce the experimental data nicely.

Indeed, all two spectra show quite good agreement. The first peak position in

real space EXAFS can be converted into the radius of first I-Pb shell. The fit-

ting parameters obtained from this sample for average bond length of I absorbing

atoms within Pb, C and N atoms (R), Debye-Waller factors (σ2) and coordination

number (N) are shown in Table 4.3.

Table 4.3 The structure parameters coordination numbers N, interatomic dis-

tances R and DW factors σ2 obtained by fitting the EXAFS data for the

CH3NH3PbI3.

Shell N R [Å] σ2

I-Pb1 1 2.9457(6) 0.0013

I-Pb2 1 3.0609(1) 0.0110

I-I1 4 3.9145(4) 0.0131

I-I2 4 4.1083(6) 0.0180

I-N 4 3.9221(6) 0.0030

I-C 4 4.1097(1) 0.0030
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Figure 4.18 Comparison of Experiment and fitted magnitude of EXAFS Fourier

transform (FT) (a) and (b) comparison of k2-weighted spectrum over the k-range

of CH3NH3PbI3. The k range used in the FT is from 3-8.7 Å−1 for data set.
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4.2.8 Low temperature phase transition

Investigation of the low temperature heat capacity on a plot of C/T3 versus

T, shown in the inset of Figure 4.19 to supports the postulate of glassy static disor-

der in composition. The broader hump in the C/T3 is similar with previous report.

System with glassy disorder are well known to exhibit heat capacity in excess of

that which can be attributed to acoustic phonon, although the exact origin of the

corresponding ’Boson peak’ in the vibrational density state is still an active area

of research (Vassiliy and Peter, 2003; Safarik et al., 2006). Fabini et all reported

the model curves of Debye temperature to assume a single phase A-site atom

rather than a molecule (Fabini et al., 2016), a simplified model that nonetheless

reflects the negligible occupancy of high-frequency intermolecular modes at low

temperatures.

In addition, the temperature dependence of permittivity (εr) and dielectric

loss (tan δ) in the range of 3-200 K measured at 1 kHz are presented in Figure

4.20. The CH3NH3PbI3 data are quite similar to that reported earlier (Noriko

et al., 1992). A sharp drop in dielectric permittivity upon cooling was found for

all samples at around 160 K which corresponds to the transition from the high-

temperature tetragonal to the low-temperature orthorhombic phase (Weber, 1978;

Weller et al., 2015). At temperature of 3 K the dielectric permittivity is around

20-21 for CH3NH3PbI3. The low-temperature εr ∼ 20-21 values of the orthorhom-

bic CH3NH3PbI3 are in agreement with the earlier reports on the dielectric data

(Noriko et al., 1992). The εr maximum value (εr ∼ 47) at the orthorhombic-

to-tetragonal phase transition observed in our studies is similar to the report of

Fabini et al (Fabini et al., 2016).

Another important feature is a relatively weak dielectric dispersion at Tm

∼ 60-100 K whose details are shown in Figure 4.21. Remarkably, similar type
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low-temperature weak dielectric dispersion was also observed in the formamidim-

ium lead iodide by Fabini et al. (Fabini et al., 2016). Although it is believed

that the orientation (with respect to the inorganic cage) and rotational (around

the C-N axis) degrees of freedom of methylammonium ions are frozen out in the

orthorhombic phase, the weak dielectric dispersion may indicate some residual

dipolar contribution originating from the incomplete frees out, random fields, de-

fects and disorder. Better understanding of the low-temperature dielectric relax-

ation may lead to further optimization of the room temperature charge carrier

transport and PV properties of the CH3NH3PbI3-related perovskites. The low-

temperature dielectric dispersion in the title compounds is characterized by the

frequency dependent dielectric permittivity anomaly and tan δ peak that shifts to

higher temperatures as frequency increases (see Figure 4.21).

Interpretation of the low-T dielectric dispersion in CH3NH3PbI3 is not with-

out controversy. Onoda-Yamamuro (Noriko et al., 1992) have fitted the dielectric

relaxation with a simple Arrhenius-type temperature-activated behaviour, whereas

Fabini et al. (Fabini et al., 2016) have attributed the low-temperature relaxation

dynamics and specific heat in both CH3NH3PbI3 and HC(NH2)2PbI3 to the ‘glassy

slowing’ which is expected to follow the Vogel-Fulcher-type spin glass dynamics.

To better understand the nature of the low-temperature dielectric relaxation we

have fitted the frequency dependence of the tan δ(T ) peak of our samples to both

Arrhenius-type behavior.

The fit to Arrhenius and Vogel-Fulcher dielectric relaxation behaviour is

shown in Figures 4.22a-b, respectively. The fitting parameters are summarized in

Tables 4.4. According to the results, the dielectric relaxation can be described by

Arrhenius-type thermally activated behaviour with Ea ∼ 123 meV and attempt

frequency of f0 ∼ 2 ×1012 Hz. Attempts to fit the data to the Volger-Fulcher-type



71

behaviour resulted in extremely large standard deviations and static dipolar freez-

ing temperature TV F ≈ 4 (3) K within the standard deviation. However, support

the Arrhenius-type thermally activated dynamics of the dipolar re-orientation and

do not seem to agree well with the ‘glassy slowing’ of the dipolar relaxation, as

proposed by Fabini et al. (Fabini et al., 2016).

Figure 4.19 Low temperature heat capacity and inset show the C/T3 of related

CH3NH3PbI3 material.
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Figure 4.20 Temperature dependence of dielectric permittivity and dielectric loss

of CH3NH3PbI3, CH3NH3Pb0.9Sn0.1I3 and CH3NH3Pb0.9Ba0.1I3.
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Figure 4.21 Low temperature of permittivity (εr) and loss tangent (tan δ) of

CH3NH3PbI3. Frequency dependent dielectric loss peaks indicating substantial

slowing of relaxation dynamics are observed in the sample.

Table 4.4 Fitting parameters and goodness of fit (χ2) for Arrhenius-type

thermally-activated model and Vogel-Fulcher-type model of the dielectric relax-

ation of CH3NH3PbI3 sample. The standard deviations of the fitting parameters

are given in brackets.

