
 

 

ABSTRACT 

BILIROGLU, MELIKE. Investigation of Room Temperature Superfluorescence and its Origins in 

Perovskites (Under the direction of Dr. Kenan Gundogdu). 

 

Robust quantum coherence is a crucial requirement for developing applications that utilize 

the quantum properties of matter. Because thermal processesðspecifically, dephasing due to 

random phonon scatteringðin solids lead to rapid dephasing, desired quantum properties can be 

observed only at cryogenic temperatures. In this thesis, I show that some members of lead-halide 

perovskites exhibit a quantum property called superfluorescence (i.e., spontaneous formation of 

macroscopic quantum coherence of optically created dipoles) even at room temperature. This is 

possible only when the phenomenological dephasing time is longer than the spontaneous 

synchronization time of dipoles. To explain the origin of this unusually high-temperature 

macroscopic quantum phenomenon, Prof. Kenan Gundogdu proposed the Quantum Analog of 

Vibration Isolation (or QAVI) mechanism. In the QAVI process, the electronic coherences are 

protected from ambient thermal noise through polaron formation. In this study, I investigated the 

potential role of QAVI in lead-halide perovskite superfluorescence. Excitingly, I found that 

superfluorescence in these materials is in excellent agreement with the predictions of the QAVI 

mechanism.  

An in-depth understanding of the quantum coherence protection mechanisms can 

accelerate the discovery of other macroscopic quantum phenomena, transform exotic quantum 

phase transitions into ordinary quantum processes, and expedite the invention of high-temperature 

quantum devices. With further improvement of this understanding, we can create new materials 

and control their properties such that they can protect quantum coherence and lead to macroscopic 

phase transitions at high temperatures, which can pave the way for designing systems for emerging 

quantum technologies. 
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Figure 4.1    Spectroscopic signatures of SF for quasi-2D CsPbBr3 thin film at χψ ὑ and σππ ὑ. 
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TRPL dynamics of ςȢσφ Ὡὠ feature at χψ ὑ , at below the SF threshold 

(τȢπ ‘Ὦ ὧά ), slightly above threshold (τȢω ‘Ὦ ὧά ) and above threshold 

(ρρȢυ ‘Ὦ ὧά ) displaying the evolution of the monotonic decay turning into a 

sharp burst. The inset shows the TRPL peak intensity values extracted from SF fit 

model showing a superlinear increase (black dashed line) with excitation fluence 

(See Appendix Fig.A15 for higher fluences). c,d, The delay time (c) and real width 

(d) values extracted from SF fit model at χψ ὑ. The black dashed lines show the 
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 and . e-h, Similar spectroscopic signatures are shown in panels 

e-h for σππ ὑ. The error bars represent 95% confidence intervals for the fitted 

dataéééééééééééééééééééééééééééééé.21 
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σȢπ ‘Ὦ ὧά Ἡ ÁÎÄ ρψȢρ ‘Ὦ ὧά  (f) decaying monotonically; slightly above the 

threshold at τȢτ ‘Ὦ ὧά (b) and σφȢρ ‘Ὦ ὧά  (g) exhibiting a delayed secondary 

rise with fluctuations on the top of PL peak; above threshold at υȢυ ‘Ὦ ὧά  (c) and 

 τχȢπ ‘Ὦ ὧά  (h) denoting fluctuations more on the rise and less on the decay; 

displaying the diminishing fluctuations and Burnham-Chiao ringing behavior at 

φȢχ  ‘Ὦ ὧά  (d) and υςȢτ ‘Ὦ ὧά  (i);  exhibiting a short SF burst with Burnham-

Chiao ringing at ρφȢψ ‘Ὦ ὧά  (e) and  ωπȢσ ‘Ὦ ὧά  (j)ééééééééé.25 

 

Figure 4.3  Temperature-dependent fine-step TRPL at threshold fluences. TRPL data at 

temperatures ranging from χψ ὑ to σσπ  ὑ for slightly above threshold fluences. a,  

τȢτ ‘Ὦ ὧά  at 78 K. b, ωȢφ ‘Ὦ ὧά  at 150  ὑ.c, ρσȢτ ‘Ὦ ὧά  at ςςπ  ὑ. d, 

στȢφ ‘Ὦ ὧά  at ςψπ  ὑ. e, σφȢρ ‘Ὦ ὧά  at σππ  ὑ. f, υσȢψ  ‘Ὦ ὧά  at σσπ  ὑ. 

The delay time decreases as the temperature is increased from χψ ὑ to 300 ὑ. At 

σσπ ὑ the PL rises right at zero-time delay with diminished fluctuations..............27 

 

Figure 4.4    Graphic representation of quantum analog of vibration isolation. a, Optical 

excitation creates a superposition state of the excited and ground state, which will 

oscillate in the box potential. The fluctuations in the box potential is illustrated as 

waves scattering off the walls. These scattering events lead to random changes in 

the box potential, and the phase of the wave packet • . b, In perovskites, the 

electronic dipole is strongly correlated with a particular lattice distortion mode. 

This is illustrated as a spring that modulates the left wall in the box. The incoming 

phonons with ‫will interact with the box through the spring forming ña quantum 

analogue of vibration isolationò. c, The bottom system is a picture of a classical 

vibration isolation system. The balls with various springs are noise sources 

interacting with the platform. The spring between the system (blue layer) and the 

environment (green layer) is filtered by a particular spring in between. The upper 

plot shows the frequency dependence of transmission for different damping ratios 
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(ɝ). The higher frequency fluctuations cannot penetrate to the blue layer. d, Multiple 

boxes attached to the strongest coupled lattice distortion mode that promotes 

coherence between dipoles. This leads to a macroscopic state, forming a "giant 

dipole" that radiates a superfluorescent burst..................éééééééé.......29 

 

 

Figure 5.1  One-dimensional box potential showing the ground and excited state (black waves) 

and the superposition of these 2 states (magenta wave) which oscillates left and 

right with frequency of ‫  and a phase  • éééééééééééééé.35 

 

Figure 5.2  Dephasing in the 1-D Box Potential. The frequency of the ground and excited state 

wave pockets (black wave pockets) confined in a box potential is given by ‫
ᴐ

  

. In solid-state systems it is very challenging to isolate the box from its ambient. 

