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ABSTRACT 

 

EXPLORATION OF CsSnI3: UNCOVERING OPTICAL AND ELECTRICAL 

PROPERTIES FOR PHOTONIC DEVICE APPLICATIONS 

By 

Chonglong Yu 

 

This thesis is about the exploration of the optical properties of perovskite compound 

CsSnI3 (CSI), a newly identified semiconductor material. Based on what have been 

discovered so far, we believe that it has a great potential for photonic device applications. 

The exploration starts with the determination of the atomic and electronic structures of CSI 

and continues with the fundamental understanding of the optical properties revealed by 

spectroscipic measurments. One of the most fascinating optical properties associated with the 

unique atomic structuture of CSI is the superfluorecence from the correlated two-dimensional 

excitons naturally formed in the planes of SnI4 tetragons.  

After a brief introduction on the prior and recent research activities on CSI, the atomic 

structures and structural phase transitions of CSI were investigated using the first-principles 

approach. With the detailed structural information, the full electronic eigen states of CSI in its 

 phase, commonly accessible by the full optical spectrum from near infrared to ultraviolet, 

have been calculated. A few key charcteristics of the electronic structure were identified and 

discussed in view of their optical consequences, such as the much larger effective mass of 

electrons than that of holes, and the existence of the two lowest parallel conduction bands 

with an energy separation of 64 meV. 
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In the chapters of 4, 5 and 6, the exploration continues with the understanding of 

interesting optical properties and the associated physics processes. The abnormal temperature 

dependence of the energy band gap of CSI is explained by the two combined effects: 1) the 

neglegible contribution of direct electron-phonon interactions to the band gap change due to 

the unusual large electron effective mass, and 2) the positive thermal expansion effect to the 

band gap change calculated by the first-principle approach. Pronounced two-LO-phonon 

features in both Raman scattering and photoluminescence excitation spectra are interpreted as 

the resonantly enhanced two-LO-phonon emission processes, originated by the unique 

electronic band structure of CSI: the two lowest parallel conduction bands with the energy 

separation close to the energy of two LO phonons. 

The final part of my thesis in the chapters of 7 and 8 is devoted to the one of most 

exciting and abstruse phenomena in photonics: superfluorescence (SF). After revisiting 

Dicke’s initial superradiance theory and combining the characteristics of SF, we have 

developed a model to capture the essential physics, especially on the dynamic time evolution 

of SF. This model predicts the bi-exponential decay behavior when considerable dephasing is 

present. Meanwhile, the intensity of SF burst, delay time, and decay rate are also studied with 

the model. The SF in CSI is revealed through the power and temperature dependences of time 

resolved photoluminescence. The measured photoluminescence characteristics are shown to 

match all the SF features predicted by our model, such as the bi-exponential decay, the 

inverse relation of delay time over the number of exciton (N), the linear relation of decay rate 

over N, and the temperature dependence of decay rate. The natural formation of two 

dimensional excitons in the parallel planes of SnI4 tetragons is argued to be the reason for the 

SF to occur in CSI.   
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CHAPTER 1: Introduction 

1.1  Prior research activities on CsSnI3 

CsSnI3 (CSI) belongs to a family of perovskite crystals with the chemical formula of 

ABX3. It consists of a network of BX6 octahedra, where the B atom is a metal cation, X is a 

mono-valent anion, and the cation A is incorporated to balance the total charge, stabilizing 

the structure. The schematic diagram of CSI crystal is shown as in Fig. 1.1. An early study on 

the structural information of CsSnI3 compound in form of powders was reported by Scaife et 

al [1] in 1974. A few years later, a yellow, needle-like CsSnI3 microcrystal was synthesized 

and its crystal structure was independently studied by Mauersberger and Huber [2]. The BX6 

octahedrons of yellow CSI are edge-connected, while those of black CSI are corner-linked. 

No additional information was available until the discovery of three sub-phases 

(andof black CSI in 1991 by Yamada et al [3]. After this work, the research on 

CsSnI3 had no progress and the electrical and optical properties of CSI held back due to the 

lack of high quality samples in bulk or thin-film form. Recently, it was reported by our group 

in 2010 that the high-quality thin films of CsSnI3 were synthesized by the evaporation 

method [4]. This was the first time that CsSnI3 was confirmed to be a direct band-gap 

semiconductor. 
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Fig. 1.1 Schematic structure of CsSnI3 is shown. Cs atom (yellow) is in the center of eight 

octahedra, each of them is formed by one Sn atom (black) and six I atoms (red).  

  

1.2  Motivation of our research on CsSnI3 

New materials have been the key drivers to the innovation and development of science 

and technology. The discovery and developments of various semiconductors in the past 

several decades have been the basis of the “digital age”. The Si-based integrated circuit is the 

fundamental component in almost all the electronics in the modern world. The success of 

epitaxially grown GaAs-, InP-, and GaN-based nanostructures has led to many different 

applications such as semiconductor lasers, light-emitting diodes (LED), modulators, 

waveguides, planar light-wave circuits, and integrated photonic circuits. These devices form 

the foundation for the modern telecommunication industry as well as other developing 

industries such as solid state lighting and solar energy conversion. Therefore, the discovery 

and research of new semiconductor materials is crucial in technological innovations.     
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Semiconductors also play increasingly important roles in solving the energy crisis that is 

due to the accelerated depletion of the limited resources such as coal, oil, and natural gas. 

Photovoltaic energy conversion panels generate free electricity by converting the sunlight 

into electricity. The use of solar panels to generate energy provides many benefits, which 

include reductions in the costs associated with generating electricity. Solar panels also 

provide pollution-free power sources. The semiconductor in solar cells absorbs the sun light 

and converts photons to electron-hole pairs that are then separated by the internal filed of the 

p-n junction. One of the most important criterions for evaluating a solar cell is the efficiency. 

With higher efficiency, the solar cells could generate more electricity with fewer panels, and 

thus reducing the installation cost, which is one of the major expenses in the application of 

solar cells. Many research teams around the world are working on improving solar cell 

efficiency — within universities, governmental research institutes, and companies. To 

achieve high efficiency of solar cells, the semiconductor chosen for a solar cell has to absorb 

as many photons as possible in the full solar spectrum to generate photocurrent; therefore, a 

low band gap is desirable. On the other hand, the build-in voltage determined by the band gap 

is desired to be as large as possible, requiring a large band-gap material. The trade-off criteria 

between the absorption efficiency and build-in voltage leads to the discovery of the optimum 

band gap of 1.3 - 1.35 eV and maximum theoretical efficiency 33% for a perfect single p-n 

junction solar cell. This maximum efficiency is referred as the Shockley Queisser (SQ) Limit, 

as it was first calculated by William Shockley and Hans Queisser in 1961.  

The records for all kinds of solar cell efficiency achieved in laboratories are shown as in 

Fig. 1.2. According to the graph, substantial progress has been made on the traditional 

Si-based solar cells, the thin-film solar cells, as wells as the multi-junction solar cells. The 

best efficiency for single junction Si-based solar cells is 27.6%. However, the upward 

potential is limited because of the relatively low band gap (1.1 eV). Although crystalline Si is 
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currently the dominant material for making solar cells, new solar cells using thin films have 

been emerging due to their high competitiveness in cost reduction, as shown in the Fig. 1.2 

that the efficiency records for the emerging solar cells improves greatly in the past decade. 

New and transformative materials have also gained lots of attentions lately, for instance, 

assemblies composed of quantum dots and/or wires in which quantum confinement is used as 

a design parameter. Dye-sensitized solar cell and organic PVs are also being pursued as 

affordable and low-cost solutions. Therefore, new suitable materials for solar cells are of 

great interest in both academic and industrial arena.  

 

Fig. 1.2: Solar cell efficiencies achieved in laboratory over time by NREL. The black circle 

represents for the place where the solar cells based on CSI could be. 

 

In our preliminary study of the CsSnI3 material, we measured extraordinarily strong 

photoluminescence (PL) signal peaked at 950 nm at room temperature. We further identified 

that CsSnI3 possesses a direct band-gap of 1.32 eV at room temperature, right in the narrow 

region of optimal band gaps for the Shockley-Queisser maximum efficiency limit of a solar 
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cell. Meanwhile, CsSnI3 thin films can be inexpensively synthesized onto various large-area 

substrates, such as glass and plastics, through its intrinsic characteristics of self-assembly and 

self-limiting instead of using expensive epitaxial growth technologies, such as molecular 

beam epitaxy (MBE) and metal-organic chemical vapor deposition (MOCVD). This is huge 

advantage in the large scale industrial production. Our research in CsSnI3 may be helpful in 

producing the next generation of solar cells based on CsSnI3. The place of the anticipated 

energy conversion efficiencies are shown within the black circle in Fig. 1.2 for 

polycrystalline CSI thin film based solar cells. Recently the all solid dye-sensitized solar cell 

using CSI as a hole-conduction material was reported with the efficiency of 10.2 percent [5].  

Besides the great potential for the application in solar cells, it may find other 

applications such as light-emitting diodes and sensitive photo-detectors. We have surveyed 

more than one hundred materials, including single crystalline (epitaxial) semiconductors such 

as InGaAs/GaAs multiple quantum wells (MQWs), GaAs/AlGaAs MQWs, InP, CdTe, 

poly-crystalline semiconductors, powders, and organic-inorganic hybrid materials, and we 

have not found any other material which gives comparable PL efficiency in the wavelength 

range of 900 to 1100 nm. The closest one is a 2” InP wafer doped with Sulfur (resistivity ~ 

10
-3

 ohm-cm with an electron density of ~ 2×10
18

 cm
-3

), which has only about 0.2 % of the 

PL intensity of that of a typical CsSnI3 film on glass substrate as shown in Fig. 1.3 under the 

same excitation and PL collection conditions. 
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Fig. 1.3 PL spectra from a n-type InP(S) sample and a CsSnI3 film on glass substrate at 300 K. 

Excitation source was a Xe lamp with power density of ~ 20 mW/cm2 at 500 nm with 

bandwidth of 5 nm selected by the excitation spectrometer. Same detector (Hamamatsu PMT 

R2658P) was used. 

 

In summary, the excitement of exploring new materials, the great potential in 

application of CsSnI3 based solar cells, and the interesting optical properties have motivated 

me to focus my research on the exploration of this material. I expect my work on the 

interesting properties of CsSnI3 will attract more attentions from the semiconductor 

community to push the exploration of CsSnI3 forward.  
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1.3  Recent research activities on CsSnI3 

After our first paper on the synthesis and characterization of CsSnI3 thin film, there have 

been some exciting progresses in the research and application of CSI. In 2012, Chung et al. 

fabricated [5] the all solid state dye-sensitized solar cells using CSI, and achieved energy 

conversion efficiencies of up to 10.2 percent. The CSI is suitable as a hole-conductor in this 

type of solar cell because of the direct band gap 1.3 eV and the remarkably high hole- 

mobility of 585 cm
2
V

-1
s

-1
 at room temperature.  

Meanwhile, the research of CSI has also inspired to explore other perovskite materials 

with similar structures. Cs atoms could be replaced by some organic structures such as 

CH3NH3, Sn atoms could be replaced with Pb, Cd, and I atoms could be replaced by Br, Cl, 

and F. The inorganic-organic hybrid hetero-junction solar cells containing the 

inorganic-organic compound CH3NH3PbI3 were successfully fabricated with a cell efficiency 

of 12%. Just a few months ago, the solar cell efficiency of CH3NH3PbI3 has reached to 15% 

[6].  

Topological materials, either insulators or semiconductors, are becoming one of the most 

studied classes of novel materials because of their great potential for applications ranging from 

spintronics to quantum computers. Recently, a search model for identifying TI developed by 

Kesong Yang et al. [7] has suggested that CSI is a good candidate that may behave as a 

topological semiconductor.  

 

  



8 

1.4  Brief summary on the synthesis of CsSnI3 

The first synthesis method of CSI was reported by Scaife et al in 1974 [1]. The CSI single 

crystal was obtained in a silica tube using an equimolar amount of SnI2 and CsI by the 

method of the Bridgman technique. The products were lustrous black power. No major 

progress of synthesis method of CSI has been reported until the discovery of the 

vacuum-based evaporation method of producing CSI thin film by our group in 2010 [4]. 

Besides the evaporation method, other synthesis method of CSI, such as the solution based 

method and solution-sintering hybrid method have also been developed by our group. The 

detailed descriptions of all the methods have been included in the thesis of the other graduate 

student of our group, Zhuo Chen. In this thesis, the CSI thin film samples were synthesized 

by the evaporation method which is briefly introduced in the next paragraph.  

The evaporation method uses a typical two-step approach that includes the production of 

the material precursors separately and a following heat treatment. This method allows us to 

get a better control at each step. High-purity (99.99% purity) multiple layers of SnI2 and CsI 

are deposited in vacuum (~10
-5

 Torr) on glass, ceramic, silicon or other substrates by a 

combination of thermal and e-beam evaporators, respectively. The design of the multiple 

layers is to make sure that SnI2 and CsI could fully react during an annealing process. The 

CsI power has to be compressed into pellets to avoid being scattered around by the electron 

beam. The optimum thickness of SnI2 and CsI is determined to be 130 nm and 150 nm, after 

tremendous amount of trials with the samples quality checked by PL and SEM. Six layers of 

CsI/SnI2 with total thickness around 800 nm are deposited with the deposition speed 5 Ǻ per 

second.   

The cross section of the CSI thin film deposited on a ceramic substrate using evaporation 

method is shown in Fig. 1.4. The domain size of the CSI thin film is typically 300 nm. We 

are still developing new synthesis method of CSI to overcome some quality issues of our CSI 
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samples, such as the instability problem. The latest CSI sample synthesized by the 

solution-sintering hybrid technique is shown as in Fig. 1.5.   

 

 

 

Fig. 1.4 Polycrystalline CSI thin film deposited on a ceramic substrate, showing grains with 

typical size of 300 nm. 

 

 

Fig. 1.5 Photo is shown above for a polycrystalline CSI ingot which was synthesized by the 

sintering technique. 
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1.5  Scope of the dissertation 

In this chapter, the background research information on CSI has been introduced. The rest 

of chapters of my thesis are briefly described below. 

 In chapter 2, the atomic structure and structural phase transitions of black CSI are 

investigated using the first principles approach.  

In chapter 3, the electronic band structure of CSI is presented.  

In chapter 4, the abnormal temperature dependence of the band gap is interpreted. The 

combined contribution of electron-phonon interaction and thermal expansion to the band gap 

change is discussed.  

In chapter 5, the extraordinary large second-order Raman scattering efficiency is 

explained. I will show how the unique band structure results in the resonantly enhanced 

second order Raman scattering process. 

In chapter 6, the photoluminescence excitation (PLE) spectrum of CSI is studied. The 

two-LO-phonon feature in the PLE spectrum is identified and closely related to the electronic 

conduction band structure of CSI.  