Type of fit f0 [Hz] Ea [meV] TV F [K] χ2

Arrhenius 1.8(3) ×1012 123.0(8) - 0.999

Vogel-Fulcher 6(6) ×1011 110(10) 4(3) 0.999
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Figure 4.22 Natural logarithm of f as the function of 1/T by Arrhenius model

a) and b)with the function of Tmax by Vogel-fulcher fit model for CH3NH3PbI3.
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4.3 Sn2+ doped on CH3NH3Pb1−xSnxI3 perovskite

We synthesized CH3NH3Pb1−xSnxI3 compound where x = 0.02, 0.04, 0.06,

0.08, 0.1 and 0.2. To do this, synthesized samples were characterized using XRD,

UV-vis, FTIR, XPS and phase transition at low temperature.

4.3.1 XRD spectra

The XRD patterns for Sn2+ substituted are shown in Figure 4.23. The

pattern show the Rielveld refinement of XRD pattern for Sn2+ with the profile

obtained from the rietveld analysis. It can be clearly seen that the diffraction

peaks can be indexed to main phase of tetragonal structure CH3NH3PbI3 with

I4/mcm space group as reported in the literature (Jintara and Rattikorn, 2017). In

addition, the XRD pattern reveals a small amount of impurity phases according to

CH3NH3I phases. The shape diffraction peaks also indicate that high crystallinity

of the powders. It is evidenced by the high-values of shift of 2θ in Figure 4.24a,

the Sn2+ substituted samples exhibit larger cell parameters than CH3NH3PbI3

undoped. In addition, this observation are confirmed by the results of the Rietveld

refinement listed in Table 4.5.

The crystallite size of samples calculated from diffraction peaks is about 15

nm. Clearly correlation is observed between the Sn2+ substitution and the per-

ovskite formation behavior. The Sn2+ substituted in the CH3NH3PbI3 gave the

high fraction of the tetragonal structure (80-90%) with the enlarge lattice param-

eter. Unfortunately we could not achieve complete phase purity of CH3NH3PbI3

material. The impunity phase originated from CH3NH3I and PbI2 were present

in all the samples. This is contract results reported in ref (Javier et al., 2015).

They are claimed that the 10% doping of Sn2+ on thin film shows single phase of

tetragonal structure.
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Figure 4.23 Rietveld refinement of the powder X-ray diffraction data of the Sn2+

doped CH3NH3Pb1−xSnxI3 materials with x = a) 0.02, b) 0.04, c) 0.06, d) 0.08, e)

0.1 and f) 0.2. Experimental data are show as • symbols. The solid line is fit, the

vertical bars are the expected Bragg reflection position.
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Figure 4.24 The XRD expanded peak at 2θ of around 13.5-14.5◦, when a) Sn2+

substitution and b) Ba2+ substitution.
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Table 4.5 Phase formation, lattice parameter by Rietveld refinement of Sn2+ substitution on MAPb1−xSnxI3 XRD pattern.

x 0 0.02 0.04 0.06 0.08 0.1 0.2

MAPbI3 a = b (Å) 8.8735(5) 8.8626(2) 8.8655(1) 8.8683(1) 8.8677(1) 8.8675(1) 8.86796(1)

c (Å) 12.6657(9) 12.6618(3) 12.6609(2) 12.6624(2) 12.6590(2) 12.6585(2) 12.6570(2)

%wt 97.35 91.72 91.62 91.30 92.63 92.17 90.65

PbI2 a = b (Å) 4.5577(2) 4.5546(2) 4.5545(2) 4.5566(2) 4.5557(2) 4.5554(2) 4.5568(3)

c (Å) 6.9891(2) 6.9841(3) 6.9837(3) 6.9845(4) 6.9831(3) 6.9831(3) 6.9778(4)

%wt 2.65 5.83 5.88 6.01 5.14 5.50 6.22

MAI a (Å) - 9.0134(3) 9.0135(3) 9.0171(3) 9.0166(3) 9.0161(3) 9.0183(3)

b (Å) - 5.1327(3) 5.1329(3) 5.1381(2) 5.1306(3) 5.1318(3) 5.1282(4)

c (Å) - 5.1047(3) 5.1049(3) 5.1038(2) 5.1074(3) 5.1092(3) 5.1089(4)

%wt - 2.45 2.50 2.69 2.23 2.36 3.11

wRp(%) 6.92 5.73 5.94 5.35 5.26 5.53 5.94

GOF 1.71 1.65 1.71 1.49 1.53 1.61 1.65

D (nm) 16.22±0.02 14.09±0.01 14.48±0.03 15.17±0.01 15.28±0.01 14.82±0.03 15.25±0.02
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4.3.2 UV-vis spectroscopy

Diffuse reflectance UV vis spectroscopy were measured to determine the

Eg. Figure 4.25 shows the region of spectra obtained for 0.02-0.2 Sn2+ substi-

tutions in MAPb1−xSnxI3. According to the theory, the properties are related

to their electronic structure and have an important rule in determining optical

bandgap. The optical bandgap can be determined from the plot of the Kubelka-

Munk function [F(R)hv]2 vs photon energy. The Eg values are calculated by the

linear extrapolation portion of the plots to [F(R)hv]2 = 0. The figure 4.25a shows

that the presence of Sn2+ substitutions increasing leads to a slight orange shift

of the reflectance band, while presence of optical bandgap (see figure 4.25b) in

the substitutions of 0.02-0.06 Sn2+ lead to increased bandgap and decreasing lead

to stable values. As literature was reported to the formula MAPb0.95Sn0.05I3 for

optical bandgap values below 1.57 eV with tetragonal phase (Javier et al., 2015),

as same as our works shows around 1.55-1.56 eV. However, The optical bandgap

values for substitutions in CH3NH3PbI3 were decreased gradually with increases

in the substitution content of the ions from x = 0.06 to 0.2, which is in accordance

with other reports (Javier et al., 2015). Generally, the bandgap is strongly depen-

dent on the particle size and the existence of deficient levels induction between

the conduction band and valence band, especially when energy levels are close to

the conduction bend. Moreover, the change in the bandgap could be attributed

to the distortion in the PbI6 octahedral and higher forced symmetry to decrease

the bandgap due to the doping of ions.
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Figure 4.25 a) diffuse reflectance UV vis spectra for CH3NH3Pb1−xSnxI3 samples

with 0.02-0.2 Sn2+ substitutions and b) the plot of the optical bandgap values for

each samples.