Once the potential interacts with the ambient or thermal phonon modes it causes 

random stochastic fluctuations in the frequency and the phase of the wave pocket 

hence loss of its phase memory. The loss of this phase memory results with loss of 

the superposition state (magenta wave pocket) i.e. dephasing takes 

placeéééééééééééééééééééééééééééé..é.35 

 

Figure 5.3  Schematics of Quantum analog of Vibration Isolation. a, Optical excitation creates 

a superposition state of the excited and ground state shown in magenta wave 

pockets, which will oscillate in the box potential. The potential is surrounded by 

random noise source, thermal phonon bath that interacts with the wall of the box 

potential which lead to random changes in the frequency and the phase of the 

supposition state. b, In QAVI, this picture is modified where the electronic dipole 

is coupled to a particular lattice mode available in the system. Particularly a low 

frequency vibration mode. This is illustrated as a spring that modulates the left wall 

in the box. The incoming random phonon modes will interact with the box through 

the spring forming a quantum analog of vibration isolation. é.éééééé..36 

 

Figure 6.1  Graphical representation of QAVI and polaron formation. a, The potential box 
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excited state confined in the potential. This superposition state (magenta wave 
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(ρψȢτ ‘Ὦ ὧά ) and above threshold (σψȢτ ‘Ὦ ὧά ) displaying the evolution of SF 

decay turning into a sharp burst. c,d, The delay time (c) and real width (d) values 

extracted from SF fit model . The black dashed lines show the fits following 
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PEA:CsPbBr3 thin films and in panels  i-l, similar spectroscopic signatures are 

shown for PEA:CsPb(Br/Il)3 thin filmsééééééééééééééé.é.45 

 

Figure 6.4  a, Steady-state PL spectra at slightly above threshold excitation for all 3 samples. 

b, Photoluminescence dynamics at the SF threshold taken under 78 K showing the 
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Figure 6.6  Time-resolved THz spectroscopy measurements and its analysis. a, Time-domain 

THz field transmitted through the sample (blue) and pump-induced change in the 

THz field (magenta). We can determine the photoconductivity of the of the sample 

through the change in the transmission under pumping where this change represents 
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change of the transmitted THz field measured right at the peak under 400 nm laser 

excitation. d, Extracted real part of the THz photoconductivity spectra of quasi- 2D 
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referencing to the existence of low frequency phonon modes. The blue scattered 

dots show the extracted data, and the red line shows the fit based on Drude-Smith-

Lorentz model...ééééééééééééééééééééééééé.49 
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part is PEA organic cations. n denotes the number of layers. c, The absorption 

spectra of quasi-2D CsPbBr3 thin films taken with a UV-Vis spectrometer at χψ ὑ. 

The peaks for ὲ ρȟςȟσ and σὈ domains are indicated with black 
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Figure A.2  Structure characterization of quasi-2D CsPbBr3 thin films. a, Scanning electron 

microscopy (SEM) image. b, Atomic force microscopy (AFM) image. c, X-ray 

Diffraction (XRD) pattern of lower domains (n=2) and the 3D of the prepared 

perovskite films at room temperatureééééééééééééé....ééé.77 

 

Figure A.3  Spectroscopic properties of quasi-2D CsPbBr3. a, CW PL spectra and its fit (solid 

magenta line) using two Gaussian curves with peaks located at around ςȢσφ Ὡὠ and 

ςȢτπ Ὡὠ at χψ ὑ. b, c, Excitation fluence dependence of the deconvoluted ςȢσφ Ὡὠ 

(b) and ςȢτπ Ὡὠ (c) features at χψ ὑ, ςςπ ὑ and σππ ὑ showing a linear relation 

(black dashed lines). The error bars represent 95% confidence intervals for the fitted 

dataéééééééééééééééééééééééééééééé.78 

 

Figure A.4  Fluence dependent PL analysis at different temperatures. Femtosecond time-

integrated PL spectra of quasi-2D CsPbBr3 thin films measured at different 

excitation fluences at χψ ὑ (a), ςςπ ὑ (c), and σππ ὑ (e). The dotted lines present 

the data at selected fluences for reference. Insets show the lower excitation fluences 

displaying a threshold behavior of the sharp feature. The intensity of this feature 

extracted using Gaussian fits as a function of excitation fluence are shown in (b), 

(d) and (f) at  χψ ὑ, ςςπ ὑ, and σππ ὑ, respectively. The PL intensity exhibits a 
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Modelò section. Panels (a) and (b) show the data at below and around threshold 
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CHAPTER 1 

Introduction  

Synchronization of oscillators is a universal phenomenon that can occur in any system if 

the oscillators have sufficient dephasing time. An excellent classical example of visualizing the 

spontaneous synchronization process is the synchronization of metronomes on a freely moving 

platform. The collective interaction of randomly oscillating metronomes with their medium and 

each other leads to a coherently oscillating metronome ensemble (1). Nature is also full of 

fascinating examples, such as the initial ordering of the planetary orbits, frequency locking of 

triode generators, and the flashing of fireflies in the wild, collectively illuminating the forest (1). 

If such synchronization, like metronomes on the same platform, is built up on the atomic scale, 

then we enter the world of quantum. Quantum particles also tend to synchronize their phases under 

certain conditions. When this happens, we observe the formation of a macroscopic quantum state 

where exotic properties such as superconductivity, BoseïEinstein condensation, superfluidity, and 

superfluorescence are observed (2-4).  

However, in both classical and quantum realms, observing synchronization taking place is 

a great challenge due to the extremely fragile phase stability of oscillators. In the quantum world, 

we define everything with wave functions in which the phase plays a dominant role in determining 

the waveform, its relation to other waves, and its collective behavior under external stimuli. 