In chapter 7, our model of the time evolution for superfluorescence is presented.  

In chapter 8, the evidences of the superfluorescence in CSI are given through power and 

temperature dependence of time resolved photoluminescence. The experimental data is 

compared with the theoretical prediction using our model described in chapter 7.   

Finally, chapter 9 presents a few conclusions of this dissertation.  
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Chapter 2: Atomic structural phase transitions of black 

CSI studied by first-principles calculations  

2.1 Current understanding of CSI structure and phase transitions 

CsSnI3 is known to have two types of polymorph: yellow and black CSI, which are 

named because of the appearance of their respective colors. The SnI6 octahedrons of yellow 

CSI are edge-connected, while those of black CSI are corner-linked. The black CSI consists 

of three sub-phases:  phase with cubic structure (space group Pm3m), phase with 

tetragonal structure (space group P4/mbm), and phase with orthorhombic structure (space 

group Pnam). The phase transitions from  to , and from  to were experimentally studied 

using the temperature dependence of XRD and the DTA analysis in 1991 by Yamada et al [3]. 

Their research work suggests that the yellow phase CSI can be transformed to the black CSI 

at high temperature above 450 
o
K. During the cooling process, the black CSI undergoes a 

phase transition from  to  phase at 425 
o
K, followed by another transition from  to phase 

at 351 
o
K. This kind of phase transitions in CSI is typical, as similar phase transitions have 

been observed experimentally in other ABX3 perovskite materials. For example, CaSiO3 was 

reported to have a phase transition from cubic to tetragonal structure under high pressure over 

20 Gpa. More similarly, the space group and crystal structure of CaTiO3 undergoes 

transitions from cubic to tetragonal, and finally to orthorhombic structure with decreasing 

temperature. Even though there are plenty of observations of the phase transitions [8-10], the 

underlying mechanisms and transition pathways, have not been fully understood.  

In this chapter, we use the first-principles calculations to reveal the phase transition 

mechanisms for the three sub-phases of black CSI. There has been no theoretical treatment of 

the phase transitions in CSI, due to the difficulty of mathematical representation of the 
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transition pathway that relates to the detailed coordinates of all atoms during transition 

processes. The complexity of the orthorhombic unit cell containing 20 atoms also increases 

the difficulty. The rest of the chapter is organized as follows: A model for the CSI crystal 

structure is presented which describes the transition pathway under the assumption that the 

SnI6 octahedra in CSI remain regular during the phase transition processes, briefly followed 

by a description of our computation method. The calculated results are then discussed on the 

minimized total energy per unit cell at each intermediate state and the detailed unit cell 

coordinates of , , and  phase crystal structure are identified and compared with available 

experimental data. And finally, the transition mechanisms associated with the lattice 

expansion/contraction and Cs position offsets are further elucidated. 

 

2.2 Crystal structure of black CSI phases and Computation method 

In order to relatively compare the minimum total energy per unit cell among , , and  

phases, as well as the transition intermediate states, we use the 20-atom orthorhombic 

structure with space group Pnam to represent all the states. The unit cell is shown as Fig. 2.1 

(a). There are two distinct positions for I atoms, as labeled as I1 and I2, and we define the 

bond angle of Sn-I1-Sn as xy and the Sn-I2-Sn bond angle as z. To represent the  structure 

in the 20-atom basis, the angles of xy and z must equal to 180
o
 since there is no distortion of 

the SnI6 octahedral structure. In addition, the lattice constant follows: 
2

2
a b c  ; one of 

the coordinates for I1 and I2 are(0.75, 0.25, 0), (0.5, 0, 0.25) respectively, and the rest of I 

coordinates could then be determined by the Pnam symmetry. The Cs atom is at the center of 

the surrounding eight SnI6 octahedrons. With these conditions satisfied, we can visualize the 

cubic unit cell inside the 20-atom basis, as shown in Fig. 2.1 (b). The unit cell of  structure 
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consists of 5 atoms: 1 Cs, 1 Sn, and 3 I atoms, so each 20-atom basis contains four  unit 

cells. The  structure can be also represented in the 20-atom basis in the same way. The 

conditions and coordinates of , , and  in the 20-atom basis are presented in Table 1.  

 

Fig.2.1 (a) 20-atom orthorhombic structure with space group Pnam is shown. The bonds 

between Sn and I within the unit cell are depicted. The bond angle of Sn-I2-Sn is denoted as 

z, while Sn-I1-Sn as xy, respectively. (b) The unit cell for  structure is illustrated in 

orthorhombic structure with xy and z both equals to 180
o
. 

 

Since each unit cell consists of 10 atoms, each 20-atom basis contains two unit cells. In 

this treatment, we can compare the total energy per unit cell for the three different phases 

under the same calculation framework. 

The next step is to mathematically model the general 20-atom basis, so that we could 

input the structure parameters into our calculation software tool to be discussed later. There 

are ten undetermined parameters as given in Table 1. These are: seven deviations of I1, I2, and 
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Cs coordinates (x, y, z, u, v, CsX, and CsY) and there lattice constants of the unit cell a, b, 

and c.  

Phase      

z and xy  z = 180
o 


xy = 180
o 

z = 180
o
 , 

xy  180
o


z ≠ 180
o
 

xy  180
o
 

Lattice Constant a = b = 
  

 
  a = b  

  

 
  a   b 

  

 
  

Cs (0, 0, 0.25) (0, 0, 0.25) (CsX, CsY, 0.25) 

Sn (0, 0.5, 0) (0, 0.5, 0) (0, 0.5, 0) 

I1 (0.75, 0.25, 0) (x, y, 0) (x, y, z) 

I2 (0.5, 0, 0.25) (u, v, 0.25) (u, v, 0.25) 

Table 1 The detailed structure parameters of ,  and  phase in the 20-atom orthorhombic structure. 

 

To simplify the calculation, we use the assumption that the SnI6 octahedra remain regular 

shape for all the intermediate states, while the size of SnI6 octahedra could be scaled with 

lattice constants. This assumption is consistent with the experimental observation of phase 

transitions observed by Yamada et al [3]. It is also common in other ABX3 materials, such as 

YMnO3, LaMnO3 [11] and organic-inorganic perovskites [12].We use a set of bond angle of 

xy and z to represent each intermediate states. When xy and z both equals to 180
o
, the unit 

cell represents the  structure. And if z =180
o
 and xy  180

o
, the unit cell represents the  

structure. To further modeling the 20-atom basis, we need to derive the coordinates of I1 and 

I2 in terms of xy and z based on the assumption that all SnI6 remain regular. Let b/a = m, c/a 

= n, and treat xy and z as known variables, the following two expressions are then derived:  
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2 2 2

2 2 2 2 2 2 2 2 2 2

( 0.5)( 1) ( 0.5)
cos

( 0.5) ( 1) ( 0.5)
xy

x x m y y n z

x m y n z x m y n z


    


       
           (2.1) 

2 2 2 2 2

2 2 2 2 2

( 0.5) 0.25
cos

( 0.5) 0.25
z

u m v n

u m v n


  


  
                                    (2.2) 

Based on our assumption that the SnI6 octahedra will maintain regular during phase transition 

processes, we can get the following five equations. The requirement of bond angle of I1-Sn-I1 

in x-y plan to be 90
o 
gives rise to: 

 2 2 2( 1)( 0.5) ( 0.5) 0x x m y y n z                                            (2.3) 

The fact that the length of all Sn-I bond remains equal gives rise to： 

2 2 2 2 2 2 2 2 2 2( 0.5) ( 1) ( 0.5)x m y n z x m y n z                                   (2.4) 

2 2 2 2 2 2 2 2 2 2( 0.5) ( 0.5) 0.25x m y n z u m v n                                   (2.5) 

Another requirement of the bond angle of I2-Sn-I1 to be 90
o
 gives rise to: 

2 2( 0.5)( 0.5) 0.25 0u x m vy n z                                             (2.6) 

2 2( 0.5)( 1) (0.5 ) 0.25 0u x m v y n z                                          (2.7) 

By solving these seven equations, we can express x, y, z, u, v, m, and n in terms of XY 

and Z. In particular, the relations of m and n are given by (1 cos ) / 2zm   , and

(1 cos )(3 cos )

2(1 cos )

z z

xy

n
 



 



, respectively. It should be emphasized that not all states could 

have solutions to these seven equations, only an angle set that satisfies the condition of 

2 cos 0xym   will lead to the CSI crystal structures with regular SnI6 octahedra. 
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For each bond angle set of xy and z, we can determine the coordinates of I1 and I2, as 

well as the ratios (m and n) between lattice constants. However, in order to get the full 

description of the unit cell, we still need two more factors to fully count for ten variables: a 

scaling factor and the coordinates of Cs. We use the lattice constant c as the scaling factor. 

Lattice constants of a, b could then be determined using m and n. To get the minimum total 

energy for each bond angle set of (xy, z), we need to compare the total energy of the 

20-atom unit cell with different scaling factors and Cs coordinates. This is accomplished in 

our calculation by the following two steps. First, we take the Cs position offsets as zero and 

calculate the 20-atom unit cell total energy with various lattice constant c. In this case, we 

find the optimum lattice constant at which the total energy per unit cell is at a minimum for 

each bond angle set. Second, we change the Cs position offsets of CsX and CsY, and fix the 

scaling factor to be the optimum lattice constant. Therefore, for each bond angle set of (xy, 

z), by changing scaling factor and Cs atom offset, we will be able to find the minimum total 

energy for that state. Additionally, we have found that the effect of lattice scaling factor and 

Cs position offset on the minimum total energy is independent in the range of interest: lattice 

constant c from 12.1 to 12.6 Å and Cs position offset from - 0.05 to 0.05 Å. This independence 

between lattice constant and Cs offset effect justifies our calculation treatment.  

All the calculations were performed with the CASTEP simulation tool [13],
 
which is 

based on the density function theory. The Perdew−Burke−Ernzerhof (PBE) parameterization 

of the generalized gradient approximation (GGA) was employed, and core-valence electron 

interactions were described using Troullier-Martin [14] norm-conserving pseudo-potentials. 

The cutoff for the plane wave basis was 400 eV and a 3     Monkhorst-Pack grid
 
[15] 

was chosen for sampling the Brillouin Zone.  
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2.3  Minimum total energy per unit cell 

The minimum total energies per unit cell at a set of possible bond angles have been 

calculated and are plotted in Fig. 2.2. The calculation reflects quantum-mechanically 

permitted atomic arrangements at zero temperature. However, any higher temperature effect 

could not be included. At zero temperature, each intermediate state is frozen at its minimum 

energy state. As mentioned earlier, for some bond angle sets, there is no solution under the 

assumption of regular octahedral structure. These bond angle sets are schematically confined 

in the flat area in Fig. 2.2 where the energy is artificially set to be 50 meV just for the 

visualization purpose. Inspecting the Fig. 2.2, we can identify the lowest energy state to be 

the  state at zero temperature. The energy of this state is set to be zero as a reference. The  

state corresponds to the angle set of (180
o
, 180

o
), and has the highest relative energy. Starting 

from the  state, the system could be smoothly transferred to the  state, which is the 

minimum energy state with z = 180
o
. The angle set for  state is (163

o
, 180

o
). From the  

state, the unit cell could be gradually deformed to the  state, which corresponds to the angle 

set of (163
o
, 168

o
). This theoretical result is consistent with the experimental observation that 

the yellow CSI once heated to 450 
o
K could be transferred to , then to  and finally to  

state with decreasing temperature. The energy difference between the  and  state is ~ 35 

meV, while the energy of the  state is 7 meV higher than that of the  state. The energy 

differences suggest that it is much easier for the phase transition to occur from the  to  state 

than from the  to  state. 
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Fig. 2.2: The minimum total energy per unit cell of the 20-atom structure is displayed as a 

function of (xy, z) at zero temperature. The zero energy reference is set at the  state and a 

hard limit of 50 meV is used for the bond angles in which there are not stable states. 

  

With the results of minimum total energy for all the bond angle sets, we are able to determine 

the detailed coordinates of the 20-atom unit cell for all the three states and to compare with 

experimental values from the work of Yamada et al.
13

 In the Table 2, the experimental data 

are arranged in the 20-atom basis. The calculated  and  structures are very consistent with 

the experimental data, which were extracted from high temperature XRD. It suggests that the 

coordinates and the value xy for the  structure remain almost unchanged from zero to high 

temperatures. The difference in the lattice constants might be due to the thermal expansion 

effect. Since the experimental data were obtained at 370 
o
K, the linear thermal expansion 

coefficient can be estimated to be 52.97 10 , which is reasonable for a perovskite material.
5
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The ratio of c/a for the experimental lattice constant is equal to 1.427 (multiplied by two to be 

consistent with 20-atom basis). This value deviated by 0.35% from the theoretical predication 

of c/a = 1.432 for xy =162
o
 and z=180

o
 based on the mathematical derivation earlier. The 

agreement in lattice constants validates our assumption that the SnI6 octahedral structure 

remains regular during phase transition. For the  structure, there are some discrepancies 

between the calculated and experimental results. As shown in Fig. 2.2, the  state is relatively 

“flat”, i.e. the energy difference between the  and its surrounding states is within a few meV. 