81

4.3.3 FTIR measurement

To study the bonding in Sn-substituted material a FTIR was used. The

room temperature FIIR spectra of Sn-substituted with different concentrations

of substitution ions (0.02, 0.04, 0.06, 0.08, 0.1 and 0.2) sample have been show

in Figure 4.26 in wavenember of 400-2000 cm−1. Figure 4.26 show characteristic

vibration bands of Sn2+ substituted in CH3NH3PbI3 (see table 4.2), whose main

peaks are related to the frequency of vibrational modes of the organics cation

(Pérez-Osorio et al., 2015; Jintara and Rattikorn, 2017). In the figure show the

weaker vibrational mode of materials mainly related to the bending and rock-

ing mode in the range of 600-1700 cm−1. According ref. (Pérez-Osorio et al.,

2015; Jintara and Rattikorn, 2017), we propose the summary attribution of these

peaks to vibrational by Table 4.2. However, the perovskite Sn2+ substituted in

CH3NH3PbI3 have been used and no shift of all peaks. As it was mentioned above,

N-H stretching, N-H bending, C-H bending, C-N rocking vibration modes of all

materials. In particular, The spectra similar results were found for CH3NH3PbI3

material, we infer that the interaction found are attributable to the chemical na-

ture of organic compound. In addition, the broad low intensity band with the

maximum around 3000-3400 cm−1 (do not show here) has been assigned to the

antisymmetric stretching of water from ambient moisture due to contact of the

sample with the environment.
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Figure 4.26 FTIR spectra of Sn2+ substituted in CH3NH3PbI3 materials in the

range of 500-1700 cm−1.
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4.3.4 XPS measument

The XPS spectra were recorded to confirmed chemical bonding states in the

samples. The survey spectra were acquired and we observed the possible core level

peaks that arise, we proceeded to measure the spectra for the individual peaks.

Figure 4.27 shows the XPS data of C 1s, N 1s, I 3d, Pb 4f and Sn 3d core level

with the Sn2+ substitution. We began our measurements with carbon, where the

adventitious C 1s line would be used for charge referencing and calibration.

The all of data are the calibrated spectra for the C 1s for all samples.

The spectra were analyzed using a Shirley function for background deduction

and Gaussian function to fit the peaks. The FWHM of all samples fitted curves

were constrained to be the very close/ similar. The main carbon peak and the

most peak arises from the adventitious carbon found in the atmosphere and other

impurities that may contaminate from the preparation XPS measurement (see

figure 4.28). This C peak is conventionally set to 284.8 eV and indicate for the

C-C/C-H chemical state for carbon. The other peaks at 285.8, 286.6,<287.5 and

283.2 eV correspond to the C-I, C-N, C=O and metal carbide chemical states.

The N 1s spectra are shown in Figure4.29 and the peaks was fitted using the same

way with C 1s. The BE of N 1s was around 400-402 eV confirmed C-H and N-H

chemical states at 400.1 and 402 eV.
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Figure 4.27 XPS survey scan of Sn2+ substituted in CH3NH3Pb1−xSnxI3 mate-

rials.
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Figure 4.28 XPS spectra for C 1s of the samples and the Gaussian fitting,

when a) 0.02, b) 0.04, c) 0.06, d) 0.08, e) 0.1 and f) 0.2 Sn2+ substituted in

CH3NH3Pb1−xSnxI3 materials.
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Figure 4.29 XPS spectra for N 1s of the samples and the Gaussian fitting,

when a) 0.02, b) 0.04, c) 0.06, d) 0.08, e) 0.1 and f) 0.2 Sn2+ substituted in

CH3NH3Pb1−xSnxI3 materials.
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Figure 4.30 XPS spectra for I 3d of the samples and the Gaussian fitting,

when a) 0.02, b) 0.04, c) 0.06, d) 0.08, e) 0.1 and f) 0.2 Sn2+ substituted in

CH3NH3Pb1−xSnxI3 materials.
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Figure 4.31 XPS spectra for Pb 4f of the samples and the Gaussian fitting,

when a) 0.02, b) 0.04, c) 0.06, d) 0.08, e) 0.1 and f) 0.2 Sn2+ substituted in

CH3NH3Pb1−xSnxI3 materials.
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Figure 4.32 XPS spectra for Sn 3d of the samples and the Gaussian fitting,

when a) 0.02, b) 0.04, c) 0.06, d) 0.08, e) 0.1 and f) 0.2 Sn2+ substituted in

CH3NH3Pb1−xSnxI3 materials.
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Figure 4.33 XPS spectra for O 1s of the samples and the Gaussian fitting,

when a) 0.02, b) 0.04, c) 0.06, d) 0.08, e) 0.1 and f) 0.2 Sn2+ substituted in

CH3NH3Pb1−xSnxI3 materials.

The core level spectra for I was acquired for the 3d for all samples. Similar

to the C 1s spectra, the curves were fit using an asymmetric Gaussian function.
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Figure 4.30 shows the well separated spin-orbit components, a sparation of around

11.3-11.5 eV being found in all sample, which is typical of presence of I− and no

other chemical states of iodine are present. In turn, the signal of Sn2+ substituted

perovskite coincide with those obtained in the oxidation state of I− after substi-

tution with Sn2+ consistent with previous work (Jintara and Rattikorn, 2017).