Because the phase of an ensemble of quantum oscillators is extremely sensitive to ambient, with a 

short decoherence and dephasing timeðespecially in solid-state systemsðobservation of 

macroscopic quantum phenomena is limited to delicate conditions such as cryogenic temperatures 
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and/or high magnetic fields. Thus, although observing these fascinating phenomena is very 

exciting, these very stringent conditions limit their applicability to today's new quantum 

technologies.  

Until today, observation of superfluorescence in solid-state systems has been extremely 

rare due to extreme requirements for building macroscopic coherence (5-8). In this thesis, I present 

the observation of room-temperature superfluorescence in a quasi-2D CsPbBr3 thin film, a material 

that belongs to the perovskite family (4). I have investigated the spectroscopic properties of this 

sample from multiple aspects, which will be coverered in the first part of this thesis. I will also 

present a possible protection mechanism that extends electronic coherence and test the limits of 

this proposed mechanism using perovskites, which will be the subject of the second part of this 

thesis.  

Chapter 2 introduces the brief theoretical background of superfluorescence to gain an 

intuitive picture of how the process flows. I also briefly review the literature on the observation of 

SF in solid-state systems. Next, in Chapter 3, I seek to provide the background of the experimental 

apparatus used in this study. In Chapter 4, I present the main results of the observation of room-

temperature superfluorescence in quasi-2D CsPbBr3 thin films. This chapter aims to discuss all the 

signatures of SF through transient and steady-state experiments as a function of both excitation 

fluence and temperature up to σππ ὑ. At the end of Chapter 4, I introduce a possible origin for this 

extended quantum coherence in lead-halide perovskites, namely Quantum Analog of Vibration 

Isolation (or QAVI). Next, in Chapter 5, I discuss the QAVI model in more detail. This section is 

particularly important in order to understand the implications of such a protection mechanism. 

Here I look at QAVI from a fundamental perspective and try to answer questions like: How can it 

be used to extend the quantum coherence at high temperatures? What underlying mechanism in 
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perovskites allows the system to create a macroscopic quantum state at room temperature? Can 

this model be applied to other systems? We then carry the discussion one step further in Chapter 

6, where I test the limits of QAVI using superfluorescence and perovskites as a test bed. Here, I 

took advantage of the material tunability of perovskites and changed the halide component of 

CsPbBr3 thin films. With this, I could study the effect of QAVI on a material basis and saw that it 

behaves as predicted. Finally, in Chapter 7, I finish my thesis with a summary and an outlook. 

Supporting information on corresponding chapters is discussed in the Appendices section of this 

thesis.  

 

  



4 

 

CHAPTER 2 

Theoretical Background  

A prominent example of spontaneous synchronization occurs among a population of 

optically excited dipoles in a small volume and leads to a phenomenon called Dicke 

superradiance (SR) (9-11). When these excitations are in the same phase, they behave like one 

giant atom, and the collective quantum state collaboratively interacts with the radiation field, 

leading to a sharp, intense coherent emission. Figure 2.1 illustrates the process, in which the 

initially excited population of dipoles has a random phase distribution. The vacuum field 

interactions spontaneously synchronize the phases of these oscillators to a collective coherent 

macroscopic Dicke superradiant state. The formation of a coherent state from an initially 

incoherent population of dipoles and the resulting emission is called superfluorescence (SF).  

Fig. 2.1: Graphical representation of superfluorescence evolution. On the left, an incoherent ensemble of dipoles is shown 

in gray spheres. The arrows indicate the randomly distributed phases of individual dipoles. With an ultrashort fs laser pulse 

excitation (blue wave packet), the phases of these excited dipoles are locked after a certain time-delay called spontaneous 

synchronization, forming a macroscopic quantum coherent state: ña giant atomò (on the middle). This macroscopic state 

interacts with the radiation field collectively. The system is then described as a single wave function of indistinguishable 

particles. Unlike spontaneous emission in radiating in an exponentially decaying function (blue), the collective emission of the 

macroscopic coherent system leads to a burst of superfluorescent light (green). 
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To gain further insight into the understanding of SF, we can start with the picture of a two 

2-level system where the distance between dipoles is less than their emission wavelength. If the 

atoms are distinguishable (far away from each other), then we can write the spontaneous decay 

rate of a single atom (12):   

ɜ
τ

σ

Ὠ‫

ᴐὧ
 

Here Ὠ is the transition matrix element where  Ὠ Ὠ ὩὨὫ ( Ὠ is the operator of the 

electric dipole moment), ‫ Ὁ Ὁ Ⱦᴐ,  ᴐ is Planckôs constant, and ὧ is the velocity of the 

light. This equation holds true for any system under the condition of the dipoles being 

indistinguishable. So, when we have two atoms that are indistinguishable from each other, then 

we have the possibility of both being in the excited state or both being in the ground state. There 

is also the possibility of one being excited, the other being in the ground state, and vice versa, 

creating four possible states.  

ȿὩὩἃȟ            
ρ

Ѝς
ȿὩὫἃ ȿὫὩἃȟ             

ρ

Ѝς
 ȿὩὫἃ ȿὫὩἃȟ                ȿὫὫἃ 

 

With the assumption of ὩὨὩ  ὫὨὫ πȟ  we can now proceed step by step and find 

the total dipole moment for all the possible transitions between these states:  

 

1. Transition from:  ȿὩὩἃO  
Ѝ
ȿὩὫἃ ȿὫὩἃ = ὩὩὨ Ὠ

Ѝ
ȿὩὫἃȿὫὩἃ  

 

ὩὩὨ
ρ

Ѝς
ȿὩὫἃ ὩὩὨ

ρ

Ѝς
ȿὫὩἃ ὩὩὨ

ρ

Ѝς
ȿὩὫἃ ὩὩὨ

ρ

Ѝς
ȿὫὩἃ 

 