As a result, when the temperature increases, it is much easier for the  state to deviate from 

the original zero-temperature  state. Our calculation also shows that the Cs atom moves 

away from its original position (0, 0, 0.25) during the transition from the  to  state. 
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  phase  phase  phase 

Space Group Pm3m P4/mbm Pnam 

Crystal Structure Cubic Tetragonal  Orthorhombic 

Angle Set 

(xy, z) 

 

Calculation xy = z = 180
o
  xy = 163

o
 xy = 163

o
  z=168

o
  

Experiment xy  = z =180
o
 xy = 161.9

o
 xy = 158

o
z = 172

o
 

Lattice 

Constant 

(Å) 

Calculation a = 6.154 a = 8.661  

c = 6.192  

a = 8.703  

b = 8.655   

c = 12.342   

Experiment a = 6.219 a = 8.772 

c = 6.261 

a = 8.688 

b = 8.643 

c = 12.378 

Cs  Calculation (0, 0, 0.25) (0, 0, 0.25) (-0.03, 0.008, 0.25) 

Experiment (0, 0, 0.25) (0, 0, 0.25) (-0.04, 0.006, 0.25) 

I1  Calculation (0.75,0.25, 0) (0.713,0.287, 0) (0.719, 0.281, 0.019) 

Experiment (0.75,0.25,0) (0.710,0.290, 0) (0.705, 0.295, 0.019) 

I2  Calculation (0.5, 0, 0.25) (0.5, 0, 0.25) (0.505, -0.037, 0.25) 

Experiment (0.5, 0, 0.25) (0.5, 0, 0.25) (0.476, 0, 0.25)  

Table 2 The structure parameters for , , and  phases determined by our calculations are 

compared with experimental data [3]. 
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2.4  Confirmation of structure information by XRD 

The X-ray diffraction (XRD) spectra are used to verify the crystal structure of CSI. We 

compare the XRD experimental data with the theoretical prediction to confirm the crystal 

structure and product of reaction, as shown in Fig. 2.3. The theoretical calculation of XRD 

profile shown as Fig. 2.3 c) was obtained using the “CRYSTALMAKER” simulation 

package.  The inputted detailed structure information of  structure was determined by the 

total energy per unit cell calculation as presented in Table 2. The peak number “1”, “2” and 

“3” represents for the XRD features of the Sn-I-Sn bond tilting in the horizontal direction (x 

and y direction) and vertical direction (z direction).  The measured X-ray diffraction data 

from a sample synthesized by vacuum method using CsI/SnI2 raw material on ceramics 

substrate is shown as in Fig. 3.6 a). The XRD peaks from the ceramics substrate are removed 

for clarity. The measured data matches the main features (peak “1”, “2” and “3”) well with 

that of the theoretical calculation. This further confirms that the calculated detailed 

information of  structure CSI that is input in the calculation software is in good agreement 

with experiments. We also take the X-ray measurement for the solution-based CSI film drop 

coated on a ceramic substrate, as shown in Fig. 3.6 b). Besides the black CSI identified (peak 

“1”, “2” and “3”), other residue reactant and side products are identified, such as residue CsI 

(peak “4”and “5”), side product CsCl (peak “6”and “7”) and SnO2 (peak “8”and “9”). The 

side product confirms the reaction described as 3CsI + SnCl2  CsSnI3 + 2CsCl. The present 

of SnO2 indicates that some SnCl2 is oxidized in the present of water.  

The XRD study further validates the theoretical structure of  structure CSI obtained in 

Table 2. It also verified the reaction product to be  structure CSI for the vacuum based and 

solution based method.  
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Fig. 2.3: The X-ray diffraction profile for a) vacuum-based CSI using CsI/SnI2 on ceramics substrate. 

The XRD peaks from the ceramics substrate are removed for clarity; b) solution-based CSI product. 

Residue reactant and side products are also identified. c) Calculated XRD structure of  structure CSI, 

which is identified through the total energy per unit cell analysis. The peak number “1”, “2” and“3” 

represents for the XRD features of the Sn-I-Sn bond tilting in the x, y, and z direction respectively.   

 

2.5  The role of lattice constant 

Since we cannot directly take temperature effects into account using the first-principles 

calculations, in order to reveal the mechanisms of phase transition processes, we consider the 

changes of lattice constant and Cs position offsets in these two sections to investigate the role 

of each of them in the phase transition processes. Besides the observed phase transitions with 

decreasing temperature, we also investigate the reverse phase transition with increasing 

temperature starting from the  state. 
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The variation of lattice constant is closely related to temperature, usually known as 

thermal expansion as temperature increases and contraction as it decreases. Thus, the change 

of lattice constant at the vicinity of minimum total energy per unit cell could be used as a 

useful indicator for the structure phase change as temperature changes. The optimum lattice 

constant at which the crystal structure is at the minimum energy is displayed in Fig. 2.4 for 

each transitional state from the  to  state. It decreases from the  to  state as the vertical 

bond angle of Sn-I2-Sn decreases from 180
o
 to 168

o
. It is this lattice decrease that strongly 

indicates the   phase transition should involve a temperature cooling process. It is also 

apparent that the slope of the lattice constant vs. z is much smaller near the  state than that 

at  state, suggesting that the stability for the  state is higher than that for the  state. 

 

Fig. 2.4: Optimum lattice constant is displayed from the to  state. 

To further understand the phase transition pathways, the functional variations of the 

minimum total energy for the ,  and  states as a function of lattice constant are displayed 

in Fig. 2.5 a). These variations are considered as the -, -, and -branch for our description 

purpose. The energy separations of E E  and E E  are also shown in Fig. 2.5 b) as the 
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black and red curves, respectively. These branches can be best fitted as quadratic variation 

around the equilibrium position in the range of our interest: 
2( )E A x x B      , where 

= or. As shown in Fig. 2.5 b), the energy separations are linear with lattice constant. 

This implies that the quadratic coefficients containing bulk moduli are the same for the , , 

and  states. With the assumption that the Cs offset for the  state does not change with 

temperature and remains unchanged at the optimum Cs offset, the normal phase transition 

pathway can now be explained in view of Fig. 2.5 a). When a CSI sample is at a high 

temperature associated with a large lattice constant, the transition from the  branch at point 

A to the branch at point B could occur since the energy of the  state is higher than that of 

the  state, as indicated in Fig. 2.5 a). This suggests that  state is not stable even when the 

system maintains at the high temperature. The  state is a stable state at point B on the 

-branch because the energy is lower than the  state.  As the sample temperature decreases, 

the  state energy decreases. After passing through the transition point C, the  state is being 

transferred to a  state on the -branch. Finally, the  state is established at point D and is 

stable as temperature further decreases.  

For the reverse transition process, starting from the energy minimum of the  state at 

point D, a stable  structure can be obtained following the direction of D to C, and 

subsequently from C to B by elevating the crystal temperature as shown in Fig. 2.5 b). The 

energy difference of E E  is positively dependent on temperature and always greater than 

zero at high temperature. This indicates that the transition from the    phase with 

increasing temperature will not occur. Therefore, the phase transition from the    state is 

not reversible and the  state is not a stable state since it can be deformed to the  state with 

no energy barrier.  This seems to be inconsistent with the experiment observation
13

 of the 
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XRD pattern from the  structure at 446 
o
K. However, the experimental  state was obtained 

from a yellow CSI sample. It might be possible that a dynamic equilibrium condition could 

be reached between the yellow CSI and the black  structure while the XRD data were taken. 

  

Fig. 2.5: a) The total energies for  (black),  (red), and  (blue) state are plotted as a 

function of lattice constant. b) The energy differences of E – E and E – E are shown at 

various lattice constants. Phase transitions are expected to occur when the energy difference 

between two states are zero. 

 

2.6  The role of Cs atoms 

In the analysis of lattice constant effect in the last section, we have assumed the Cs atoms 

to be at the optimum position for each state at various temperatures. The role of Cs atom is to 

provide additional electronic charges to balance the charge distribution in the crystal. Each Cs 

is surrounded by eight nearest SnI6 octahedra, and vice versa. The equilibrium positions for 
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the Cs atoms are determined by the position and tilting of SnI6 octahedra for a given set of the 

bond angles. Therefore, the Cs offset is not a direct indicator of temperature and should have 

an independent effect on the total energy analysis. This independence between the effect of 

Cs offset and lattice constant on the total energy per unit cell is supported by the calculation 

of the  state energy as shown in Fig. 2.6. At different lattice constant, the shape of the energy 

variation as a function of Cs offset is the same. Meanwhile, the extracted optimum Cs offset 

position is the same for different lattice constants. Reversely, the optimum lattice constant is 

the same for different Cs offsets. The non-entangled parameters of the Cs position offset and 

lattice constant also justifies our calculation method introduced earlier. It should be 

mentioned that the calculation that leads to the results in Fig. 2.6 is simplified by assuming a 

fixed ratio between CsX and CsY, and thus we can use only CsX to represent the Cs offsets.  

The Cs offset from the original coordinates (0, 0, 0.25) in the pathway from the    

state is displayed in Fig. 2.7 for xy = 163
o
. When the value of xyis kept constant, the 

absolute values of CsX and CsY increase almost linearly as z decreases from 180
o
. The 

effect of changing xy is similar while z is kept constant. The further away from the cubic 

structure, the larger the Cs position offset should be. It should be emphasize that the 

calculated optimum Cs offset is zero when z=180
o
, which is consistent with the symmetry 

requirements for the and states.  
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Fig. 2.6: The unit cell energy of  state is plotted at various Cs offset and lattice constant. 

 

Although the deviations of Cs coordinates are relatively small, they are crucial in the 

total energy calculation. This is demonstrated by the total energy as a function of xy and z 

as plotted in Fig. 2.8 at zero temperature without Cs offsets. It shows that the  state is the 

global minimum energy state. The  state (163
o
, 168

o
) is now about 60 meV higher than the  

state (163
o
, 180

o
). Therefore, without the Cs atom movement, the phase transition from the  

  structure is not allowed. Meanwhile, the energy of each state in the pathway from the  

  state with z = 180
o
 is lower than that of all other states with z ≠ 180

o
. This energy 

difference provides the energy barrier along the    pathway preventing the crystal from 

deforming to the other states with z ≠ 180
o
. It is also the reason why the  state will not be 

transferred to the  state directly without going through the  state.   
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Fig. 2.7: Optimum values of CsX and CsY from the  to  state are plotted as a function of z. 

 

Fig. 2.8: The minimum total energy per unit cell is plotted as functions of z and xy at zero 

temperature without the Cs-offset optimization. 
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2.7  Summary 

In conclusion, the phase transition processes of the black CSI are modeled using two 

bond angles of Sn-I-Sn in the vertical and horizontal directions to represent a set of the 

intermediate states. The detailed structure parameters for the phase at zero temperature are 

obtained by first principles calculations and discussed with the available experimental data. 

The underlying physics is revealed through exploring how the lattice constant and Cs position 

offset affect the energy minimization of unit cells in a given set of transition states. By 

analyzing the effect of lattice expansion, it is concluded that the transitional process between 

the  and  state is reversible by changing the crystal temperature. The state is not stable as 

it can be deformed to the state without any energy barriers. The Cs position offsets are 

determined by the bond angle set at a given temperature. They are crucial in forming the 

state. It is also noted that the role of Cs offsets prevents the direct phase transition from the 

  state. 
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Chapter 3: Electronic band structure characteristics of 

CsSnI3 

In the last chapter, we have determined the detailed atomic structure information through 

the first-principles calculations. Based on this structure information, we can obtain the 

electronic band structure and density of states using the same calculation software. The 

calculation method is the same as described in Chapter 2.  

The band diagram of  structure CSI and the density of states (DOS) are shown as in 

Fig.3.1 and Fig.3.2, respectively. The detailed structure input into the calculation program is 

determined through the total energy calculation described in Chapter 2. The theoretical 

calculated band-gap value is known to be undervalued. Therefore, we have used the 

experimental measured value of 1.3 eV at 300 K to proportionally adjust the calculated band 

diagram to match the experimental value of band gap. This band diagram further confirms 

that CSI is a direct band gap material. There are several interesting features: 1) the effective 

mass of electron and hole could be then estimated by a quadratic fitting of the lowest 

conduction band (CB1) and highest valence band (VB1), to be 0.734m0 and 0.151 m0 

respectively. The effective mass of electron is much larger than that of the hole; 2) It is also 

noticeable that there is another conduction band (CB2) closely adjacent to CB1 with 

separation about 60 meV. They are parallel to each other in momentum space from  to S 

point. From the DOS graph, the electronic states of the CB1 is the p-orbital of the central tin 

atom of the SnI6 octahedron; while the p- and s-orbital of the 6 outer iodine atoms of the 

octahedron equally contribute to the CB2 states. The electronic states of VB1 originate 

mainly from the p-orbital of iodine atoms.  
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Fig. 3.1: Calculated electronic band diagram of  structure CSI. The theoretically calculated 

band-gap value from the first principle is known to be underestimated; the experimentally 

measured band-gap value of 1.3 eV at 300 K is used to scale up band diagram.  

 
Fig. 3.2: Orbital-resolved density of states (DOS) is displayed. A broadening factor of 0.1 eV 

was used. 

  

This unique band diagram is naturally determined by the atomic structure of CSI (refer to 

black  structure CSI unless otherwise stated). And several interesting properties of CSI can 
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be interpreted by the band structure. In the next chapter, we will discuss how the relative 

larger electron effective mass (than hole) could result in abnormal temperature dependence of 

the band gap. The separation of the two parallel conduction bands is about 60 meV, which is 

close to the energy of two LO phonons (LO phonon energy determined to be 32 meV by 

Raman spectrum in chapter 5). This unique parallel band structure is very favorable of 

exciton-2 LO phonon interaction process. We can expect to see the two LO phonon features 

in optical spectrums, as would be demonstrated in Chapter 5 for Raman spectrum and 

Chapter 6 for PLE spectrum.  
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Chapter 4: Abnormal Temperature Dependence of the 

Band Gap of CsSnI3 

4.1  Background of band gap problem and introduction of our treatment 

One of the interesting properties of CsSnI3 is the strong and linear increase of the band (or 

energy) gap (Eg) with increasing temperature, which is opposite to what have been observed 

for most of common semiconductors. The electronic band gap is an important fundamental 

parameter of a semiconductor in terms of its electric and optical properties. The first 

experimental work on Eg dated back to the dawn of the semiconductor era. The successes of 

semiconductor based transistors, lasers, light-emitting diodes, and recently solar cells, have 

stimulated extensive works on the band gap variation with temperature, Eg (T), both 

theoretically and experimentally over many decades. These studies have successfully 

explained the normal behavior of the temperature dependence of band gap: measured Eg (T) 

curves show a monotonic decrease with temperature non-linearly at low T and linearly at 

high T. However, there are some exceptions which exhibit anomalous temperature behaviors. 

An early example is PbTe [16]. A blue energy gap shift was reported for this material in the 

temperature range from 100 to 300 K. In addition, the measured band gaps of CuBr and CuCl 

increase monotonically from near zero to room temperature [17]. More recently, a similar 

anomalous behavior has been observed for PbS [18]. The reason for this anomalous band gap 

behavior is not quite clear yet and needs to be further investigated. Exploring new materials 

with an anomalous temperature dependence of band gap remains interesting and helpful for 

fully understanding this fundamental problem.  

 In this chapter, the measured band gap as a function of temperature in CsSnI3 by PL 

method is studied. The band gap is determined through a PL line shape analysis. It shows a 
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linearly positive relationship with temperature from 20 to 300 K. We explain our 

experimental data from three aspects. We first revisit the theoretical background for the 

temperature dependence of a semiconductor band gap. We then study the direct contribution 

of electron-phonon (e-p) interaction, based on the electron and hole effective mass estimated 

from the band diagram. Finally, we determine the thermal contribution to the band gap 

variation for CsSnI3 by means of the first-principles calculations of band gap. 

4.2  Determine the band gap of CSI from PL spectrum  

The PL system is used to measure the PL spectra of the vacuum-based CSI thin film 

at low temperature. A CsSnI3 thin film sample (silicon substrate in this case) was mounted on 

the cupper finger of a closed-cycle optical cryostat, which is capable of having temperature 

variation from 9 to 350 K. Excitation wavelength was 500 nm with a pass band of 5 nm for 

steady state PL. Excitation power density was about 0.5 mW/cm
2
. Spectra were corrected by 

using a standard light source purchased from Ocean Optics Inc.  