In addition, figure 4.31 shows the spectrum for the Pb 4f spectra at a BE

of 139 eV. These BE are consistent with literature estimates for PbI2 and indicate

the presence of Pb2+ species. However, no chemical shift in the spectrum as well

as the absence of other chemical states of Pb. Figure 4.30-4.31 shows the peaks I

3d and Pb 4f spectra are no significant change except some intensity reduction. It

is confirmed the peaks corresponding the Pb-I bond in the Pb 4f spectra for PbI2

and CH3NH3PbI3 has the same BE. In turn, the BE of Sn 3d (see Figure 4.32)

was around 486 and 495 eV (3d5/2 and 3d3/2). It is the typical position and sepa-

ration of spin-orbit component for Sn2+. However, the sample of 0.04MASnI3 and

0.06MASnI3 were found to be a shift towards lower BE values, may be indicating

that small modification is formed in metal carbide. The formation of metal carbide

was confirmed by C 1s spectra (see Figure 4.28). We attribute the appearance of

lower BE peak at 283.2 eV in C 1s spectrum to Sn2C for the samples prepared

under ambient. More core level of O 1s spectra are shown in the Figure 4.33. The

spectra was fitted using the same way with C 1s. We can see clearly from the

spectra of all samples. We have oxygen impurities corresponding to the O=C and

O-H chemical state as well as the main O 1s peaks attributed to the C 1s.
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4.3.5 XANES analysis

This section, the CH3NH3Pb0.9Sn0.1I3 sample used study were obtained.

The XANES measurement was done in TM mode for Pb M5-edge and TM for

I L3-edge. At the same time with CH3NH3PbI3, the measurement Pb M5-edge

and I L3-edge XANES of CH3NH3PbI3 and PbI2 do not have reference compound

available in the database. We get supporting information from XRD (Weber, 1978)

and modified by substituted metal halide. Therefore, the calculation XANES

from candidate compounds must be generated and compared with the experiment

results.

The FEFF 8.2 code is used to calculate the XANES spectra of

CH3NH3Pb0.9Sn0.1I3 and PbI2 for ensuring all features of extrapolated XANES

spectra, same way with CH3NH3PbI3 section. After the calculation XANES

database has been compiled, the spectra can be used to compared and fitted with

the experiment spectra as shown in Figure 4.34-4.35. The features of Pb M5-edge

experiment spectra (see figure 4.34) look similar to calculation spectra (see figure

4.34b) of those materials, as well as that CH3NH3PbI3 spectra. The calculated

spectra are in good agreement with the corresponding measured spectra obtained

from those samples. Therefore, from the XAS point of view, it can be concluded

10% substitution of Sn2+ into the structure of CH3NH3PbI3, which corresponding

with XRD. However, the XANES of CH3NH3Pb0.9Sn0.1I3 and SnI2 have been cal-

culated in Sn L3-edge are shown in Figure 4.36 (Sn edge of experimental does not

showed here).
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Figure 4.34 Measured Pb M5-edge XANES spectra (a) and calculated Pb M5-

edge XANES spectra (b) of CH3NH3Pb0.9Sn0.1I3 materials.
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Figure 4.35 Measured I L3-edge XANES spectra (a) and calculated I L3-edge

XANES spectra (b) of CH3NH3Pb0.9Sn0.1I3 materials.
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Figure 4.36 Calculated Sn L3-edge XANES spectra of CH3NH3Pb0.9Sn0.1I3 ma-

terials.

4.3.6 EXAFS analysis

The result was performed using ATHENA software to get EXAFS spec-

tra. The curve fitting was done for the k2-weighted spectrum of 3-6 Å−1. The

EXAFS spectra were processed, information on local structure of I atom via fit-

ting with perovskite model of CH3NH3PbI3 with Sn2+ substituted in B-site in

ARTEMIS program. This compound can direct EXAFS fitting for sample, the

structural parameters can be obtained. In the Figure 4.37a are two k2-weighted

L3-edge EXAFS spectra. Normally, it seen that the two spectra are good agree-

ment over the region 2-5 Å−1. Therefore, the good overview of qualitatively and

the reliable structural parameters would be obtained from fitting. However, the

important structure parameters were extracted and consistent FT are shown in
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the Figure4.37b. It can be seen that the fitting spectra can reproduce the experi-

mental data. The fitting parameters obtained from this sample for average bond

length of I absorbing atoms within Pb, C and N atoms (R), Debye-Waller factors

(σ2) and coordination number (N) are shown in Table 4.6. The results can be

confirmed the local structure consistent with XANES and XRD result.

Table 4.6 The structure parameters coordination numbers N, interatomic dis-

tances R and DW factors σ2 obtained by fitting the EXAFS data for the

CH3NH3Pb0.9Sn0.1I3.

Shell N R [Å] σ2

I-Sn 1 3.2052(1) 0.1974

I-Pb 1 3.2052(1) 0.0172

I-I1 4 4.4654(6) 0.7442

I-I2 4 4.5320(7) 0.7452

I-N 4 4.0799(5) 0.0844

I-C 4 3.3483(8) 0.5013
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Figure 4.37 Comparison of Experiment and fitted magnitude of EXAFS Fourier

transform (FT) (a) and (b) comparison of k2-weighted spectrum over the k-range

of CH3NH3Pb0.9Sn0.1I3. The k range used in the FT is from 3-8.7 Å1 for data set
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4.3.7 Low temperature phase transition

The temperature dependence variations of permittivity (εr) and dielectric

loss (tan δ) in the range of 3-200 K measured at 1 kHz are also presented in

Figure 4.20. The CH3NH3Pb0.9Sn0.1I3 data are quite similar to that reported

earlier (Noriko et al., 1992) and also our reported in section of CH3NH3PbI3. At

temperature of 3 K the dielectric permittivity is around 20-21 are quite similar

to CH3NH3PbI3. The important feature is a relatively weak dielectric dispersion

at Tm ∼60-100 K whose details are shown in Figure 4.38. Similar type low-

temperature weak dielectric dispersion was also observed in the formamidimium

lead iodide by Fabini et al. (Fabini et al., 2016) and our CH3NH3PbI3. The low-

temperature dielectric dispersion in the title compounds is characterized by the

frequency dependent dielectric permittivity anomaly and tan δ peak that shifts to

higher temperatures as frequency increases (see Figure 4.38).