Eq. 2.1 

Eq. 2.2 
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Ѝ
ἂὩȿὨȿὩἃἂὩȿὫἃ

Ѝ
ἂὩȿὨȿὫἃἂὩȿὩἃ

Ѝ
ἂὩȿὨȿὫἃἂὩȿὩἃ 

Ѝ
ἂὩȿὨȿὩἃἂὩȿὫἃ  

 

                           
ρ

Ѝς
ἂὩȿὨȿὫἃἂὩȿὩἃ

ρ

Ѝς
ἂὩȿὨȿὫἃἂὩȿὩἃ 

 

ςἂὩȿὨȿὫἃ  Ѝ d 

 

2. Transition from:   
Ѝ
ȿὩὫἃ ȿὫὩἃᴼȿὫὫἃ

Ѝ
ȿὩὫἃȿὫὩἃὨ Ὠ ὫὫ Ѝ d 

 

3. Transition from:  ȿὩὩἃO  
Ѝ
ȿὩὫἃ ȿὫὩἃ ὩὩὨ Ὠ

Ѝ
ȿὩὫἃȿὫὩἃ= 0  

  

4. Transition from:   
Ѝ
ȿὩὫἃ ȿὫὩἃᴼȿὫὫἃ  

Ѝ
ȿὩὫἃȿὫὩἃὨ Ὠ ὫὫ=  π 

  

5. Transition from:  ȿὩὩἃO  ȿὫὫἃ π  

 

 

From Eq. 2.1, and using the total dipole moment, we can easily calculate the transition rate 

ɜ for all the possible transitions. Figure 2.2 shows that there is one allowed transition from 

ȿὩὩἃO  ȿὫὫἃ in which the rate goes with 2◔ for 2 atoms, which is called the superradiant state, 

whereas the transition into the state   
Ѝ
 ȿὩὫἃ ȿὫὩἃ, which is forbidden, is called the 

subradiant state. 
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Here, the model developed for two atoms can be extended among ὔ atoms confined to a 

small volume with respect to its radiation wavelength. In this case, the decay rate will be enhanced 

by Nῲ for N atoms resulting in a burst of light (12). This is one of the important characteristics of 

SF. 

In addition to this, in SF, because phase-locked oscillators form a giant macroscopic dipole, 

its interaction with the vacuum field and emission kinetics differ significantly compared to that of 

incoherent optical excited populations and provides distinct measures for differentiating SF from 

the ASE (8, 13-17). First and foremost, because the initial population is not coherent in SF, there 

is a delay time for the emission to start (12). This delay decreases with the increase in the excitation 

density. Moreover, because all the excitations interact coherently with the radiating field, the 

emission intensity scales with ὔ  (N: excitation density), leading to a quadratic dependence on 

the excitation density. It is also important to note that the time evolution of the SF exhibits 

modulations in the emission, such as fluctuations and oscillations called BurnhamïChiao 

ringing  (13, 18-21). Finally, the emission kinetics of SF is similar to the relaxation of an inverted 

Fig. 2.2: Energy level diagram of two 2-level system: The allowed and the forbidden transitions showing an enhanced decay 

rate of 2ɜ and the subradiant state. 
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pendulum; as a result, it has a very specific time-dependent functional form that is based on a 

 ίὩὧὬ  function, unlike the spontaneous decay of excitations (22). All these fingerprint properties 

help isolate SF from other collective radiation processes. 

 On top of all these signatures, the most important requirement for the formation of SF is a 

long enough dephasing time. Macroscopic coherence can build up only if the dephasing is slower 

than spontaneous synchronization. Therefore, initial observation of SF has been primarily on gas 

phase systems, which exhibit long dephasing times (23-25). Because the electronic dephasing 

times of optically excited dipoles are very fast in condensed matter, SF is mostly observed at 

cryogenic temperatures (ςπ ὑ), and in only a handful of solid-state systems (Table 1).  

 

Sample 
Sample 

Structure 
ŰD  ŰR 

Temperature/ 

Magnetic field 
Ref. 

ὕ: KBr Bulk 1.2 ns <0.5 ns 4.5 K (6) 

CuCl Quantum dot 25 ps <1 ps χψ ὑ (8) 

In
0.2
Ga
0.8
As  Quantum well Up to 230 ps ~10 ps 

υ ὑȟ  
ρχȢυ ὝὩίὰὥ 

(7) 

ὕ: KCl Bulk 0.5-10 ns 
0.5ï6 

ns 
τȢς ὑ  (6) 

ZnTe Bulk 0.3-1.5ps 10ï40 ps υ ὑ (5) 

CsPbBr
3
 Superlattice 

quantum dot 
6 ps ~70 ps φ ὑ (27) 

CsPbBr2Cl  
Superlattice 

quantum dot 
 3 ps ~65 ps φ ὑ (27) 

MAPbI
3
 Thin film 16 ps  13 ps χψ ὑ 

      Our 

      work (3) 

Quasi-2D 

CsPbBr
3
 Thin film 14 ps   8 ps σππ ὑ      Our 

work (4) 

 

Table 1: Examples of SF in solid-state systems  
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Most of these observations are made in materials that exhibit localized atomic-like states, 

such as CuCl quantum dots (26), molecular J-aggregates, and crystals (5). The only example from 

a solid-state system with an extended electronic state is the SF emission from Landau levels of 

InGaAs quantum wells under high magnetic fields (>10 Tesla) (7). In addition, in 2018, Raino et 

al. showed SF in CsPbBr3 and CsPbBr2Cl nanocrystals at 6 K (27). More recently, we showed that 

MAPbI3 thin films exhibit SF at higher temperatures when excited at and above a certain threshold 

density using ultra-fast laser pulses (3). In this study, we proved SF in MAPbI3 thin films at χψ ὑ 

and showed its effects up to ρρπ ὑ. It is important to note that, in MAPbI3, we were limited by its 

structural phase transition at around ρτπ ὑ. Its crystal structure changes from orthorhombic to 

tetragonal as the temperature increases, which limits the range of temperatures within which we 

can perform a systematic study for this particular system. For this reason, PEA:CsPbBr3 thin films 

were an ideal candidate in terms of their optical stability and the absence of structural phase 

transition up to 330 K. In 2022, we show that PEA:CsPbBr3 thin films exhibit superfluorescence 

up to 300 K; to the best of our knowledge, this was the first observation of room-temperature 

superfluorescence in solid-state systems (4). In Chapter 4, I will discuss the findings of this result 

in further detail.  
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CHAPTER 3 