Normalized PL spectra from 9 to 300 K are displayed in Fig.4.1. The full width at half 

maximum (FWHM) of each spectrum is shown in the inset of this Fig.ure. Two important 

features are readily identified: (1) PL peak shifts to shorter wavelength, and (2) PL spectrum 

broadens as the sample temperature increases from 9 to 300 K. We now turn to discuss how 

to deduce accurate band gaps from PL spectra at various sample temperatures. There are two 

contributions to the PL line width broadening. One is the temperature dependent asymmetric 

thermal broadening on the high energy tail of a spectrum arising from more energetic 

excitons. A constant two-dimensional density of states and a Boltzmann thermal distribution 

with an exciton temperature (Tx) are used for this part of line shape. The other one is due to 

the symmetric broadening resulting from both the inhomogeneous broadening because of the 

nature polycrystalline compound and the homogeneous broadening originated from e-p 
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interactions. Main reasons for inhomogeneous broadening may include composition 

fluctuations and granular boundaries. We assume this symmetric broadening to be a Gaussian 

with a variance of . Combining the above two contributions, a PL spectrum at a given 

sample temperature can be fitted by the following convolution expression:
  

( ) ( , ) exp( ( ) / ( )).g bx B xPL E G E E E E K T                      (4.1) 

All measured PL spectra from 9 to 300 K were fitted by Eq. 4.1. The calculated spectra are 

shown in Fig.4.1 (b). To demonstrate the quality of fitting, two measured PL spectra at 80 

and 220 K (discrete symbols) are plotted in a log scale in the inset along with the calculated 

spectra (solid-line curves). The spectrum fit over three orders of magnitude is highly satisfied 

for all spectra except a small deviation at low energy side for a few spectra with temperature 

greater than 200 K. However, this deviation will not affect the accuracy of the band gap 

determination. The focus point in this chapter is the deduced band gap at different 

temperature, which is summarized in Fig. 4.2 as solid spheres. This plot presents a salient 

feature: the band gap follows a positive linear-dependence in the temperature range we 

studied although it tends to be flat at temperature below 20 K. This feature is referred as the 

anomalous behavior of band gap in literature [17-18], and the reason still needs to be further 

investigated. In this chapter, we will discuss this interesting behavior. 
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Fig. 4.1 (a) Normalized photoluminescence spectra measured at various temperatures from 9 

to 300 K. The inset shows the temperature dependence of full width at half maximum 

(FWHM) of the PL spectra. (b) Calculated PL spectra using Eq. 4.1 which were matched to 

each measured PL spectrum to obtain band gap at different temperatures. The inset displays 

the two examples of spectrum fitting at 80 and 200 K. Discrete symbols represent the 

measured PL while solid curves are calculated PL spectra. 

 

4.3  Theoretical Background of temperature dependence of band gap  

The temperature dependence of band gap is generally described by the following 

expression under a quasi-harmonic approximation [19]:  

 
,
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where 
,j q

n is the number of phonons at j branch with wave vector q , and it follows the 

Boltzmann distribution for bosons, ,

,

1

exp( / ) 1
j q

Bj q

n
K T




, where
,j q

 is the angular 

frequency of the phonon mode. It is important to note that the summation in Eq. 4.2 is over 

all possible phonon modes in the entire Brillouin zone, i.e., q from 0 to qmax. The first part in 

Eq. 4.2 corresponds to the thermal expansion contribution, which arises from the 

anharmonicity of the inter-atomic potentials. The coefficient can be approximately 

considered to be temperature independent for a given semiconductor, and it can be either 

positive or negative. For instance, we have determined the sign of /gE V   is positive for 

Si, while it is negative for GaAs. The origin of band gap in most semiconductors is the 

energy difference between bonding and anti-bonding of hybrid orbits. Thus, the value of 

/gE V   depends on the specifics of the bonding parameters as well as the detailed orbits 

that form the band. In typical semiconductors, the thermal expansion contribution is 

considered to be a weak contribution to the temperature dependence of band gap. However, 

in CsSnI3, it is shown that this contribution dominates over the contribution of direct e-p 

interaction.  

The second part in Eq. 4.2 is the direct contribution of e-p interaction, which consists 

of Fan [20] and Debye-Waller [16, 21] terms. Fan term describes the virtual phonon emission 

and absorption processes as if e-p interaction is taken twice in 2
nd

-order perturbation theory. 

The Debye-Waller term represents the simultaneous interactions of an electron with two 

phonons in the branch j having the opposite wave vectors ( q and - q ). This two-phonon 

interaction process is calculated using the 1
st
-order perturbation theory. Both processes are 

the 2
nd

-order approximation in the phonon amplitude, which will introduce an inverse 

dependence of atomic mass M and allows isotopic atom substitution studies. At relative high 
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temperature (
,B j q

K T  ), ,

, ,

1
1

exp( / ) 1

B
j q

Bj q j q

K
n T

K T 
 


 hence a linear 

temperature dependence of band gap is expected. At low temperature, however, the situation 

becomes more complicated. M. Cardona [22] investigated the Si band gap below 5 K and 

showed that the band gap followed the 4T law. In principle, the coefficients 

,j q

Eg

n




can be 

calculated with the full pseudo-potential description and phonon modes. In reality, however, 

it remains to be a challenging task to calculate the direct e-p contribution. As a result, many 

models have been developed to interpret experimental data, such as the Varshni empirical 

formula [23] Eg (T) = Eg (0) – α T
2
/ (T + β), where  and  are fitting parameters for a given 

semiconductor. Recently, the two-oscillator model [17, 18, 24, 25] has been developed. Using 

this model, the band gap variation with temperature can be expressed as 

1 2

1 2

/ /

1 1 2 2

1 1 1 1
( ) ( ) ( )

1 2 1 2b b
g K T K T

S S
E T

M e M e
 

     
   

 ,                    (4.3) 

where i (i = 1, 2) is the phonon energy, Mi is the atomic mass, and Si is the relative weight 

for oscillator 1 and 2, respectively. Instead of summing over all possible phonon modes in 

entire Brillouin zone, the two-oscillator model only considers two dominant phonon modes 

with two constant energy levels. By fitting experimental data, combined with isotropic atom 

replacement studies, one can get the information about the constants of S1 and S2, which 

reflects the contribution of direct e-p interaction. In the previous studies of the anomalous 

behavior of band gaps in CuCl and PbS system, the values of S1 and S2 were determined to 

have different sign, and the term with negative sign dominated, thus resulting in a positive 

temperature dependence of band gap. Although the two-oscillator model has been used to 

successfully explain the anomalous behavior of the band gap variation with temperature, it 

also provides a feasible case that the constants of S1 and S2 might have amplitude but opposite 
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sign. If this case holds true in some semiconductors, then the contribution of direct e-p 

interaction to the band gap change with temperature vanishes, leading to the dominant 

contribution by the thermal expansion as temperature increases. As examples, we describe in 

next section how it might be possible in case of CsSnI3 that the Fan term may actually 

disappear after summing all the contributions in entire q wave vector space.  

4.4  Analysis of the Electron-phonon Interaction effect on the band gap  

The Fan term is given by: 

2 2

| | | |

( ) ( ) ( ) ( )

el ph el ph

q q

g

q q

k H k q k H k q

E k q E k E k q E k
E

 

  

    
 


    .                    (4.4) 

The first and second terms correspond to the emission and absorption of phonon at wave 

vector q , respectively. We first examine acoustic phonons and limit our attention near the 

electronic band edge,    , Eq. 4.4 becomes 

*

/2 2

4 1

1q B
g v K T

q

m q
E A

q Q e
   

 
  ,                                            (4.5) 

where A  is a positive constant, *m  is the effective mass of carriers, and 

*2 qm v
Q   with 

q
v  as the velocity of acoustic wave near the zone edge. If a condition so that B q

K T v , 

*

2 2

4B
g

qq

K m
E A T

v q Q
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
  .                                               (4.6)                                                                            

From the above equation, the positive contribution of gE arises from all the phonon modes 

with q Q , while its negative contribution comes from the phonon modes with q Q . If Q

is smaller than
max

q by two or three orders of magnitude, most of phonon modes will satisfy 
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q Q and lead to a negative value of 
gE in Eq. 4.6. That is the case for most of tetrahedral 

semiconductors. For Si and GaAs, eQ is about     -1
, which is two orders of magnitude 

smaller than 
max

q ( 9 15.6 10 m ). For CsSnI3, 
8 11.6 10eQ m  , 7 13.3 10hQ m   are 

calculated using the electron effective mass of 0.734 m0 and the hole effective mass of 0.151 

m0 near Γ point,
1
 respectively. The value of effective mass is estimated by the calculation of 

band structure shown in the Chapter 3.  The maximum phonon wave vector is estimated to 

be 9 13.9 10 m  using the lattice constants obtained by experimental X-ray diffraction data
13

 

at room temperature. The large Q value due to the large electron effective mass in CsSnI3 

makes it possible that the value of 
gE  in Eq. 4.6 becomes negligible.    

For optical phonons, the situation is quite similar. For simplicity, we consider 

longitudinal optical (LO) phonon mode and assume very flat dispersion for LO phonons, then, 

the Eq. 4.4 becomes  

* 2

4 4 /

1

1
g kT

q

m q
E B

q P e
  

 
 ,                                               (4.7) 

where 
*2m

P


 . Use the same parameters as the case of acoustic phonons and the 

measured
15

 LO phonon energy ( ) of 32 meV. We obtained for electrons and holes, 

respectively, 9 10.78 10eP m  and 9 10.35 10hP m  , which is comparable with
max

q . 

Similar to the acoustic phonon case, the value of gE  in Eq. 4.7 may be also insignificant.  

 To fully determine the value of Fan term with the large Q ( P ) in CsSnI3, we need to 

know all possible phonon modes, which is extremely difficult. However, if we only count for 

two major phonon modes, Eq. 4.5 and 4.7 will apparently lead to the two-oscillator model. 
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The sign of 
2 2

1

q Q
 (

4 4

1

q P
in case of LO phonon modes) determines the sign of S1 and 

S2 in Eq. 3.3. With the large ( )Q P , it is possible that one mode satisfy ( )q Q P , while the 

other have ( )q Q P . In this case, S1 and S2 in Eq. 3.3 will have opposite sign. When S1 and 

S2 are very close in magnitude, the contribution of direct e-p interaction to ( )gE T  would 

vanish. We conjecture this is the case for CsSnI3 and work out the thermal expansion 

contribution with the measured data. 

 

4.5  Thermal Expansion Contribution to the band gap  

We treat this problem by freezing the lattice (i.e., always at T = 0 K, neglecting the effect 

of phonon), and then calculate the band gap of CsSnI3 as we rigidly reduce the lattice 

constant from to 0a a , where 0a  is the lattice constant at 300 K. We use a  to represent 

three different lattice constants in an orthorhombic structure. Of course, the lattice can never 

be frozen in equilibrium even at 0 K because of none-zero ground state energy. However, it is 

possible to investigate solely the band gap change with increasing or decreasing volume. By 

assuming a linear relationship between lattice constant and temperature, the calculated band 

gap Eg ( a / a 0), can be used to fit the experimental data Eg (T). From this fitting, the value of 

linear thermal expansion coefficient αL can be obtained. In this approach, we use our 

assumption that the direct e-p interaction contribution is negligible and thermal expansion 

effect is dominant for the temperature behavior of the band gap in this material. The 

validation of this assumption will be checked by comparing the deduced value of linear 

thermal expansion coefficient with the experimentally measured one for CsSnI3. However, 

the information of this coefficient of CsSnI3 is not yet available. We will then compare the 
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reduced parameter with the coefficient of other perovskite materials with a similar crystal 

structure, to verify our assumption.  

The solid line in Fig. 4.2 shows the calculated Eg vs. a / a 0 (top axis). The calculation 

of band gap is done using the same software with the same setup as described in Chapter 2. It 

can be seen that the band gap decreases linearly as lattice constant contracts from its room 

temperature values. It requires a linear lattice change of 0.42% from room temperature to 0 K 

to match the measured band gap variation with temperature. The top axis a / a 0 and bottom 

axis can be overlapped by assuming a constant linear thermal coefficient αL with a value of 

0.42/100/300 = 1.40 × 10
-5

 K
-1

. Thus the solid line can be recognized as the calculated Eg vs. 

T due to thermal expansion or contraction. The calculated curve fits the experimental data 

very well except at low temperature less than 20 K. The reason is that we have assumed 

expansion coefficient to be constant, which may not be accurate at low temperature. If we 

adjust the expansion coefficient to be temperature dependent at low temperature, it is possible 

to obtain a better fit with the experimental data. However, since we are more interested in a 

large temperature range of great than 20 K, lack of this adjustment does not influence our 

conclusion. 
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Fig. 4.2 Band gap of CsSnI3 at various temperatures deduced from photoluminescence 

spectrum (solid spheres) and the band gap variation with lattice contraction obtained from 

first-principles calculations (solid line). The top axis is the relative lattice contraction, a / a

0, where 0a  is the lattice constant at room temperature. 

 

As we mentioned, the validity of this matching relies on the justification of the deduced 

value of linear thermal coefficient αL, which is usually measured by X-ray diffraction method. 

The value of αL for several perovskites with orthorhombic structure such as SrZrO3 

[26],ScAlO3 [27], and MgSiO3 [28] have been experimentally measured to be 1.08 × 10
-5

 K
-1

, 

0.90 × 10
-5

 K
-1

,and 1.57 × 10
-5

 K
-1

, respectively. The value of αL can be also obtained 

theoretically using various models such as molecular dynamics, lattice dynamics, and Debye 

model [29]. For example, the value for MgSiO3 has been calculated [30]
 
to be 2.09 × 10

-5
 K

-1
. 

Our deduced value of αL for CsSnI3 is 1.40 × 10
-5

 K
-1

, which is very reasonable comparing 

with the measured or calculated αL values for other perovskites materials available in 
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literature. Therefore, our assumption is justified that the contribution of direct e-p interaction 

is negligible and the variation of Eg (T) is dominated by the thermal expansion contribution.  