CH3NH3Pb0.9Sn0.1I3 shows much broader (two-component) tan δ peak

whose components show a different frequency dependence: the lower-frequency

part of the tanδ (T ) peak gradually increases with temperature whereas the

higher-frequency part of the tanδ(T ) peak show a gradual decrease with T . We

have fitted the frequency dependence of the tan δ(T ) peak of our samples to

both Arrhenius and Vogel-Fulcher dielectric relaxation behaviour is shown in

Figures 4.39a-b, respectively. The fitting parameters are summarized in Table

4.7. CH3NH3Pb0.9Sn0.1I3 specimen shows an additional low-temperature relax-

ation with Ea ∼ 70 meV and f0 ∼ 9 ×107 Hz (see Table 4.7). According to Table

4.7, attempts to fit the data to the Volger Fulcher-type behaviour resulted in ex-

tremely large standard deviations and static dipolar freezing temperature TV F ≈

0 K within the standard deviation. Our results, therefore, support the Arrhenius-

type thermally activated dynamics of the dipolar re-orientation and also do not
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seem to agree well with the ‘glassy slowing’ of the dipolar relaxation, as proposed

by Fabini et al. (Fabini et al., 2016) simaly to CH3NH3PbI3 materials.

Figure 4.38 Low temperature of permittivity (εr) and loss tangent (tan δ) of

CH3NH3Pb0.9Sn0.1I3 perovskite. Frequency dependent dielectric loss peaks indi-

cating substantial slowing of relaxation dynamics are observed in the sample.
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Table 4.7 Fitting parameters and goodness of fit (χ2) for Arrhenius-type

thermally-activated model and Vogel-Fulcher-type model (marked by the aster-

isk) of the dielectric relaxation of CH3NH3Pb0.9Sn0.1I3 at low-temperature fit (LT)

and high-temperature fit (HT). The standard deviations of the fitting parameters

are given in brackets.

Compound f 0 [Hz] Ea [meV] T V F [K] χ2

CH3NH3Pb0.9Sn0.1I3 LT 9(3) ×107 70(2) - 0.995

CH3NH3Pb0.9Sn0.1I3 HT 4(4) ×1014 171(7) - 0.984

CH3NH3Pb0.9Sn0.1I3* LT 9(23) ×107 70(28) 0(12) 0.995

CH3NH3Pb0.9Sn0.1I3* HT 1(16) ×1014 151(221) 5(60) 0.981
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Figure 4.39 Natural logarithm of f as the function of 1/T by Arrhenius

model a) and b)with the function of Tmax by Vogel-fulcher fit model for

CH3NH3Pb0.09Sn0.1I3.
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4.4 Ba2+ doped on CH3NH3Pb1−xBaxI3 perovskite

This section were reported using Ba2+ substitutes in Pb-site of

CH3NH3PbI3 perovskite materials. We synthesized CH3NH3Pb1−xBaxI3 com-

pound where x = 0.02, 0.04, 0.06, 0.08, 0.1 and 0.2. To do this, synthesized

samples were characterized using XRD, UV-vis, FTIR, XPS and phase transition

at low temperature.

4.4.1 XRD spectra

Figure 4.40 illustrates the XRD patterns for Ba2+ substituted in

CH3NH3PbI3 perovskite at room temperature. The pattern show diffraction that

can be assigned to planes of the tetragonal (I4/mcm) phase with similarly as

CH3NH3PbI3 material. In turn, CH3NH3I is also present. Several diffraction peak,

which can be identification to tetragonal phase (Jintara and Rattikorn, 2017).

The shape diffraction peaks also indicate that high crystallinity of the pow-

ders. The Ba2+ substituted results confirm that a solid solution was achieved by

Ba substitution at the Pb-site of perovskite structure. In addition, this observation

are confirmed by the results of the Rietveld refinement listed in Table 4.40. Clearly

correlation is observed between the Ba2+ substitution and the perovskite forma-

tion behavior. The Ba2+ substituted in the CH3NH3Pb1−xBaxI3 gave the high

fraction of the tetragonal structure (< 91%) with the enlarge lattice parameter.

Unfortunately we could not achieve complete phase purity of CH3NH3PbI3 mate-

rial. The impunity phase originated from CH3NH3I and PbI2 were also present in

all the samples. However, our results still show high main phase of CH3NH3PbI3

about 91%.
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Figure 4.40 Rietveld refinement of the powder X-ray diffraction data of the Ba2+

doped CH3NH3Pb1−xBaxI3 materials with x = a) 0.02, b) 0.04, c) 0.06, d) 0.08,

e) 0.1 and f) 0.2. Experimental data are show as • symbols. The solid line is fit,

the vertical bars are the expected Bragg reflection position.
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Table 4.8 Phase formation, lattice parameter by Rietveld refinement of of Ba2+ substitution on CH3NH3Pb1−xBaxI3 XRD pattern.

x 0 0.02 0.04 0.06 0.08 0.1 0.2

MAPbI3 a = b (Å) 8.8735(5) 8.8592(2) 8.8638(2) 8.8643(2) 8.8655(2) 8.8648(2) 8.8655(2)

c (Å) 12.6657(9) 12.6635(3) 12.6638(2) 12.6598(3) 12.6604(3) 12.6558(3) 12.6573(3)

%wt 97.35 92.33 91.69 92.30 91.81 91.39 91.49

PbI2 a = b (Å) 4.5577(2) 4.5538(2) 4.5555(2) 4.5546(2) 4.5551(2) 4.5542(2) 4.5548(3)

c (Å) 6.9891(2) 6.9814(4) 6.9844(5) 6.9824(4) 6.9851(3) 6.9802(4) 6.9806(5)

%wt 2.65 4.91 5.82 5.00 5.44 5.92 5.89

MAI a (Å) - 9.0183(4) 9.0201(5) 9.0195(4) 9.0206(4) 9.0188(4) 9.0177(5)

b (Å) - 5.1342(4) 5.1344(4) 5.1340(4) 5.1338(4) 5.1339(4) 5.1329(4)

c (Å) - 5.0970(4) 5.0963(4) 5.0968(4) 5.0968(4) 5.0972(4) 5.0982(5)

%wt - 2.87 2.49 2.70 2.75 2.69 2.62

wRp(%) 6.92 6.20 6.52 6.19 6.32 6.69 7.77

GOF 1.71 1.78 1.86 1.79 1.84 1.97 2.26

D (nm) 16.22±0.02 14.13±0.01 14.76±0.03 15.03±0.02 15.26±0.04 15.27±0.01 15.52±0.01
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4.4.2 UV-vis spectroscopy

The diffuse reflectance UV vis spectroscopy were measured to determine the

Optical bandgap. The optical bandgap is an important factor in understanding

the PV properties of semiconductors. Figure 4.41 shows the region of reflectance

spectra obtained for 0.02-0.2 Ba2+ substitutions in CH3NH3PbI3. The figure 4.25a

shows that the presence of Ba2+ substitutions increasing leads to a slight shift of

0.02MABaI to other substituted.