Experimental Techniques 

3.1 Steady-State PL Spectroscopy 

PL spectroscopy is one of the major techniques used to probe the electronic structure of 

different material systems. Different light sources can be used to photoexcite the sample from the 

ground state to the excited state; the radiated light from the sample is collected and sent to the 

detector (Fig. 3.1a). The photoluminescence spectra are then recorded by measuring the intensity 

of the radiated light as a function of emission energy, where the time evolution of this decay 

evolves with an exponentially decaying function (Fig. 3.1b).  

 

Fig. 3.1: Photoluminescence Spectroscopy. a, An optical excitation excites a carrier from the ground state to an excited state. 

Due to vacuum fluctuations, the carrier is not stable in the higher energy state, which decays back to ground state radiating 

photoluminescence. b, The spectral response of photoluminescence and its time evolution showing an exponentially decaying 

function. c, Experimental schematics of the steady-state photoluminescence experiment. The sample is always kept in the 

cryostat throughout the temperature-dependent PL experiment. The radiated PL is then collected and focused on the 

spectrometer using a lens.  
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I used a typical PL spectroscopy setup to investigate the spectroscopic signatures of 

superfluorescence, shown in Fig. 3.1c. In our pulsed excitation experiments, we used τππױὲά 

pulses obtained from a frequency-doubled Ti-sapphire amplifier (Quantronix Integra-C; repetition 

rate, ρױὯὌᾀ; central wavelength, ψππױὲά) to excite the sample. For continuous-wave excitation, a 

ττυױὲά InGaN laser was used to excite the sample. A Mi ghtex spectrometer was used in both 

experiments to measure the PL spectra. 

 

3.2 Kerr Gate Experiment 

Time-resolved photoluminescence is a crucial tool that I used in this study to differentiate 

the dynamics of superfluorescence from other collective emission processes. SF has very 

characteristic fingerprints in the time domain, such as the delay time or real width, which are in 

the order of picosecond timescales. For this, I used a homebuilt Kerr-gate setup to acquire the 

TRPL data shown throughout this thesis (Fig. 3.2). Here, the resolution of our system is determined 

by the gating time of the Kerr medium, where we have measured the full-width-half-maximum 

(FWHM) of ςȢυτ ὴί (Fig. 3.2). The sample is excited with perpendicular τππױὲά pulses, similar 

to the time-integrated PL experiments. The size of the excitation beam is ρȢυױάά. CS2 in a ςױάά 

cuvette is used as the Kerr medium. A Hamamatsu photomultiplier tube (H10721-20) attached to 

a monochromator is used to detect the gated signal, which is connected to a lock-in amplifier. We 

used MATLAB  as an interface to control both the lock-in detector and the delay stage controller. 

The sample is kept in a Janis continuous-flow liquid-N2 cryostat for temperature-dependent 

studies.  
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3.3 Transient Absorption Spectroscopy  

Transient absorption spectroscopy is a powerful technique used in this study to 

quantitatively analyze the SF emission in our samples. In SF, determining the exciton density is of 

utmost importance to investigate its signatures, such as delay time and real width. However, our 

material system has a complex energetic and structural landscape consisting of a mixture of 2D 

and 3D domains. Thus, precisely calculating the number of emitters is not straightforward. 

Because in TAS, the total excitation density is proportional to the measured differential 

transmission intensity (i.e.,  
Ў
 θ ὲ ὲ where ὲ ὥὲὨ ὲ are electron and hole density), we 

used this dependence as a criterion to find the total excitation density in the SF.  

Fig. 3.2: Experimental schematics of Kerr-gate setup and the IRF response function. M1ïM7 denote dielectric mirrors, 

L1ïL6 denote lenses, and P1ïP2 are the polarizers. The upper plot on the left shows the instrument response function of the 

Kerr medium. The temporal response of CS2 is measured using 400 nm, 120 fs laser pulses. Gaussian fit is shown as the black 

dashed line. The IRF has a FWHM of 2.54 ps.  
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In TAS, we measure the absorption of a white-light continuum probe pulse with respect to 

a delay time (†  of τππ ὲά pump pulse. What we actually measure is the transmission of the 

probe pulse both with and without the τππ ὲά pump excitation (Fig. 3.3a). This can result in a 

positive or a negative change in transmission. We explain this with two main processes, namely 

photo-bleaching (PB) and photo-induced absorption (PIA). As seen in the very simple illustration 

below, before the pump excites the sample, the probe pulse measures the ground-state absorption 

of the system. In bleaching, immediately after the pump excitation, we create photo-excited 

carriers in the available excited states, increasing the transmission in the band edge. In the case of 

photo-induced absorption, an excited carrier can be re-excited to higher energy, which will 

decrease the transmission and result in a negative signal (Fig. 3.3b). As a result, by changing the 

delay time between the pump and probe pulse, we can spectrally and dynamically investigate the 

photo-excited carriers in the sample.  

 

 
 

 

 

 

 

 

 

To perform TAS experiments, I used a commercial Helios system. Both τππױὲά pump 

pulses and white-light continuum probe pulses are obtained from an amplified Ti:sapphire laser 

(Coherent Libra) system, producing ρππױὪί pulses at ψππױὲά at a ρױὯὌᾀ repetition rate. The 

transmitted probe pulses were then guided through a CCD, which records the spectrum. 