4.6  Summary 

In this chapter, we have determined the band gap of CSI as function of temperature 

from 9 to 300 K by photoluminescence method. The band gap variation with temperature 

shows uncommon positive linear temperature dependence. It is conjectured that the 

contribution of direct electron-phonon interaction to the band gap change is negligible likely 

due to the unusual large electron effective mass. We justified this conjecture by the 

first-principles calculations of band gap with various lattice constants, which changes linearly 

with temperature. By matching the experimentally measured band gap variation with 

temperature to the calculated, we deduced a linear thermal expansion coefficient of 1.40 x 

10
-5

 K
-1

 for CsSnI3, which is consistent with several other materials having a same crystal 

structure as CsSnI3. 
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Chapter 5: Triply resonant Raman scattering: 

manifestation of two LO phonon process in CsSnI3 

5.1 Resonant Raman scattering background  

 
Resonant Raman spectroscopy is a powerful tool to obtain useful information about 

the vibronic properties of a condensed matter. In the normal Raman process, the incoming 

photon is scattered by the vibration and lose the energy to one or more LO phonons. The 

intermediate states are all virtual for normal Raman process. Raman scattering efficiency is 

enhanced when the incoming or outgoing photon energy approaches to the combined high 

density of electronic states in a semiconductor. There were many experimental studies [31-33]
 

using the single resonant Raman process to characterize electron-phonon coupling.  The 

double resonant Raman scattering was reported in graphite [34]
 
when both incoming and 

outgoing photons met with real electronic states. Such a double resonant Raman process was 

also investigated in carbon nanotubes [35]. Triply enhanced resonant Raman scattering 

process was not as often reported as the single and double resonant Raman process. 

Alexandrou et al [36] studied the triply enhanced Raman process in GaAs/AlAs superlattices 

when the energy difference between the heavy- and light-hole bands was tuned to be equal to 

the energy of two LO phonons by spatial confinement. In their study, all the intermediate 

states of the SORS were real. Hence, the Raman scattering efficiency was greatly enhanced. 

A similar work carried out by Schneider et al. [37] also revealed the nature of triply enhanced 

resonant SORS. In their work, the electronic states under electric field, known as 

Wannier-Stark ladders, were separated by the energy of two LO phonons.  

In chapter 3, we have presented the first-principles study of CsSnI3 including its band 

structure calculation. One of fine features we have identified for CSI is that it has two 
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adjacent parallel conduction bands separated by ~ 60 meV. The origin of electronic states for 

the lowest conduction band is mainly from the p-orbitals of the inner tin atom of octahedron 

while the s- and p-orbitals of six outer iodine atoms of octahedron are the main sources of 

electronic states for the next conduction band. If the LO phonon energy in this material is 

about the half of the parallel band separation, we should be able to see the second order 

Raman scatter (SORS) which emits two LO phonons, to be resonantly enhanced by this 

unique two-parallel-conduction band structure.   

In this chapter, the observation of the first order and triple-resonance enhanced SORS 

processes by LO phonons in CsSnI3 is studied. We verify our experimental observations with 

a theoretical calculation of the SORS spectrum using the band structure property of CsSnI3. 

And finally an effective phonon dispersion curve for LO phonons by fitting the calculated 

SORS spectrum with the measured one is obtained.  

5.2  Experiment of Raman Spectrum  

 We use the CSI thin film with CsI/SnI2 synthesized by vacuum evaporation method 

for the Raman measurement. The schematic diagram of Raman measurement setup is shown 

as in Fig. 5.1 The system is similar to the PL measurement system, however, the requirement 

for the detection monochromator (the grating in Fig. 5.1) is very stringent because we are 

collecting extremely weak signal very close (a few nm away) to the strong laser excitation 

wavelength. The Raman measurements of our samples were performed using a Horiba J-Y 

Spectrometer equipped with an 1800 grooves/mm grating in case of the Ar
+
 ion laser 

excitation at 514.5 nm, and with a 600 grooves/mm grating for the HeNe laser excitation at 

632.8 nm. The measurements were performed at room temperature using a backscattering 

geometry (180
0
) under an Olympus BX40 microscope with an objective.  
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Fig. 5.1: Schematic diagram of the Raman measurement system 

 

5.3 Identify the peaks for the Raman Spectra 

 The experimentally measured Raman spectrum of the CsSnI3 thin-film on ceramic 

substrate using the Ar+ laser at room temperature is displayed in Fig. 5.2 (a) as the solid 

curve. The calculated Raman spectra are also shown using the two different phonon 

dispersions; they will be discussed later. The measured spectrum shows two peaks with a few 

features: 1) the scattering intensity of the second peak at 58.5 meV is larger than that of the 

first peak at 32.0 meV; 2) there are no additional Raman peaks beyond the second one; 3) the 

Raman shift of the second peak is 5.5 meV less than the double (64 meV) of the Raman shift 

of the first peak; and 4) the shape of the second peak is asymmetric and much broader than 

that of the first peak. Since the first peak has a narrow full width of 1.5 meV at half 

maximum, the LO phonon modes near the center of the Brillouin zone should be responsible 

in the first order Raman scattering process due to the momentum conservation rule. Hence, 
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the LO phonon energy nearpoint is determined to be 32 meV. This assignment is further 

reinforced by the verification of the second peak as the SORS by two LO phonons involving 

a theoretical calculation to be discussed.  

 To experimentally verify that both first and second peak are associated with Raman 

process and originated from the CsSnI3 thin-film, another experiment was performed on the 

CsSnI3 thin-film deposited on glass substrate using the HeNe laser line at 632.8 nm. The 

measured Raman spectrum is displayed in Fig. 5.2 (b). It possesses all the features of the 

spectrum taken by the Ar+ laser line as shown in Fig. 5.2 (a). This experiment concludes that 

the two measured Raman peaks are from the CsSnI3 thin-film. It should be noted that the 

relative ratio for the first peak to second peak is different for the two spectra in Fig. 5.2. 

However, this difference will not affect our discussion. 

 If we followed the same theoretical treatment [38, 39]
 
as the normal Raman scattering 

to determine the electron-phonon coupling strength using the intensity ratio of the second- 

over first-order Raman scattering, we would get an extraordinary large electron-phonon 

coupling constant, and would be different for the CsSnI3 thin-films on different substrate. If 

that were the case, we would observe subsequent multiple phonon peaks after the second one. 

The absence of subsequent Raman peaks after the second one as shown in Fig. 5.2 

discourages the normal explanation of extraordinary electron-phonon interaction strength in 

this material. The strong intensity of the second Raman peak has to be relevant with a 

resonant enhancement. This scenario is also consistent with the calculated energy separation 

between the two conduction bands which is close to the energy of two LO phonons. 

Therefore, the attribution of triply resonant SORS to the second Raman peak is considered as 

a reasonable explanation. We further verify this assignment by theoretically calculating the 

SORS spectrum and by comparing it with the measured one.  
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Fig. 5.2: Measured Raman scattering intensity as a function of Stokes energy shift, (a) solid 

curve spectrum taken from CsSnI3 thin-film on ceramic substrate with Ar
+
 laser at 514.5 nm, 

and (b) taken from CsSnI3 thin-film on glass substrate with HeNe laser at 632.8 nm. The first 

peak located at 32 meV is due to the first order LO phonon scattering. The subsequent broad 

and asymmetric peak is from the triply enhanced second order Raman scatting. The curve 

with discrete symbols and the dashed curve are the calculated SORS spectra using the two 

different LO phonon dispersion curves shown in the inset of (a) as described in the text. 

 

5.4 Possible triply Raman scattering process based on band structure  

 We need the information of band structure as presented in the Fig. 3.1 to analysis the 

scattering of the incoming photon. The calculated two low conduction bands and two top 

valence bands from  to S point are shown in Fig. 5.3. The curvature of the lowest 

conduction band (CB1) is smaller than the top valence band, which implies a relatively larger 

effective mass of electrons than that of holes. The uniqueness in this band diagram is the 

existence of another conduction band (CB2), which is closely adjacent and parallel to CB1 in 

the momentum space. The separation between CB1 and CB2 is 58 meV. Possible Raman 

processes leading to the resonance behavior of SORS are illustrated in the Fig.5.3. For 
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example, an electron is excited from the top valence band to the point C2 in CB2 by an 

incoming photon; a pair of phonons with wave vectors ± q is created by scattering the 

electron to the point C1 in CB1 through a real intermediate electronic state in CB1 at the 

point A. This process can be also accomplished by a different intermediate state at the point 

B. It is worthy to note that the HeNe laser has an access of the top valence band only while 

the Ar
+
 laser line can access the two valence bands as schematically shown in Fig. 5.3. This 

difference in the initial joint density of electronic states might be a reason why the peak ratio 

in Fig. 5.2 (a) is different from that in Fig. 5.2 (b). 

 

Fig. 5.3 Two top valence bands and two bottom conduction bands are shown from  to S 

point in wave vector space for CsSnI3. Triply resonant Raman scattering processes are 

illustrated involving the electronic states in these four bands. 
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5.5 Theoretical validation of our assumption of triply resonant Raman 

process   

 Based on the strong polar nature of other perovskite materials [40, 41]
 
with similar 

crystal structure as that of CsSnI3, it is reasonable to assume that the dominant 

electron-phonon coupling possesses the usual form of Frohlich interaction. Hence, the main 

contribution of the second Raman peak is from the simultaneously scattering of two LO 

phonons with opposite wave-vector directions as illustrated in Fig. 5.3. The theoretical 

spectrum of SORS is given in the following equation based the usual understanding of 

electron-photon and electron-phonon interactions [42]: 
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（5.1） 

In the Eq. 5.1,  is the Raman energy shift, the indexes of i, l, m, n, and f represent possible 

real electronic bands associated a particular SORS process, and I is the excitation photon 

energy. The electron-radiation and electron-phonon interaction Hamiltonians are expressed as

e RH  and el phH  , respectively. The symbols of 
k

C  and 
k

V  represent the electronic states 

with wave vector k in conduction and valence band, respectively. It should be mentioned here 

that there are two broadening parameters in Eq. 5.1,  and . The value of  is related to the 

dephasing time of electronic state involved in SORS processes. The value of   in the 

Lorentzian function is inversely proportional to the phonon dephasing time. The excitonic 

effect as explored by many researchers such as Garcia-Cristabal et al [43] were not 

considered in this calculation because the electronic states involved in Raman processes are 

far away from the band edge. There are two tasks for the theoretical calculation of SORS 
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spectrum: 1) to adequately predict the peak position (58 meV) of SORS by LO phonon 

scatterings with the LO phonon energy of 32 meV, and 2) to produce a broad and asymmetric 

line shape. For simplicity, only one of the processes depicted in Fig. 5.3 is considered which 

consists of one inter-band and one intra-band transition due to the electron-phonon interaction. 

The electron-phonon interaction Hamiltonian is known [44]
 
to have the q

-1
 dependence and 

q-independence
 
for inter- and intra-band transitions, respectively.

 
 

 To numerically calculate the SORS spectrum, a LO-phonon dispersion relationship has 

to be specified, and the values of and  have to be given and justified. Different types of 

LO phonon dispersion relationships were considered. Two of them are given here: 

(Dispersion #1) ( )LO y = 0.032 – 0.009*y
2
, and (Dispersion #2) ( )LO y = 0.032 – 

0.009*√  in unit of eV, where y = q/qmax. The value of 32 meV is used as the LO phonon 

energy at  point (y = 0). These two dispersion relationships are displayed in the inset of Fig. 

5.2 (a). The calculated SORS spectra are also shown in Fig. 5.2 (a) as discrete symbols using 

the dispersion #2 and as the dashed curve using the dispersion #1, respectively. Both 

dispersion #1 and #2 generates a broad and asymmetric SORS spectrum because a relatively 

wide range of phonon q-vector is allowed to participate in the SORS process. However, only 

the spectrum calculated using the dispersion #2 matches the experimentally measured peak 

position at 58.5 meV. It should be pointed out that the actually LO phonon dispersion should 

be measured by other experimental methods such as the method of inelastic neutron 

scattering [45]. The dispersion #2 should be considered as an effective LO dispersion since 

we have only considered one of many possible SORS processes for which their relative 

contributions to experimentally measured spectrum are not easy to be determined. In our 

calculation, the value of = 1.5 meV was used since it matches with the measured full width 

at half maximum for the first order Raman peak. Various values of were examined and 5 
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meV was found to fit the experimental data well, which indicates the fast electron scattering 

time of 0.8 ps out of initial electronic states. This scattering time is consistent with the fast 

electron thermalization process in other semiconductors such as GaAs [46].
 
It should be 

pointed here that the values of  and  were determined by fitting experimentally measured 

spectra. These values should reflect the contributions of homogeneous and inhomogeneous 

broadenings. 

 It is difficult to estimate exactly how much Raman scattering efficiency is enhanced due 

to the triple resonance since the exact material parameters for CsSnI3 are needed for this to be 

computed. We instead calculated the SORS efficiency as a function of the energy separation 

between the two parallel conduction bands as displayed in Fig. 5.4 (a). It shows that the 

SORS efficiency is maximized when the energy separation is near the energy of 2 LO 

phonons. In order to gain the insight as which fraction of phonons in momentum space are 

particularly important for the SORS process, we also calculated the SORS intensity as a 

function of the normalized phonon wave vector. The result is displayed in Fig. 5.4 (b). It is 

sharply peaked when q/qmax = 0.04 with an asymmetric distribution extending to large wave 

vector values. This behavior explains why the measured SORS peak has broad and 

asymmetric line shape. 
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Fig. 5.4: Calculated SORS intensity as a function of the energy separation between two parallel 

conduction bands (a) and as a function the normalized magnitude of LO phonon wave vector (b). 

 

5.6  Summary 

In summary, the Raman scattering data of CSI are presented. The LO phonon energy is 

32 meV, determined by the first order Raman peak position. As predicted by the unique band 

structure, it shows enormously enhanced intensity of the second-order Raman scattering. 

Such an enhancement is attributed to the triply resonant Raman scattering process by LO 

phonons, which is realized naturally through the unique two parallel conduction bands with a 

separation close to the energy of two LO phonons in this semiconductor compound. The 

observation of the larger SORS further validates the calculated band structure as presented in 

Chapter 3.  

The strong two-LO phonon process predicted by the band structure has been 

demonstrated in the Raman scattering process. It encourages us to explore the two-LO 
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phonon process in the emission or absorption spectrum. However, the LO features is not 

observable in PL spectrum even at low temperature as shown in Fig. 4.1, due to the large 

inhomogeneous broadening introduced by the polycrystalline nature of the sample. The 

absorption spectrum of CSI at room temperature does not exhibit any LO phonon feature, and 

we do not have the equipment to measure the absorption spectrum at low temperature. 