According to the theory of optical absorption, properties are related to

their electronic structure and important role in determining optical bandgap. The

optical bandgap can be determined from the plot of the Kubelka-Munk function

[F(R)hv]2 vs photon energy (Eg) where F(R), h, v and Eg are the absorption coef-

ficient, planck constant, the light frequency and bandgap, respectively. Thus, Eg

values are calculated by the linear extrapolation portion of the plots to [F(R)hv]2

= 0. The optical bandgap are determined by extrapolating the linear approach as

illustrated in figure 4.25b. From the figure, it can be seen that the optical bandgap

of the parent of Ba-substitution are estimated to 1.55-1.57 eV in 20% substitutes.

As literature was calculated to the formula MABaI3 for optical bandgap values

around 3.30 eV with tetragonal phase (Pazoki et al., 2016), while our works shows

around 1.55-1.57 eV for increasing the Sn2+ substitutions. It is too difficult with

theoretical maybe from second phase and low-density of samples.
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Figure 4.41 a) diffuse reflectance UV vis spectra for CH3NH3Pb1−xBaxI3 samples

with 0.02-0.2 Ba2+ substitutions and b) the plot of the optical bandgap values for

each samples.
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4.4.3 FTIR measurement

To study the bonds in the substitution a FTIR spectrometer was used.

The room temperature FTIR spectra of Ba-substituted with different concentra-

tions of substitution ions samples have been show in Figure4.42 in wavenumber of

400-2000 cm−1. The figure show room temperature FTIR spectra and characteris-

tic vibration bands with Ba2+ substituted in CH3NH3Pb1−xBaxI3 (see table 4.2).

The main peaks are related to the frequency of vibrational modes of the organics

cation (Pérez-Osorio et al., 2015; Jintara and Rattikorn, 2017). In the spectra

show the weaker vibrational mode of materials mainly related to the bending and

rocking mode in the range of 600-1700 cm−1. According ref. (Pérez-Osorio et al.,

2015; Jintara and Rattikorn, 2017), we propose the summary attribution of these

peaks to vibrational by Table 4.2. However, the perovskite Ba2+ substituted in

CH3NH3Pb1−xBaxI3 have been used and no shift of all peaks. As it was men-

tioned above, N-H stretching, N-H bending, C-H bending, C-N rocking vibration

modes of all materials. In particular, The spectra similar results were found for

CH3NH3PbI3 and Sn2+ substituted in CH3NH3PbI3 material. We infer that the

interaction found are attributable to the chemical nature of organic compound in

perovskite materials.



108

Figure 4.42 FTIR spectra of Ba2+ substituted in CH3NH3Pb1−xBaxI3 materials

in the range of 500-1700 cm−1.
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4.4.4 XPS measument

Figure 4.43 shows the XPS data of C 1s, N 1s, I 3d, Pb 4f and Sn 3d core

level with the Sn2+ substitution. We began our measurements with carbon, where

the adventitious C 1s line would be used for charge referencing and calibration.

The C 1s spectrum (Figure 4.44) is the calibrated spectra for the C 1s for

all samples. The spectra were analyzed using a Shirley function for background

deduction and Gaussian function to fit the peaks. The FWHM of all samples fitted

curves were constrained to be the very close/ similar. The main carbon peak and

the most peak arises from the adventitious carbon found in the atmosphere and

other impurities that may contaminate from the preparation XPS measurement.

This C peak is conventionally set to 284.8 eV and indicate for the C-C/C-H chem-

ical state for carbon. The other peaks at 285.6 and 286.3 eV correspond to the

C-I and C-N states. The N 1s spectra (see Figure 4.45) are remarkably similar

ans two features BE at 401.8 and 400.2 eV are detected. A good agreement with

the CH3NH3PbI3 result and ref. data (NIST, 2000) are confirmed N-H and C-H

chemical states.

The I 3d, Pb 4f and Ba 3d spectra (see Figure 4.46, 4.47 and 4.48) are

characterized by a orbit-split doublet, with I 3d5/2, Pb 4f7/2 and Ba 3d5/2 peaks

at a BE of 618.9, 137.9 and 780.5 eV, respectively. These BE are consistent

with literature for bulk PbI2 and BaI2 (Qingbiao et al., 2004; NIST, 2000). It is

indicate the presence of I−, Pb2+ and Ba2+ species. The spectra appeared I2 and

C-I (617.6 and 620.1 eV) for I spectra, which consistent C spectra (Figure 4.44).

As the same time, Pb spectra detected the Pb-metal and Pb-O at 136.5 and 138.9

eV, respectively. However, figure 4.49 confirmed the O-Pb around 531.6 eV and

detected O-H chemical state. This contamination detect could be explained during

to the preparation of XPS technique.
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Figure 4.43 XPS survey scan of Ba2+ substituted in CH3NH3Pb1−xBaxI3 mate-

rials.
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Figure 4.44 XPS spectra for C 1s of the samples and the Gaussian fitting,

when a) 0.02, b) 0.04, c) 0.06, d) 0.08, e) 0.1 and f) 0.2 Ba2+ substituted in

CH3NH3Pb1−xBaxI3 materials.
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Figure 4.45 XPS spectra for N 1s of the samples and the Gaussian fitting,

when a) 0.02, b) 0.04, c) 0.06, d) 0.08, e) 0.1 and f) 0.2 Ba2+ substituted in

CH3NH3Pb1−xBaxI3 materials.
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Figure 4.46 XPS spectra for I 3d of the samples and the Gaussian fitting,

when a) 0.02, b) 0.04, c) 0.06, d) 0.08, e) 0.1 and f) 0.2 Ba2+ substituted in

CH3NH3Pb1−xBaxI3 materials.
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Figure 4.47 XPS spectra for Pb 4f of the samples and the Gaussian fitting,

when a) 0.02, b) 0.04, c) 0.06, d) 0.08, e) 0.1 and f) 0.2 Ba2+ substituted in

CH3NH3Pb1−xBaxI3 materials.
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Figure 4.48 XPS spectra for Ba 3d of the samples and the Gaussian fitting,

when a) 0.02, b) 0.04, c) 0.06, d) 0.08, e) 0.1 and f) 0.2 Ba2+ substituted in

CH3NH3Pb1−xBaxI3 materials.
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Figure 4.49 XPS spectra for O 1s of the samples and the Gaussian fitting,

when a) 0.02, b) 0.04, c) 0.06, d) 0.08, e) 0.1 and f) 0.2 Ba2+ substituted in

CH3NH3Pb1−xBaxI3 materials.
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4.4.5 XANES analysis