Fig. 3.3. Diagram of pump and probe in TAS. a) Pump-probe pulses overlap on the sample that are separated with a time 

delay  †. The change in the transmission is measure with pump on and off and sent through a grating and CCD. b, The resulting 

interactions lead to an increase or decrease in the transmission with respect to no pump scenario which is PB or PIA.  
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3.4 Time-Resolved THz Spectroscopy  

THz time-domain spectroscopy, when combined with an optical excitation, is a very 

powerful technique to probe excited carrier conductivity, carrier scattering mechanisms, and 

phonon interactions. THz spectroscopy has recently been used to identify low-frequency optical 

phonons and their coupling to an electronic state (28-30). In this study, I performed THz 

spectroscopy to determine the low-frequency phonon resonances in hybrid perovskites through 

optical photoconductivity experiments. For this, I used a home-built THz setup. Here, the output 

of the Quantronix Integra-C laser (ψππ ὲά, ρ ὯὌᾀ) is split into three main beams. One beam is 

used to generate a THz pulse using a ZnTe crystal through an optical rectification process (31). 

Then, the generated THz pulse is detected on another ZnTe crystal via electro-optic sampling 

through a second sampling beam path. The THz emission is then measured by scanning the delay 

between the sampling beam and the THz beam. The third beam is the pump path of the hybrid 

perovskites where the ψππ ὲά laser pulse is upconverted to τππ ὲά through BBO crystal (Fig. 

3.4). Further details about the theoretical background of the experimental technique can be found 

in Ref. (31).  

To perform the transient photoconductivity experiment, we followed the steps listed below.  

1. We first measured the transmitted THz pulse Ὁὸ through the sample by chopping the 

THz pump and delaying the sampling beam path (τππ ὲά is blocked). 

2. To measure the real component of the photoconductivity, we move the delay stage to the 

peak of the radiated THz pulse. Then we excite the sample and chop the τππ ὲά excitation 

path.  

3. We now scan the optical pump delay line (τππ ὲά pump line) at the peak of the THz pulse 

and measure the photoconductivity of the carriers as a function of pump-probe delay. This 
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gives us the time evolution of photoconductivity. To resolve its frequency components, we 

must measure the change in the THz transmission under pump excitation.  

4. We now move the τππ ὲά pump-probe delay line to its peak or to the desired delay, 

continue chopping the τππ ὲά pump path, and scan the sampling beam delay line to 

measure the ɝὉὸ (the change in THz Ὁ(t) due to pumping).  

With these measurements, we can extract the photoconductivity ɝ„‫ :  

ɝ„‫
ς‐ὧὲ

‒

ɝὉ‫

Ὁ‫
 

where ὧ is the speed of light, the surrounding medium refractive index is ὲ   and  ‒  is 

the excitation sample thickness.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 3.4. Experimental schematics of TDTS setup. The laser pulse is divided into three main paths. Two of the paths are pump 

paths, where one is used for THz generation and one is used for upconverted 400 nm, to excite the sample. The third beam is 

the sampling beam to detect the generated THz pulse. Here, Pol. BS denotes Polarizing beam splitter, HWP and QWP denotes 

half waveplate and quarter waveplate, respectively. WP denotes Wollaston prism and PD stands for photodiode.  
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Key points to be considered in the THz spectroscopy:  

I would like to specify some of the important steps involved in the THz photoconductivity 

experiment alignment procedure that helped me obtain a high signal-to-noise ratio in this thesis. 

Typically, one must obtain a measurable signal with a 10-7 V noise level. Therefore, careful 

alignment of the experiment is very crucial for this technique. 

× It is essential to place the balanced photodiode (PD) on a 2-D stage in order to fine-align 

the signal, especially in x and y coordinates. 

× The power of the sampling beam is crucial in terms of the signal quality. We made sure 

that we were not saturating or damaging the detector by checking the output of the PD 

through an oscilloscope. The reported maximum voltage swing monitor output in the 

specification sheet is ρπ ὠ for high Z load and ρȢυ ὠ under υπ ɱ termination. The sampling 

beam power was determined using those guidelines.  

× It is also important to remove the background noise of the system and to balance the two 

inputs of the PD. To achieve this, we chopped the sampling beam path and made sure the 

intensity was almost zero at the lock-in amplifier by rotating the quarter waveplate with 

very small rotations. While doing this, we made sure that the detection path was covered 

very well with boxing and black covers.  

× The scattered light from the surrounding should be blocked in order to detect low-level 

( ρͯπ)  signals. We ensured that the detection path (right after the second ZnTe crystal) 

was tightly closed with boxing and thick black clothing, which completely covered the 

detection path.  
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3.5 Time-Correlated Single Photon Counting  

To measure the long-lived photoluminescence kinetics, we used a commercial time-

correlated single-photon counting spectrometer by Edinburgh Instruments (LifeSpec II). The 

sample was excited with ρππױὪί pulses at ψππױὲά from a Ti:sapphire oscillator (Chameleon Ultra 

II, Coherent). A Coherent 9200 pulse picker was used to pick pulses at a τױὓὌᾀ repetition rate, 

which was then converted to τππױὲά using an APE second-harmonic generator. A Hamamatsu 

R3809U-50 photomultiplier tube was used as the detector. 
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CHAPTER 4 

Room-Temperature Superfluorescence in Hybrid Perovskites and Its Origins 

The results of this chapter were published in (4, 32). In this chapter, I present my studies 

on the observation of room temperature superfluorescence in a quasi-2D CsPbBr3 thin film. I 

performed the time-resolved photoluminescence and steady-state photoluminescence experiments, 

as well as their analyses, and carried out transient absorption spectroscopy (TAS) experiments. 

The idea of QAVI presented here was fully conceived by Prof. Kenan Gundogdu. In Chapters 5 

and 6, I present the results of the experimental studies I performed to test the QAVI concept.  