Therefore, photoluminescence excitation (PLE) spectrum of CSI is investigated instead, as 

shown in the Chapter 6.     
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Chapter 6: Photoluminescence excitation spectrum of CsSnI3: 

two-phonon processes 

6.1 Introduction of the LO phonon features in PLE spectrum 

 
Photoluminescence Excitation (PLE) spectroscopy is a useful and widely-used technique 

in characterizing electronic states in semiconductors. PLE experiment measures the variation 

of photoluminescence intensity at a particular wavelength, which is generally referred as 

detection position, over different excitation energies. Therefore, the intensity of the PLE 

spectrum at a particular wavelength is determined by two factors: 1) the absorption 

coefficient at this wavelength, and 2) the fraction of carriers or excitons which could relax to 

detection positions and then recombine radiatively. In most of bulk semiconductors, the 

electronic band is continuous, which is in favor of the intra-band transition of carriers through 

carrier-carrier and carrier-lattice relaxation process. The relaxation process of 

photo-generated carriers could be so fast that the carriers go through the so-called 

“thermalization” and cooling processes and reach the Boltzmann equilibrium before 

recombine radiatively. Therefore, the second factor is almost the same at different excitation 

wavelength, and the shape of PLE spectrum is mainly determined by the energy dependent 

absorption coefficient. However, things are different in low-dimensionally structured 

semiconductors, such as quantum dots [47], quantum wells [48], where the electronic states 

are quantized. Carrier-lattice scattering could be slow due to the lack of electronic states that 

satisfied both energy and momentum conservation conditions. This effect, named as “phonon 

bottleneck”, could make the relaxation of hot carrier less efficient than radiative 

recombination, resulting different relaxation processes at various excitation wavelength. In 

this case, the second factor is important in determining the shape of PLE spectrum. Clear 

longitudinal optical (LO) phonon features were observed experimentally in the PLE spectrum 
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of a few quantum dots, [49, 50] single-walled carbon nanotubes, [51]
 
and quantum wells 

under the condition that electronic states were separated by integer number of LO phonon 

energy.  

As discussed in Chapter 5, the second order Raman scattering was resonantly enhanced 

by the two adjacent parallel lowest conduction bands separated by the energy of two LO 

phonons. As a result, it is nature to think, can we observe the LO phonon features in the PL 

and PLE spectrum? The intuition suggests that the two LO phonon assisted transitions should 

also be resonantly enhanced by the unique electronic band structure. However, the LO 

phonon feature is not observable in the PL spectra of CSI shown at Fig. 6.1, due to the large 

inhomogeneous broadening originated from the polycrystalline nature of the sample. In this 

chapter, we want to retrieve the information of the LO phonon feature from the study of the 

PLE spectrum of CSI. 

 

Fig. 6.1: Measured absorption and PL spectra of CSI at room temperature. The black line is 

the absorption spectra.  
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6.2 Comparison of Raman and PLE spectrum  

It might be easy to get confused between PLE and Raman spectrum, as in both cases, the 

excitation and detection positions are very close. For Raman process, the incoming photon is 

“scattered” by the lattice, and thus the outgoing light is coherent with the incoming light. As 

shown in Fig. 6.2, virtual states have to be considered to explain Raman scattering. This is 

related to the fact that the interaction of the photon with the lattice and the re-emission of the 

scattered photon occur almost simultaneously. Therefore, the time scale for Raman scattering 

is very short, usually within a picosecond or less. However, the time scale for 

photoluminescence is much larger, usually within nanosecond region. For PL, the incoming 

photons are actually absorbed by electrons, and then thermalized to the lowest conduction 

band by interaction with phonons. Meanwhile, the photoluminescence intensity is usually 

much larger than Raman intensity. As a result, the Raman process and photoluminescence are 

two different processes.  

 

 

 

Fig. 6.2: Illustration of Raman, resonant Raman and photoluminescence processes.  

http://www.azom.com/ads/abmc.aspx?b=1814
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6.3 The PLE spectra: two-LO-phonon assisted emission 

The normalized PLE spectrum of CsSnI3 at 12 K with the detection position 1009 nm, 

which is the peak position of PL spectrum at that temperature, is shown as in Fig. 6.3. The 

PLE spectrum has a very broad (about 80 meV FWHM) and asymmetry peak at about 70 

meV away from the emission position, while at the high energy side, the spectrum is flat. 

This PLE spectrum is very different from the absorption spectrum shown as in Fig. 6.1, 

which is a typical absorption spectrum for bulk semiconductor material with 

three-dimensional density of states (3D DOS). The difference of the PLE and absorption 

spectrum indicates undoubtedly that the fraction of photon-generated carriers that could 

recombine radiatively at the detection position is different under different excitation light.  

 

Fig. 6.3: The PLE spectrum of CsSnI3 at 12 K with detection position to be 1009 nm, which is the 

peak position of PL spectra of CSI at 12 K. The schematic diagram for this PLE process is shown as 

in red arrow in the insert. The blue arrow represents for the case when the detection position is not 

peak of PL spectra.  
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We argue the peak of PLE spectra is due to the two LO phonon assisted emission which 

is resonantly enhanced by the unique two parallel conduction bands separated by the energy 

of two LO phonons. This process is shown as the transition path “BCDA” in the insert 

of Fig.6.3. Just similar as the second order Raman scattering, all the transition intermediate 

states are real, and thus the transition probability are greatly enhanced. To theoretically show 

this scenario, the PLE spectra attributed to this process at detection position d is given as:  

2
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    (6.1)    

Where A, B, C, and D are possible real electronic states in conduction bands as shown in the 

Fig. 6.3. Symbols of He-R and Hel-ph represent the electron-radiation coupling and 

electron-phonon coupling Hamiltonian, respectively.  is a broadening factor that is related to 

the dephasing time of electronic states involved in this process. The Eq. 6.1 above is different 

from the Eq. 5.1 for the Raman process as the absorption transition from A to B is not a 

component of the process. When the energy of the intermediate states C, EC = EB - 32 meV = 

ED + 32 meV, all three denominators (real part) in the expression is zero, and thus resonantly 

enhancement occurs.  

 Based on the Eq. 6.1, there are two indications about the PLE spectra if dominated by the 

two-LO-phonon assisted emission. First, the peak position of PLE spectrum should change 

simultaneously with the detection position, to satisfy the delta function in the Eq. 6.1. Second, 

the intensity should be proportional to the oscillator strength at the detection position, given 

the term of
e RA H D

in the Eq. 6.1. The relative oscillator strength manifests itself as the 

PL intensity at particular position. Therefore, the peak intensity of PLE spectra at different 

detection positions should be proportional to the PL intensity at the wavelength of the 
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detection position. We would verify our assumption through the detection position and 

temperature dependences of PLE spectrum study in the next two sections. 

6.4 Temperature dependence of the PLE spectrum 

 

 
The temperature dependence of the PLE spectrum is shown as in Fig.6.4. At different 

temperatures, we took the photoluminescence spectrum first to determine the peak position, 

which would then be set as the detection position. The measured signal was then normalized 

by the intensity of excitation light. As shown in Fig.6.4, the peak position of PLE shifts to 

shorter wavelength at increasing temperature, along with the blue shift of the detection 

position. The blue shift is caused by the positive temperature dependence of the electronic 

band gap of CSI as discussed in details in Chapter 4. The shift of peak position is consistent 

with the prediction of the two-LO-phonon emission model as we predicted in the section 6.4.  

 
Fig. 6.4 PLE spectrum at various temperatures from 12 K up to 300 K. The spectrum from left to right 

corresponds to increasing temperature.  
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In order to analysis the peak intensity of the PLE spectrum, the PL spectrum taken at 

various temperatures from 10 K to 300 K is shown as in Fig. 6.5. The peak intensity of PLE 

spectrum and PL spectrum at various temperatures are shown as in Fig. 6.6. The peak 

intensity of PLE spectrum is proportional to the PL spectrum at low temperature (T < 100 K). 

However, as temperature gets higher (above 100 K), the PLE peak intensity drops faster than 

the PL intensity. This phenomenon is also consistent with our assumption of the two LO 

phonon process. As discussed in the introduction of this chapter, one necessary condition for 

the presence of LO phonon features in PLE spectrum is that the thermalization process should 

be slow enough. Otherwise, most of the photo-generated carriers would be cooled down to 

the quasi-equilibrium Boltzmann distribution before the radiative recombination, thus the 

fraction of excitons that could be recombined radiatively is the same for different excitation 

wavelengths. If that is the case, the radiative intensity at the detection position is just 

proportional to the number of photon-generated carriers and no LO phonon feature should be 

observed. The reason of the LO phonon features can be observed in CSI is because of the two 

parallel conduction bands, not only because of the resonantly enhancement of the 

two-LO-phonon emission, but also because the two parallel bands slows the thermalization 

process to the lowest of CB1. At low temperature, the electrons could be thermalized to the 

bottom of CB2 instead of CB1. In this case, if the excitation energy is close to CB2, the 

photon-generated electron is less likely to be thermalized, allowing the two-LO-phonon 

emission to occur. As the temperature increase, the thermalization would be enhanced by the 

increase of electron-LO phonon coupling. Therefore, the two phonons assisted emission 

become less dominant in the PLE process and the peak intensity of PLE drops faster than the 

PL intensity.   
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Fig. 6.5: The PL spectra of CsSnI3 at various temperatures from 10 K to 300 K.  

 
 

 
Fig. 6.6: The normalized peak intensity of PLE (black square dot) and PL (red round dot) 

spectra at various temperatures.  
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6.5 The PLE spectrum at different detection position 

The detection position dependence of PLE spectrum is shown as in Fig. 6.7. One process 

of PLE with detection at off-resonant wavelength is shown as in the insert of Fig. 6.3 as the 

blue arrow FGHE. The shape of the PLE spectrum at different detection position is 

identical. The peak position of the spectrum shifts along with the detection position. This 

observation is consistent with the first indication of the two-LO-phonon assisted transition in 

PLE process. The peak intensity of PLE spectrum at different detection position is shown as 

the black dot in the right side of the Fig. 6.7. Compared with the PL spectrum at 12 K with 

excitation wavelength 500 nm shown as the red line in Fig. 6.7, the peak intensity of PLE 

spectrum is proportional to the PL intensity at the detection position. This is consistent with 

the second indication of the dominant effect of the two-LO-phonon assisted emission in PLE 

spectra.   

 
Fig. 6.7: PLE spectra at 12 K with various detection energy, 979, 989, 999, 1009, 1019, 1029 

nm, from left to right respectively. The red line on the right side is the PL spectrum of CsSnI3 

thin film with excitation 500 nm at 12 K. The black dot represents the peak intensity of PLE 

spectra at various detection positions. 
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6.6 Summary 

In summary, there are two necessary conditions for the existence of LO phonon features 

in PLE spectra: 1) band structures with separations of n times of LO which could resonantly 

enhance the n LO phonon assisted emission, and 2) slow “thermalization” process. In this 

chapter, the main peak of PLE spectrum of CsSnI3 has been identified to be the two LO 

phonon assisted emission, through the detection position and temperature dependences study 

of PLE spectra. We have shown that the unique band structure of CsSnI3 can resonantly 

enhance the two LO phonon process. 
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Chapter 7: Superfluorescence and superradiance theory revisited 

7.1 Introduction of superradiance theory 

 
Spontaneous emission of light is a fundamental process that plays an essential role in 

many phenomena in nature and forms the basis of many applications. The excited state in gas, 

atoms, molecule, nano-crystals and etc. couples with vacuum, and can transit to ground state, 

thus emit a photon. If all the excited state decays independently, the emitted light is 

incoherent light with random phases. This is the normal spontaneous emission. The decay 

rate is described by Einstein A coefficient and the radiation intensity is just proportional to 

the number of excited states, N. 

However, if the excited states decay coherently, that is, the emitted light is in 

phase-related, as first predicted by R. H. Dicke [52] in 1954 in a two-level atomic system, 

some of the excited states can emit “super-radiantly”. At the superradiant state, all the N 

atoms are correlated and the decay rate is enhanced by N times. The emission intensity of 

radiation is not proportionally to N, as one would expect from independent radiators, but to 

N
2
. From the quantum mechanics point of view, when the dimension of the atomic system is 

small compared to the emission wavelength, the radiation field can be seen as constant in the 

range of atomic system. That is, all the atoms can sense the same radiation field and exchange 

photon with this common radiation field. In this case, the individual quantum number 

(excited state or ground state) of each atom is no longer good quantum number due to the 

exchange of photon between atoms. Instead, the whole atomic system should be treated as a 

huge radiation dipole and described in the coupling representation, just like the spin coupling 

system. If there is only two identical atoms separated by a distance smaller than the 

wavelength of emitted light, the situation is just in analogous to the coupling of two spin 

angular momenta. This coupled system would have two possible eigenstates: a superradiant 
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state that radiates twice as fast as single atom, and a subradiant state that does not radiate. 

The superradiant and subradiant states are analogous to the spin triplet state and singlet state, 

respectively.   

Following the Dicke’s notation, under the common radiation field, the total Hamiltonian 

of the system is:  

 
0 3 1 0 3 1 1 2 2(0) ( )H H ER H H ER A e R e R                                 (7.1) 

where R1, R2 and R3 are collective operators for the giant dipole,  
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 , 1,2,3k                                                   (7.2) 

The transition matrix for the state with coupled quantum number r and m is: 
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Therefore, the decay intensity at the state described by r and m is: 

0( )( 1)I I r m r m                                                     (7.4) 

The “superradiant state” is the state where r is large but absolute value of m is small. If we 

only consider the “superradiant state” with r = N/2, where N is total number of atoms. Let y 

be the total number of atoms at excited state, then m = y – n/2. Define the spontaneous life 

time for single atom as 0 = 1 / I0, then the Eq. 7.4 can be written as: 

0

( 1)
dy y

n y
dt 

                                                           (7.5) 

Therefore, the enhancement of the decay rate changes with the number of atoms at excited 

states. The Eq. 7.5 describes the scenario when all the atoms are perfectly correlated as r = 



68 

N/2. For an uncorrelated system, the rate of motion is just the equation for spontaneous decay

0

dy y

dt 
  . It is therefore natural to use a factor  varying from 0 to 1 to describe the “degree 

of coherence” as shown in the Eq. 7.6. The essential physics of is the same as the “shape 

factor" to be discussed in a classical perspective of SR.  

0

[ ( ) 1]
dy y

n y
dt




                                                        (7.6) 

From a classical point of view of SR, the emitted light of each atom is coherence light 

when the atoms are close to and initially in phase with each other. The net electromagnetic 

field is proportional to N and therefore the emitted intensity goes as N
2
. In 1971, Rehler and 

Eberly [53] calculated the superradiant decay rate in atomic system through both quantum 

and classical treatment. The time evolution of the total energy of two-level atoms was derived 

and a shape factor  that described the strength of the cooperative emission was introduced. 

In their work, all the atoms emit coherent light with fixed phase difference, controlled by the 

initial laser excitation. In this case, all the atoms are excited in the same way except only the 

time delays due to the finite separations between atoms. The fixed phase for each atom is

1 jk r , where 
1k is the wave vector of excitation, and jr is the position of the jth atom. The 

shape factor is dependent on the laser wave vector 
1k , indicating the correlation is 

introduced by the resonant (as implied by two-level atoms) laser excitation. The shape factor 

could be calculated given the positions of emitters and proper excitation-induced initial 

correlations. The classical picture of SR is shown as in Fig. 7.2. Therefore, the shape factor is 

closely related to the average phase difference 1( )i k k re  
of different atoms.  
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Fig. 7.1 Graphical description of SR from classical point of view is given. 