The CH3NH3Pb0.9Ba0.1I3 sample used study were obtained. The XANES

measurement was done in FL mode for Pb M5-edge, TM for I L3-edge and Ba L3-

edge for FL mode. At the same time, the measurement Pb M5-edge, I L3-edge and

Ba L3-edge XANES of CH3NH3PbI3, Pb2+ and substituted of some metal on B-

site do not have reference compound available in the database. We get supporting

information from XRD (Weber, 1978, 1979) and modified by substituted metal

halide. Therefore, the calculation XANES from candidate compounds must be

generated and compared with the experiment results.

To calculate the XANES spectra of CH3NH3Pb0.9Ba0.1I3 and Pb2+ for en-

suring all features of extrapolated XANES spectra, same way with CH3NH3PbI3

and CH3NH3Pb0.9Sn0.1I3 section. After the calculation XANES database has been

compiled, the spectra can be used to compared and fitted with the experiment

spectra as shown in Figure 4.50, 4.51 and 4.52. The features of Pb M5-edge and

I L3-edge experiments spectra (see figure 4.50a-4.51a) look similar to calculation

spectra (see figure 4.50b-4.51b) of those materials, as well as that CH3NH3PbI3

and CH3NH3Pb0.9Sn0.1I3 spectra. In addition, 10% substitution into the struc-

ture can be confirmed by Ba L3-edge XANES spectra. The spectra look a bit

different with calculation spectra, but still would be confirmed the Ba existed in

the structure (see figure 4.52). Therefore, from the XAS point of view, it can be

concluded 10% substitution of Ba2+ and Sn2+ into the structure of CH3NH3PbI3,

which corresponding with XRD.
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Figure 4.50 Measured Pb M5-edge XANES spectra (a) and calculated Pb M5-

edge XANES spectra (b) of CH3NH3Pb0.9Ba0.1I3 materials.



119

Figure 4.51 Measured I L3-edge XANES spectra (a) and calculated I L3-edge

XANES spectra (b) of CH3NH3Pb0.9Ba0.1I3 materials.



120

Figure 4.52 Measured Ba L3-edge XANES spectra (a) and calculated Ba L3-edge

XANES spectra (b) of CH3NH3Pb0.9Ba0.1I3 materials.
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4.4.6 EXAFS analysis

The raw data was produced using ATHENA program to get EXAFS spec-

tra. The curve fitting was done for the k2-weighted spectrum of 3-8.7 Å−1. The

EXAFS spectra were processed, information on local structure of I atom via fit-

ting with perovskite model of CH3NH3PbI3 with Ba2+ substituted in B-site in

ARTEMIS program. In the Figure 4.53a are two k2-weighted L3-edge EXAFS

spectra. Normally, it seen that the two spectra are good agreement over the re-

gion 2-5 Å−1. However, the important structure parameters were extracted and

consistent FT are shown in the Figure 4.53b. It can be seen that the fitting spectra

can reproduce the experimental data. The fitting parameters obtained from this

sample for average bond length of I absorbing atoms (R), Debye-Waller factors

(σ2) and coordination number (N) are shown in Table 4.9. The results can be

confirmed the local structure consistent with XANES and XRD result.

Table 4.9 The structure parameters coordination numbers N, interatomic dis-

tances R and DW factors σ2 obtained by fitting the EXAFS data for the

CH3NH3Pb0.9Ba0.1I3.

Shell N R [Å] σ2

I-Ba 1 3.1060(6) 0.0176

I-Pb 1 3.1060(6) 0.0036

I-I1 4 4.3273(1) 0.0524

I-I2 4 4.3918(7) 0.0624

I-N 4 3.9537(3) 0.0624

I-C 4 3.2448(1) 0.0078
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Figure 4.53 Comparison of Experiment and fitted magnitude of EXAFS Fourier

transform (FT) (a) and (b) comparison of k2-weighted spectrum over the k-range

of CH3NH3Pb0.9Ba0.1I3. The k range used in the FT is from 3-8 Å−1 for data set.
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4.4.7 Low temperature phase transition

The heat capacities of CH3NH3Pb0.9Ba0.1I3 are presented in Figure 4.54.

The figure represent the normal heat capacity of CH3NH3Pb0.9Ba0.1I3 samples de-

termined as described below. For T < 140 K where the heat capacities were can

not measured because Ba substituted material are attributed to the lower density

of the pressed pellets. Thus, anomalies was found at 160 K, which this temper-

ature consistent with previous reported (O et al., 1986). The phase transition in

CH3NH3Pb0.9Ba0.1I3 occur at close to temperature with CH3NH3PbI3 (see figure

4.19) sample.

In addition, the temperature depence of the complex permittivity (εr) and

dielectric loss dispersion (tan δ) are shown in the Figure 4.20. The feture data quite

similar to CH3NH3PbI3 ,CH3NH3Pb0.9Sn0.1I3 and reported earlier (Fabini et al.,

2016). A sharp drop in dielectric permittivity was found around 160 K, which

corresponding to the heat capacities of the transition from the high-temparature

tetragonal to the low temperature orthorhombic phase (Weber, 1978; Fabini et al.,

2016). At first temperature of 3 K the dielectric permittivity is around ∼ 14. The

dielectric permittivity of CH3NH3Pb0.9Ba0.1I3 shows qualitatively similar trend to

that found in CH3NH3PbI3 and CH3NH3Pb0.9Sn0.1I3 perovskites, the lower dielec-

tric constant values for Ba substituted material are most likely attributed to the

rather low density (∼ 75%) of the polycrystalline sample. At higher temperatures

(T > 200 K) the electrode polarization (Maxwell-Wagner effect) due to the itin-

erant charge carriers dominates the low-frequency dielectric permittivity and tan

δ.