 

4.1 Introduction  

The formation of coherent macroscopic states and the manipulation of their entanglement 

using external stimuli is essential for emerging quantum applications. However, the observation 

of collective quantum phenomena such as BoseïEinstein condensation, superconductivity, 

superfluidity, and superradiance has been limited to extremely low temperatures to suppress 

dephasing due to random thermal agitations. Here we report room-temperature superfluorescence 

in hybrid perovskite thin films. This surprising discovery shows that in this material platform, there 

exists an extremely strong immunity to electronic dephasing due to thermal processes. To explain 

this observation, we propose that the formation of large polarons in hybrid perovskites imparts a 

quantum analog of vibration isolation (QAVI)  to the electronic excitation and protects it against 

dephasing even at room temperature. Understanding the origins of sustained quantum coherence 

and the superfluorescence phase transition at high temperatures can provide guidance in the design 
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of systems for emerging quantum information technologies and to realize similar high-temperature 

macroscopic quantum phenomena in tailored materials.  

Due to increasing demand for quantum computing, communication, and cryptology, the 

need for discovering new quantum systems is at an unprecedented level. Although the required 

quantum characteristics are known for most applications, the designer rules for producing quantum 

systems are not clear, and quantum materials functioning at room temperature are non-existent. 

Quantum coherence (i.e., the phase stability of a superposition state) is a fundamental requirement 

for quantum applications (33, 34). In fact, coherence is one of the most important requirements for 

observing macroscopic quantum phenomena. Symmetry-breaking phase transitions (2) leading to 

superconductivity, Bose-Einstein condensation, and superfluorescence require a macroscopically 

coherent ensemble; therefore, they are observed only at cryogenic conditions. Here, we first report 

the observation of a room-temperature macroscopic quantum phenomenonðsuperfluorescenceð

in a lead-halide perovskite. We then introduce Quantum Analog of Vibration Isolation (or QAVI) 

as a mechanism providing immunity to electronic coherence from thermal noise even at room 

temperature. QAVI is a general process that can isolate any quantum oscillator from random 

thermal fluctuations in a medium, and could therefore pave the way for designed quantum systems 

and accelerate the discovery of other quantum phenomena at practical temperatures. 

 

4.2. Results and Discussion 

In superfluorescence (SF), a population of photogenerated excited states spontaneously 

synchronize their phase to form an ensemble of coherent states. The resulting macroscopically 

coherent system has orders of magnitude larger dipole strength than a system with an incoherent 

population, radiating a short burst of photons with an extremely high intensity. In solids, fast 
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electronic dephasing caused by scattering events impedes the superradiant phase transition 

(SRPT). Therefore up until now, solid-state SF has been only observed in a few inorganic systems 

under stringent conditions such as cryogenic temperatures (ͯ  ╚)(5-7, 26) and/or high magnetic 

fields (  ╣)(7). SF was also observed in CsPbBr3 perovskite nanocrystals at  ╚(27). More 

recently, we showed that an archetypal hybrid perovskite, methylammonium lead iodide 

(MAPbI3), exhibits SF at temperatures beyond  ╚(3). Here, we report the discovery of SF in 

another perovskite, quasi-2D phenethylammonium cesium lead bromide (PEA:CsPbBr3), at 

temperatures as high as  ╚, providing strong evidence that the protection of electronic 

quantum coherence from thermal noise might indeed be a common characteristic of hybrid 

perovskites.  

The spectral characteristics of an SF burst differ from other collective emission processes, 

such as amplified spontaneous emission (ASE)(8, 13-17). In SF, the transient peak intensity 

increases quadratically, and the temporal width (Ⱳ╡) of the burst decreases linearly with the 

excitation density(12). More importantly, SF exhibits a time delay (Ⱳ╓) in emission due to the time 

required for synchronization of initially incoherent dipoles, i.e., the SF signal rises at a later time 

compared to photoluminescence (PL). This delay time is reduced with a faster synchronization at 

a higher density of dipole oscillators(12). Besides these distinct features, SF emission also exhibits 

directionality(35) and form recurrences named Burnham-Chiao ringing(18). 

Figure 4.1a,e show the  ╚ and  ╚ PL spectra of PEA:CsPbBr3 at different excitation 

fluences. At  ╚ (  ╚) beyond 4.0 Ⱨ╙╬□  ( Ȣ Ⱨ╙╬□ ), a sharp peak appears at Ȣ  ▄╥ 

when excited with  █▼ pulses. In the following, we will show that this feature is SF. Figure 

4.1b,f show the time-resolved PL (TRPL) traces of the Ȣ  ▄╥ feature under three different 

excitation fluences (See Appendix Figs. A6 and A8 for all the fluences). At both temperatures, 
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below the SF threshold (cyan lines), the PL intensity rises to its maximum within a few 

picoseconds and then decays monotonically. Above the threshold (magenta lines), initially, a 

similar PL rise is observed, but then beyond  ▬▼ ╚, and  ▬▼ ╚) large intensity 

fluctuations arise on top of the PL. As the excitation fluence is increased (blue lines), this second 

feature takes the shape of a burst, followed by ringing. Observation of both the delayed rise of a 

sharp burst and the successive pulses are signatures of SF, differentiating it from ASE(5, 13, 15, 

16). 

Fig. 4.1: Spectroscopic signatures of SF for quasi-2D CsPbBr3 thin film at  ╚ and  ╚. a, The time-integrated PL spectra 

showing two main features located at ςȢσφ Ὡὠ and ςȢτπ Ὡὠ at excitation fluences (F) ranging from τȢπ ‘Ὦ ὧά  to υȢφ ‘Ὦ ὧά . 