Although Dicke restricted the superradiant state in a small region in atomic system and 

expected the decay rate to be significantly (three or more magnitude) larger than spontaneous 

emission, the concept of superradiance has been extended to all the systems [54-60] (quantum 

wells, bulk crystal, J-aggregates, etc.) with cooperative effects. Extensive theoretical works 

[61-67] have been made about the superradiant emission in all kinds of systems.  

The decay rate of a superradiant system is proportional to the number of emitters N. 

However, the increase of decay rate with increasing N cannot last forever. Konester [64] 

firstly investigated the transition from superradiant excitons to stable polaritons in a cubic 

structure which consists of a stack of N identical monolayers. By considering only the crystal 

state that are modulated in the direction perpendicular to the slab (the z direction), he derived 

the dispersion relation of the coupled exciton-photon modes for a slab of arbitrary thickness. 

He demonstrated that the fundamental k = 0 mode showed superradiant behavior and that it 

had a maximum radiative decay rate when the crystal slab thickness was half a wavelength. 
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When crystal slab thickness is small, in the z direction, the wave vector is quantized due to 

the periodic boundary condition:
2

k m
Na


 , where m = 0,...N-1. The separation of the wave 

vector  
2

Na


is much larger than the wave vector of photon 

2


, when Na << . Therefore, 

the coupling with photon modes is the largest when the wave vector for exciton mode 0k  . 

The frame work of Konester was expanded and elaborated by Gunnar Bjork [63] and 

Chang-qi Cao [67], etc.  

7.2 Superfluorescence and its relationship with superradiance  

  
In all the theories described above, SR decay requires the initial coherence to be built up 

by the resonant excitation. The shape factor in Rehler and Eberly’s work depends on the 

excitation wave vector k1. In the thin slab system introduced by Konester, the superradiant 

mode has to be prepared initially. As the most exciting form of the cooperative effect, a 

special form of SR, superfluorescence (SF) decay was introduced to differentiate from the 

normal SR process [68]. SF is from an initially incoherent system, which later on 

spontaneously builds up a macroscopic dipole and then decay superradiantly. There is a 

transition from spontaneous to the cooperative emission in the SF process, named as delay 

time d, which is inversely proportional to the number of excitons N [69]. The delay time, in 

which the coherence builds up spontaneously, is unique for SF. The difference between SR 

decay and ideal SF process (not consider dephasing) is illustrated as in Fig.7.2. Unlike SR 

that needs resonant excitation to build initial coherence, the SF process usually starts with off 

resonant excitation. The excited excitons go through very fast thermalization process from 

the initially excited position to the lowest point of conduction band, and then start to emit 

spontaneously. During the spontaneous emission process, excitons interact via the exchange 

of spontaneously emitted photons. This interaction process is similar to the stimulated 



71 

emission process in the sense that the remaining excitons are “stimulated” by the initial 

spontaneously emitted photons. At sufficiently high densities of excitons, this interaction 

process leads to an effective mutual phasing of excitons. As a result, a macroscopic 

polarization with amplitude proportional to density of excitons spontaneously formed. Of 

course, SF is different from stimulated emission since no gain is involved.  

 

Fig. 7.2 Comparison of superradiant and superfluorescence processes is illustrated. 

7.3 Our treatment of Superfluorescence 

In literature, there are plenty of discussions about the SF behavior, such as the delay time, 

the peak intensity of the pulse, the SF decay rate. However, there has not been a complete 

framework that considers the time evolution of the SF process, including the coherence 

build-up and dephasing (both inhomogeneous and homogenous broadening) processes. In this 

chapter, we would like to study the time profile of SF decay, and discuss how the 

characteristics of SF (delay time, peak intensity, and decay rate) could change with the 

number of exciton N and inhomogeneous dephasing time T2.  
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 We use the derived equation of motion from Dicke’s superradiance with the concept of 

the “degree of coherence”, as shown in Eq. 7.6. The same equation can be derived under 

Rehler and Eberly’s theoretical work [53]. The equation of motion in their work is given by:  

0

1
( )( )

2 2

dW N N
W W

dt



 
                                                  (7.7)  

Where N is the total number of excitons, W is the total energy of the system and it changes 

with time, 0 is the spontaneous decay time and  is the shape factor described before. In 

Rehler and Eberly’s notation, if the exciton is at ground state, its energy is -1/2, if at excited 

state, the energy is 1/2. The total energy ( ) ( )
2

N
W t y t   , where y(t) is the number of 

excited exciton at time t. Then we can get the same equation with Eq. 7.6.  

0

( ( ) 1)
dy y

N y
dt




                                                  （7.8） 

From equation (7.8), we can see that the decay rate of exciton is increased from the 

spontaneous emission by a factor of ( ) 1N y   . If the cooperative effect is very strong and 

the shape factor  gets close to 1, we can see the decay rate reaches maximum when only half 

of the excitons remain excited
2

N
y  . So the shape factor could be treat as a measurement of 

the “degree of coherence”, and it varies from 0 up to 1. In the case of spontaneous emission, 

there is no cooperative effect the equation goes back to the single exponential decay 

for spontaneous emission. Rehler and Eberly have analytically solved the equation (7.2) for a 

constant shape factor given proper initial condition, and have shown that the radiated 

intensity is mostly dominant by the exponential factor 
/te 

 with 0 / (1 )N    . The 

decay rate is enhanced by the factor (1+N).  
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 Although Rehler and Eberly’s work is about two-level atoms which coherently excited 

by the external laser, we can apply the motion of equation into other systems. Their 

assumptions about the two-level atoms can give rise to the express of the shape factor  as:

2

0 0 1(1/ ) ( ) {exp[ ( ) ]}av kN I I k i k k r d     . For different systems, the essential part of 

the equation is the shape factor that contains the information about how well the emitters 

cooperate in the emission. The shape factor  is different given different excitation conditions, 

distribution of emitters (shapes such as line, thin slab, J-aggregates), and photon modes 

(cavity, vacuum).  

Let us consider the coherence build up process for excitons in SF decay process. There 

are two key parameters determining the coherence between excitons in the SF decay: the 

cooperative frequency c, and the dephasing rate introduced by both inhomogeneous and 

homogeneous broadening. The cooperative frequency c is positively related to the exciton 

density N. Specifically, c for a two dimensional excitons in quantum wells has been well 

studied to be [69-72]:  

2 2

2

8 c
c

QW

d N

n L







                                  （ 7.9） 

Where d is the transition dipole moment, N is two dimensional exciton density,  is the 

overlap factor of radiation, is the reduced Planck constant, n is the refractive index,  is the 

wavelength, c is the speed of light, LQW is the total width of the quantum wells. The other 

parameters other than density of excitons are constants, so we can simply use 
c A N  , 

with A to be the constant coefficient. Notice that the build-up rate for coherence is a function 

of current density of excitons.  
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 We now consider the influence of dephasing on coherence. At low temperature, the 

inhomogeneous broadening is dominant over the homogeneous broadening introduced by 

electron-phonon interaction. So we only consider inhomogeneous broadening for now. The 

inhomogeneous broadening factor is defined by [62, 73]:  

2

1
( ) exp( )l

l

H t i t
N

                                     (7.10) 

Where l is the angular frequency detuning l   of the lth exciton. The time evolution of 

H(t) can be approximated by exp(-2t/T2), where T2 is the inhomogeneous dephasing time. As 

a result, the coherence of the system should be multiplied by exp(-2t/T2).  

 To include both effect of coherence build-up process and dephasing process in the SF, 

the coherence of the system with initial exciton number N is given by:  

0 2exp( 2 / )c T t                                                       (7.11) 

where 0 should be very close to 0 since the initial coherence of the system is 0; c is given 

by  √    , where N(t) is the current density of exciton. According to this equation, in order 

for the correlation to build up, we must have c>2/T2. Therefore, the density of initial 

excitons must exceed a critical density:
2

2

2
( )cN N

AT
  . As the emission continues, when t 

is very large and the density of excitons decrease below the critical density, the dephasing 

gradually destroys the coherence. Plug the equation (7.11) back into equation (7.8), we can 

calculate the time profile of the radiative intensity.  
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7.4 Ideal superfluorescence decay process 

Let us first validate our model by neglecting inhomogeneous broadening (T2 very large). 

In this case, the system should have SF decay, as shown in Fig. 7.3. In the calculations, we 

use the parameters,  ps,      ，     From the graph, the characteristics 

of SF decay gradually show up with increasing initial exciton number N. Even though there is 

no dephasing in this case, the coherence build up process still has to compete with the 

spontaneous emission that decreases the cooperative frequency c. The delay time of SF peak 

decreases at larger N. The peak intensity and delay time as a function of N is shown as in Fig. 

7.4. The peak intensity of the SF burst at sufficient large N is proportional to N
2
, and the 

delay time of the SF peak is inverse proportional to N. The consistent of the result with the 

characteristics of SF phenomena further validates our model.  

 

Fig. 7.3: Time evolution of radiative intensity with different initial number of excitons (N) for ideal 

SF decay. 
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Fig. 7.4: a) The peak intensity of SF burst verse number of initial excitons N; b) the delay time of the 

peak of SF burst verse 1/N. The 1/N is multiplied by     for clarification purpose. The red line is 

not fitting and just for visualization purpose. 

 

7.5 Superfluorescence decay with inhomogeneous dephasing  

Now we need to include the inhomogeneous broadening effect for SF decay as shown in 

Fig. 7.5. In this calculation, we use the inhomogeneous dephasing time T2 = 100 ps. Other 

parameters are the same as the calculation for Fig. 7.4. In order to satisfy the critical equation, 

c>2/T2, the initial N should be greater than Nc =     as shown in Fig. 7.5 that only for N 

larger than     could have SF burst. When N is sufficiently large, the coherence build up 

process is much faster than dephasing process, and then the decay is just the ideal SF as 

shown in Fig. 7.5 for large Ns. However, when the two processes are comparable, the decay 

starts with initial fast SF decay, and then change abruptly to normal spontaneous emission. 

This bi-exponential decay nature is special for SF emission with considerable inhomogeneous 

broadening effect. Notice that the slower decay in our model is the spontaneous decay 

process, not the subradiant decay that was claimed in Vasily V. Temnov’s work [74]. 

According to Dicke’s paper, exciton could emit superradiantly at the beginning and might get 

trapped in the “subradiant states” later. As some of the energy trapped in the subradiant states, 
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the decay rate is slower than the spontaneous emission rate. Both superradiant and subradiant 

are consequence of cooperative effect. In our analysis of SF, as the dephasing gradually 

destroys the coherence at low density of excitons, the slower decay should go back to 

spontaneous emission.  

The delay time and peak intensity of the SF burst is plot as in Fig. 7.6 and 7.7, 

respectively. The delay time is still a linear function with 1/N even for the bi-exponential 

decay process. However, the peak intensity of SF burst is much more sensitive for the 

considerable dephasing effect. It is clear that the peak intensity for small N (bi-exponential 

decay in the Fig. 7.5 is reduced by the dephasing process. We also compared the decay rate 

for the initial fast decay for different N values as shown in Fig. 7.8. The SF decay rates at 

different N values are obtained through exponential fitting of the first fast decay process. 

From the graph, we can conclude that the decay rate is linearly related with the number of 

initial exciton density.  

 

Fig. 7.5 Profiles of time evolution of radiative intensity are shown with different initial 

exciton numbers. Inhomogeneous dephasing time T2=100 ps was used in the calculation. The 

red arrows are for visualization purpose.  
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Fig. 7.6 Delay time is plotted as a function of 1/N. The red line is the linear fitting results. 

 

Fig. 7.7 The peak intensity vs. different initial number of excitons is plotted. 
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Fig 7.8 The enhancement of the SF decay rate over spontaneous emission at different N. The 

red line is the linear fitting. 

 

7.6 Superfluorescence decay at different temperatures: the effect of 

homogenous dephasing 

 We can investigate the SF decay process at different temperatures in our framework by 

including the homogenous broadening effect in the dephasing term 1/T2. Since exciton-LO 

phonons interactions are the most effective way of relaxation, we only consider the dephasing 

caused by LO phonon, which should be proportional to the number of LO phonons 

1

exp( / ) 1
LO

LO B

n
K T




. The new term for 1/T2 should be：  

2 20

1

exp(

1 1 1

/ ) 1LL O BOT T K TT 
  


                                         （7.12） 
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where T20 is the inhomogeneous dephasing time, TLO is the dephasing constant for LO 

phonon, and the last term is the number of LO phonons at temperature T.  

 The calculated temperature dependent profile is shown as in Fig. 7.9 a). In this 

calculation, the T20= 200 ps, TLO= 50 ps, N=1    , the energy of LO phonon used is 32 

meV. The other parameters are the same as previous calculation. The Peak intensity and 

delay time of the SF pulse is plotted in Fig. 7.9 b). The peak intensity gradually decreases and 

delay time gradually increase at higher temperature. If we use the concept of “effective 

domain size” Neff [75, 76], which is the number of perfectly coherent excitons in the system 

(Neff=x), the peak intensity and delay time of SF burst should follow Neff
2 

and 1/Neff
2 
rules. 

As a result, the coherence domain size is reduced by the exciton-LO phonon interaction at 

higher energy. The enhancement of the decay rate for the SF burst at each temperature is 

shown as in Fig. 7.10. We use the inverse of T to compare with the theoretical work by 

Francis C.Spano [76]. Our calculation result is very consistent with Spano’s work. Neff does 

not depend on the temperature until a certain threshold temperature is reached, at which point 

Neff starts to decrease. The existing of threshold temperature is because of the discrete nature 

of the LO phonon band structure, i.e the number of optical phonon very small at low 

temperature. As the temperature increases, the Neff decreases linearly with the temperature 

till 1, which means spontaneous emission.   
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Fig. 7.9 a) The calculated SF decay process at various temperatures from 10 K to 310 K with 

separation of 20K. b) The peak intensity (black dot) and delay time of peak position (red dot) 

at various temperatures.  
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Fig. 7.10 Calculated enhanced decay rate over spontaneous emission as a function of 1/T.  

 

7.7 Summary 

 In this chapter, we revisited the theory of SR and SF radiative emission. More 

importantly, we extended the motion of equation developed by Rehler and Eberly to describe 

the time evolvement of SF decay and developed the framework to include some effects that 

needs to be considered for experimental results, such as the inhomogeneous broadening and 

temperature effects. The peak intensity and delay time of SF burst have also been studied 

under our models.  

 We would apply the result of this chapter to explain the data of time resolved 

photoluminescence (TRPL) spectra with different excitation intensities and temperatures to 

be presented in the next chapter, and prove that the SF emission has been observed in the 

polycrystalline CsSnI3 thin film.    
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Chapter 8: Superfluorescence in CsSnI3: a manifestation of the 

correlation effect of natural 2D excitons 

 In Chapter 7, the theory and behavior of superfluorescence (SF) have been discussed. In 

this chapter, we would show the SF characteristics in the time resolved photoluminescence 

(TRPL) measurements of CsSnI3 thin film. Possible reasons why CSI would have this 

coherent effect of excitons are discussed.  