However, important feature is a relatively weak dielectric dispersion at

Tm ∼ 60-100 K whose details are shown in Figure 4.55a-b. The same way with

CH3NH3PbI3 and CH3NH3Pb0.9Sn0.1I3, we have fitted the frequency dependence of
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the tan δ peak of tha sample by Arrhenius and Vogel-Fulcher dielectric relaxation

behaviour are shown in Figures 4.56 and fitting parameters are summarized in

Tables 4.10. The results can be described by Arrhenius-type thermally activated

behaviour with Ea ∼ 156 meV and attempt frequency of f0 ∼ 2 ×1014 Hz. Ac-

cording to fitting by the Volger-Fulcher-type behaviour resulted in extremely large

standard deviations and static dipolar freezing temperature TV F ≈ 0 K within the

standard deviation similarly to CH3NH3Pb0.9Sn0.1I3 data. Our results, Thus, sup-

port the Arrhenius-type thermally activated dynamics of the dipolar re-orientation

and do not seem to agree well with the ‘glassy slowing’ of the dipolar relaxation,

as proposed by previous reported (Fabini et al., 2016).

Figure 4.54 Low temperature heat capacity of related CH3NH3Pb0.9Ba0.1I3 ma-

terial.
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Figure 4.55 Low temperature of permittivity (εr) and loss tangent (tan δ) of

CH3NH3Pb0.9Ba0.1I3Ḟrequency dependent dielectric loss peaks indicating substan-

tial slowing of relaxation dynamics are observed in the sample.

Table 4.10 Fitting parameters and goodness of fit (χ2) for Arrhenius-type

thermally-activated model and Vogel-Fulcher-type model of the dielectric relax-

ation of CH3NH3Pb0.9Ba0.1I3 materials. The standard deviations of the fitting

parameters are given in brackets.

Type of fit f 0 [Hz] Ea [meV] T V F [K] χ2

Arrhenius 1.8(9) ×1014 156(3) - 0.994

Vogel-Fulcher 2(11) ×1014 157(78) 0(19) 0.994
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Figure 4.56 Natural logarithm of f as the function of 1/T by Arrhenius

model a) and b)with the function of Tmax by Vogel-fulcher fit model for

CH3NH3Pb0.09Ba0.1I3.



CHAPTER V

CONCLUSIONS

From the all above results, The XRD pattern shown CH3NH3PbI3 samples

exhibited a tetragonal I4/mcm space group. The XRD pattern of Sn2+ and Ba2+

modified CH3NH3PbI3 show the reflections pattern that can be assigned to tetrag-

onal phase with the space group I4/mcm, which is similar to that of the undoped

sample. On the other hand, traces of the CH3NH3I second phase are also detected

in the Sn2+ and Ba2+ substituted materials.

The fit powder diffraction profiles was refined based on tetragonal (I4/mcm)

space group of CH3NH3PbI3, PbI2, and CH3NH3I second phases were also included

in refiment. The results of the Rietveld refinement, including the lattice parame-

ter of the main phase, wRp% and GOF are evident that the substituted of Sn2+

and Ba2+ did not cause the phase transition from tetragonal to cubic in our sam-

ples. The optical bandgap energy presented of Ba and Sn substitution leads to a

slight shift of the reflectance edge, following the trend that the CH3NH3PbI3 >

CH3NH3Pb1−xBaxI3 > CH3NH3Pb1−xSnxI3.

The FTIR spectra confirmed characteristic bands for organic group with

many peaks, which are attributed to MA cation. More evident of chemical bonding

and oxidation state in the samples are record by XPS spectra. The XPS results also

confirmed the core levels of C 1s, N 1s, I 3d, Pb 4f, Sn 3d and Ba 3d. In addition,

the experimental XAS results, both in XANES and EXAFS region showed the

local structure around I atom from tetragonal structure in CH3NH3PbI3. More-

over, XANES calculation spectra can fit nicely to the experiment spectra using
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CH3NH3PbI3, CH3NH3Pb0.9Ba0.1I3, and CH3NH3Pb0.9Sn0.1I3 as basis compound

consists XRD results.

Another important, the temperature dependence of permittivity (εr) and

dielectric loss (tanδ) in the range of 3-200 K measured at 1 kHz are presented in

Figure 4.21. A sharp drop in dielectric permittivity upon cooling was found for

all samples at around 160 K which corresponds to the transition from the high-

temperature tetragonal to the low-temperature orthorhombic phase. The impor-

tant feature is a relatively weak dielectric dispersion at Tm ≈60-100 K whose detail

was shown. Although it is believed that the orientational (with inorganic cage)

and rotational (around the C-N axis) degrees of freedom of methylammonium ions

are frozen out in the orthorhombic phase, the weak dielectric dispersion may indi-

cate some residual dipolar contribution originating from the incomplete frees out,

random fields, defects and disorder. To better understand the nature of the low-

temperature dielectric relaxation we have fitted the frequency dependence of the

tanδ peak of our samples to both Arrhenius-type and Vogel-Fulcher. According

to the results, the dielectric relaxation can be described by Arrhenius-type ther-

mally activated behaviour with Ea ≈ 123-171 meV and attempt frequency of f0 ≈

2×1012 - 4×1014 Hz. Furthermore, Sn-substituted specimen shows an additional

low-temperature relaxation with Ea≈ 70 meV and f0 ≈9×107 Hz. Attempts to fit

the data to the Volger-Fulcher-type behavior resulted in extremely large standard

deviations and static dipolar freezing temperature TV F ≈ 0 K within the standard

deviation. Our results, therefore, support the Arrhenius-type thermally activated

dynamics of the dipolar re-orientation of the dipolar relaxation.
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