8.1 Experimental setup for time resolved photoluminescence 

The TRPL is a contactless method to characterize recombination and transport in various 

materials and devices. Photoluminescence is measured by exciting a sample with a pulsed 

light source, and then measuring the subsequent decay in photoluminescence intensity as a 

function of time. Various techniques have been used to measure time-resolved 

photoluminescence such as up-conversion
 
[77, 78] and streak camera [79]

 
methods. We use 

the Time-Correlated Single-Photon Counting (TCSPC) technique. The laser pulse is split into 

two beams. The first beam triggers a time-amplitude converter (TAC) to start ramping up a 

voltage. The second beam excites PL from the sample. Some of the PL is passed through a 

long pass filter and monochromator onto a PMT. The first emitted photon to be detected by 

the PMT sends a stop signal to the TAC, and the TAC voltage is read and stored by a pulse 

height analyzer.The overall time resolution is about 200 ps for this system, mainly limited by 

the PMT used. The schematic set up for TRPL is shown as Fig. 8.1. The cryostat system in 

Fig. 8.1 is for low temperature measurements.  

For all the TRPL measurements, the excitation light was from the picosecond laser 

with wavelength 532 nm. As a result, the excited excitons by absorbing photons goes through 



84 

the thermalization process and then reach the radiative states. So we need to use SF theory 

instead of normal SR theory to analysis our data.   

 

Fig.8.1: The schematic diagram for the set up of the TRPL measurement. 

 

8.2 Power dependence of time resolved photoluminescence 

The power dependence of TRPL measurements of CSI thin film deposit on a ceramic 

substrate is shown as in Fig. 8.2. The PL(t) was taken at 80 K for Pexc from 5 to 50 meW (10 

meW corresponds to power density 0.3 W/cm
2
). From the Fig.8.2, we can observe clear 

bi-exponential decay process: a intial fast decay followed by a slow decay process. We think 

the slow decay is the spontanous emission process with life time about 1 ns. This is consistent 

with one of the charteristics of SF decay with comparable inhomogenous broadening process. 

We use the prediction of using our model Eq. 7.8 and Eq. 7.11, and convolute with 

system response give as G(t) to fit our experimental result shown as the red curve in Fig. 8.2:  
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2 2( ) exp( / (2 ))G t t                                                 (8.1) 

G(t) is the impulse system response function with a variance of psThe fitting results 

are shown as the red curve with ps used. All the other parameters for the fittings at 

various excitation is the same except the initial number of excitons N: spontanous decay life 

time = 1000 ps,          , the coefficiant A for coherence build up rate is 

        , the dephasing life time T2 = 150 ps. As shown in Fig 8.2, the fitting quality is 

good for one order of magnitude, and fine tuning of the parameters is needed to future 

improve the fitting quality. For the calculated spectum, the ratio of the SF burst over the 

initial large intensity due to the spontanous emission is only within one order of magnitude, 

indicating the coherence is not strong. The blue curve for Fig 8.2 d) is the calculated result 

without the convolution with system response.  

 The decay rate for the initial fast decay process at various excitation power is shown as 

in Fig. 8.3 a). The decay rate of exictons is linearly related to the excitation power density. 

which should be proportional to exciton density if not saturated. However, the power 

depdenent steady PL study of CSI thin film to be shown later indicates the saturation effect 

when Pexc > 10 mW. As a result, the exciton density is not proportional, but linearly related to 

the excitation power density. The decay rate for the SF burst is ploted vs N, as shown in Fig. 

8.3 b). This linear dependence of the decay rate on the exciton density is one of the indication 

of SF decay. From the data displayed in Fig. 8.3, the maximum enhancement factor, Rx/Rx0, 

for the exciton spontaneous emission rate at 80 K is about 5. This number is 4 times larger 

than the reported value of 1.3 at 2 K by Scheibner et al. [56] in a single layer of CdSe 

quantum dots. At larger excitation power density, the saturation effect would play a more 

important role as additional dephasing and non-radiative channel caused by the 
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exciton-exciton interaction. The saturation effect is studied through the power dependent 

steady PL study as shown in Fig. 8.4. 

 

 
 

Fig. 8.2:PL(t) at 80 K taken at Pexc of 15 mW a), 20 mW b), 30 mW c), and 50 mW d). The thin 

red curve in each panel is calculated using our model after convolution with system response. 

The blue line in panel d) is the calculated result without convolution.  



87 

 

Fig. 8.3: a) Emission rates at 80 K under different Pexc levels. b) Emission rates with different 

initial number of excitons N. N is obtained by fitting the calculated spectrums with the 

experimental results under different Pexc. The red lines are linearly fitting of the decay rate.  
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Fig. 8.4: (a) Normalized PL spectra at 80 K are shown as Pexc increases from 0.02 to 50 mW. 

The inset shows the PL FWHM as a function of Pexc. (b) Integrated PL intensity from the 

spectra in (a) vs. Pexc. The orange-colored data points indicate that at these excitation power 

levels PL(t) are shown in Fig. 8.3. The gradient of one is shown by the thin line indicating 

constant PL efficiency. 

 

The evolution of the PL spectra at 80 K from another thin-film sample is shown in Fig. 

8.4 (a) as Pexc increases from 0.02 to 50 mW. The PL spectra were collected by a fiber cable 

and were not spectrally corrected since we were only interested in relative PL intensity in this 

case. The apparent small spectral shoulder near ~ 940 nm is due to the fiber cable. The PL 

FWHM is displayed in the inset which remains roughly unchanged up to 20 mW and starts to 

increase rapidly as Pexc further increases. The PL FWHM is dominated by inhomogeneous 

broadening because of the polycrystalline nature of thin-films and the rapid increase of 

FWHM at high Pexc may arise from the laser-induced sample heating and exciton-exciton 

interaction. Integrated PL intensity vs. Pexc is shown in Fig. 8.4 (b) as solid spheres. The 

orange-colored data points indicate that at the Pexc levels of 5, 10, 20, and 50 mW, the 

time-resolved PL data are shown in Fig. 8.3. The gradient of one is also shown by the thin 

line indicating constant PL efficiency. From Fig. 8.4 (b), the saturation effect starts at Pexc 

larger than 10 mW.  
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As discussed in Chapter 7, the peak intensity of the SF burst is very sensitive to the fast 

dephasing process and deviate from the N
2
 rule when the SF is not ideal. As a result, when 

Pexc > 10 meW and the saturation effect can not be neglected, the peak intensity of our data 

does not follow the N
2 

rule. However, the delay time ( the delay of the SF burst ) is inversely 

related to the exciton density as shown as in Fig. 8.5. The red line is the linear fitted results 

with the inverse of exciton number 1/N. The inverse correlation between delay time and the 

exciton density is a unique characteristics for SF decay process.   

 

Fig. 8.5: The delay time of the SF burst over the inverse of different exciton numbers N. The red line 

is the linear fitting result.   
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8.3 Temperature dependence of TRPL 

The temperature dependence of TRPL measurements taken from a different sample is 

shown as in Fig. 8.6. It seems that the bi-exponential decay process is not as aparent as in last 

section. This is because the sample-related inhomogenous dephasing rate is larger than the 

sample in the power dependence study. We use the standard fitting procedure to get the rise 

time and first fast decay rate by the convolution of the following F(t) and G(t) (defined as in 

Eq. 8.1), which are given below: 

( ) exp( / )[1 exp( / )]r dF t t t                                    (8.2) 

We are not using the same fitting method for this data because it is very difficult to 

obtain accurate fitting when the coherence effect is very weak. The fitting results for T = 100 

K is shown as the red line in Fig. 8.6. The most interesting information is the temperature 

dependence of the decay rate shown as in Fig. 8.7. To be consistent with the presentation in 

the last section, we use the op/KBT as the variable, where op is the LO phonon energy 32 meV for 

CSI, KB is the Boltzmann constant. The red line in the graph is just for visualization purpose so that 

we can see very clear of the feature: the decay rate remains constant at low temperature up to 70 K 

and then decreases linearly with increasing temperature. This feature is exactly the same as the 

prediction of our model for SF decay at various temperatures when both inhomogeneous and 

homogenous broadening dephasing effects are included. This further indicates that in CSI, the main 

homogeneous broadening effect is from the exciton-LO phonon interaction.  

To summary, in the section 8.2, the excitons emission of CsSnI3 is proven to be the SF 

process from the following three facts: the bi-exponential decay nature, the linear relation 

between initial fast decay rate and exciton density, and the inverse relation between the delay 

time and the exciton density. In this section, we have shown that the temperature dependence 

of decay rate is exactly the same as predicted by our model of SF decay process. As a result, 
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we believe that we have identified the cooperative effect of excitons of CSI, and that the 

cooperative effects manifest itself as superflouresence. Eventhough the coherence is not very 

strong due to the large inhomogenous broadening oringated from the polycrystalline nature of 

our sample, we believe we could observe very strong SF decay process for the material of 

single crystal quality.  

 

Fig. 8.6 PL(t) at various temperatures as indicated at Pexc = 10 mW which corresponds to the 

photoexcitation power density of 0.3 W/cm2. The thin red curve is calculated to fit the PL decay 

profile at 100 K.  
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Fig. 8.7 The decay rate is plotted at various temperatures (1/T) of CSI thin film. op is the energy of 

LO phonon, 32 meV is used. Kb is the Boltzmann constant. The decay rate remains constant for 

temperature below 70K and decrease linearly with temperature. 

 

 

8.4 Why can SF exist in CsSnI3? 

 As mentioned before, the inhomogenous broadening is large for our sample because of 

the polycrystalline nature. So why can we observe SF process in CSI intead of other typical 

semiconductors? There has not been much experimental observation of SF process as SR 

because of the difficulty to achieve coherence for a initial uncorrelated system. As discussed 

before, the critical condition to achieve SF is that c > 2 /T2. For bulk material, even when 

the sample quality is great and the inhomogenous broadening could be neglected, the build up 

rate for coherence is limited by three dimensional density of states of excitons, which is 

proportioan to √     . One way of increasing the exciton densitys at the lowest energy is 

to use quantum wells placed in a strong magnetic fields as the work of Y. D. Jho group 
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[70-72]. The density of states could be enhanced by the strong magetic field (energy level 

quantizing) and the reduced dimensionality (constant two dimensional DOS).   

For CSI, even though the large inhomogenous broadening, the SF process can still be 

observed because of the extraordinary large exciton density, shown as the extraordinary large 

PL intensity. The comparison of the PL intensity of polycrystalline CSI thin film and the 

single crystal InP wafer was shown as in Fig. 1.3. In fact, we have not find any other common 

semicondutor that could have compariable PL efficiency with CSI. We believe that the large 

exciton density is because of the formation of the natural two dimensional (2D) excitons in 

the planes of SnI4 tetragons. Similar effects of natural 2D excitons have been reported for 

PbI4 [80, 81] and PbCl4-based [82] inorganic-organic hybrid materials. However, the reason 

of the formation of 2D excitons still awaits further investigations.  

 
Fig. 8.8 (a) High resolutions TEM in a selected area for a CSI film on ceramics substrate. (b) 

Theoretically generated 10 × 10 octahedra with tin atoms at the centers and iodine atoms at vertices, 

projected in to a xy plane with x = [-1 1 0] and y = [1 1 0]. 

 

If our assumptions about the 2D excitons confinement is true, the SF emission in CSI 

occurs in the following steps. 1) The excitation photons ( non resonant excitation 532 nm) are 

obsorbed by CSI and produces free carriers or non-equilibrium excitons. The obsorption 
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spectrum for CSI is typical for direct band gap semiconductor with 3D density of states. 2) 

The non-equilibrium excitons are thermalized to the lowest conduction band and then 

constrained in the 2D SnI4 tetragons. 3) The formation of 2D excitons increases the density of 

states for the emission states near K = 0, capable to be filled with more excitons. More 

importantly, the confinement of absorbed 3D exciton in to 2D planes would greatly enhanced 

the exciton density. 4) The exciton density exceed the critical density for SF process Nc and 

the coherence of excitons are gradually build up during the initial spontanous emission 

process. 5) After a time delay of d, the SF burst occurs with enhanced radiative decay rate. 6) 

After the most of excitons have recombined, the inhomogenous broadening gradually 

destroys the coherence and the decay goes back to spontanous emission for residual excitons.  
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Chapter 9: Conclusions 

 
In conclusion, we have explored the peroskite compound CsSnI3, a new semiconductor 

material which was identified by our group. We believe that it has a great potential in 

photonic device applications. Many interesting optical properties fundamentally rooted from 

the unique landscape of electronic states in CSI have been discussed in details. In my thesis, 

the exploration of CSI can be grouped into the following three parts.  

The first part of the exploration started with the basic atomic structures of CSI. We 

adopted the first principles calculations to investigate the change of atomic symmetry of CSI 

at different temperatures. The fine structure information of  state of CSI was obtained by the 

total energy calculations, and then compared with the available experimental data. With the 

detailed structure information, the electronic states of  structure have been calculated. 

Several charcteristics of the electronic energy band diagram were identified, such as the large 

effective electron mass and the unique two parallel conduction bands with the energy 

seperation of ~ 64 meV.  

The second part of my thesis deals with the abnormal temperature dependence of the 

band gap of CSI, which was determined by the photoluminensence study. This behavior was 

explained by the combination of the following two considerations: 1) the neglegible 

contribution of direct electron-phonon interaction to the band gap change due to the unusual 

large electron effective mass, and 2) the positive thermal expansion effect to the band gap 

change demonstrated by the theoretical calculations. We have also observed large two-LO 

phonon features in both Raman and photoluminescence excitation spectroscopy.  The 

two-LO-phonon features are originated by the unique band structure: two parallel conduction 

band with separation close to the energy of two LO phonons. The two-LO-phonon features 
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have been identified as the triply resonant second order Raman scattering and 

two-LO-phonon assisted emission for PLE spectra, respectively.  

The final part of my work involves the most exciting phenomenon in emission: 

superfluorescence in CSI. After revisiting Dicke’s superradiance theory and combining the 

characteristics of SF, we have developed a model to describe the time evolution of SF 

radiation. This model predicts the bi-exponential decay feature if considerable dephasing rate 

is present. Meanwhile, the SF burst intensity, delay time, and decay rate have been studied by 

using the model. The SF emission in CSI was revealed through the power dependence and 

temperature dependence of time resolve photoluminescence measurements. The emission was 

proven to match all the characteristics of SF predicted by our model, such as the 

bi-exponential decay, the inverse relation of delay time over N, the linear relationship of 

decay rate with N, and the temperature profile of decay rate. We believe that the confinement 

of excitons in the two dimensional SnI4 tetragons is the reason for SF in CSI.  
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