The onset of the ςȢσφ Ὡὠ sharp feature beyond threshold is shown at χψ ὑ. b, The TRPL dynamics of ςȢσφ Ὡὠ feature at χψ ὑ , at 

below the SF threshold (τȢπ ‘Ὦ ὧά ), slightly above threshold (τȢω ‘Ὦ ὧά ) and above threshold (ρρȢυ ‘Ὦ ὧά ) displaying the 

evolution of the monotonic decay turning into a sharp burst. The inset shows the TRPL peak intensity values extracted from SF fit 

model showing a superlinear increase (black dashed line) with excitation fluence (See Appendix 1 Fig.A15 for higher fluences). 

c,d, The delay time (c) and real width (d) values extracted from SF fit model at χψ ὑ. The black dashed lines show the fits following 
 

 and . e-h, Similar spectroscopic signatures are shown in panels e-h for σππ ὑ. The error bars represent 95% confidence 

intervals for the fitted data. 
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To confirm SF emission, the excitation density ñ╝ò dependence of the peak intensity and 

delay time should be established. The  peak intensity of TRPL varies with ╝  while the time delay 

varies with ■▪╝ ╝ϳ  and the width varies with Ⱦ╝ in SF(12). The population analysis is 

particularly crucial for quasi-2D perovskite thin films because the sample consists of both 2D and 

3D domains (Appendix Section 1). Since excitons funnel from the high energy 2D domains to the 

low energy 3D domains(36, 37), it is essential to show that the delayed burst in TRPL is not due 

to an additional population transfer from the 2D domains but from the synchronization of dipoles. 

Accordingly, we performed transient absorption spectroscopy (TAS) to measure the population 

dynamics in the 3D domains at different excitation fluences. Appendix Figures A9-A11 shows the 

population kinetics extracted from the transient absorption data where the population in the 3D 

domains rises within the first 2-3 ps. At  ╚ below the threshold, the population decays 

monotonically, while above the threshold, the population exhibits a short monotonic waiting 

period followed by a faster decay that becomes abrupt at high fluences. At  ╚ for excitation 

fluences just above the threshold, the increase in population decay rate is more subtle (Appendix 

Fig. A11), which is expected since it is very close to the critical temperature for SF, as we discuss 

below. Similar to  ╚, at  ╚ the decay becomes much faster after a short waiting period at 

higher fluences. The TRPL and the TAS data clearly show that after this waiting period in which 

the population does not increase, the PL signal starts to rise. All these results indicate that the 

increase in PL intensity is due to the buildup of a macroscopic coherence. 

To quantitatively analyze the excitation density dependence of the peak intensity, time 

delay, and width, we used our TAS results and determined the fluence dependence of the 

population in the 3D domains up to 300 K. At 78 K (300 K), the population in the 3D domains 

increases linearly up to 16.0  ‘ὐὧά   (92.2 ‘ὐὧά ). In this linear regime (Appendix Section 2 
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and Fig. A12), the time-resolved PL intensity increases superlinearly up to 

χȢχ ‘ὐὧά (υσȢψ ‘ὐὧά  ) with the excitation fluence (Fig. 4.1b,f inset)  while † and † vary 

with ὰὲὔ ὔϳ  (Fig.4.1c,g), and ρὔϳ  (Fig. 4.1d,h) respectively, which is in line with SF 

Having shown that the emission agrees with SF up to  ╚ based on the analysis of the 

time delay, temporal width, and peak intensity, we will now discuss the intensity fluctuations in 

the transient PL signal (Fig. 4.1b,f), which are also unique signatures of superfluorescence(13, 19-

21, 38, 39). SF can only happen if the phenomenological dephasing time ñ╣ᶻò is longer than the 

time that it takes for synchronization, i.e., ╣ᶻ Ⱳ╓. Since Ⱳ╓ reduces with increased density, SF 

shows a density-dependent threshold behavior. Below the critical ñthreshold,ò there is not enough 

density of dipole oscillators to synchronize, while above the threshold, the synchronization is faster 

than ñ╣ᶻò leading to the formation of a giant dipole. When the excitation density is at the threshold, 

Ⱳ╓ḗ╣
ᶻ, synchronization competes with dephasing, resulting in abrupt changes in the 

macroscopic polarization(13, 14, 40, 41). Hence as the excitation density increases from below to 

above threshold, the PL time traces exhibit large intensity fluctuations. Besides increasing the 

fluence, changing the temperature of the sample also perturbs the balance between Ⱳ╓ and ╣ᶻ. In 

an earlier work on SF in O2 doped KCl, Boyd et.al(13) showed that as the temperature increased, 

the thermal effects shortened ╣ᶻ and the PL transients exhibited similar random fluctuations. These 

fluctuations during the buildup of macroscopic dipole are named ñcollisional dephasingò(13, 40). 

Comprehensive theoretical analysis shows that the variation of the collisional dephasing time 

results in a complex transition from pure SF to ASE through a sequence of intermediate 

nonstationary regimes across the borderline on the SRPT(40). As such, it controls the strength of 

stochastic intensity fluctuations in the time domain, which represents a striking feature of SF. 
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Maximum fluctuations occur at the threshold densities, which change as the temperature varies 

and mark the transition lines between distinct regimes on the superradiant phase diagram(40). 

To further study the randomness and the excitation fluence dependence of these 

fluctuations displayed in Fig. 4.1b,f, we performed TRPL experiments using finer time steps 

( Ȣ  ▬▼Ⱦ▼◄▄▬) for both  ╚ and  ╚. Figure 4.2a,f show the results for fluences below the 

threshold, revealing the noise level in the PL signal. The TRPL traces in Fig. 4.2b-c,g-h reveal that 

the fluctuations are significantly beyond the instrumental noise level of the experiment and exhibit 

no hidden periodicity for both temperatures. More interestingly, the temporal evolution of these 

fluctuations exhibits a peculiar pattern. Right around the threshold (Fig. 4.2b-c,g-h), the 

fluctuations build on top of the PL trace and cover both the rise and fall of the SF signal, i.e., 

between  ▬▼ to  ▬▼ for  ╚ and  ▬▼ to  ▬▼ for  ╚. But as the fluence increases 

above the threshold (Fig. 4.2d,i), the fluctuations are mostly at the rising edge as well as at the 

peak; however, they diminish during the decay of the SF transients. For high fluences with short 

SF time delays, the fluctuations still exist at the rising edge, but their magnitude and occurrence 

rate decreases (Fig. 4.2e,j). This peculiar behavior is also consistent with macroscopic coherence. 

At the threshold, the synchronization and the dephasing are in competition, and complete 

coherence canôt form; therefore, fluctuations exist throughout both the rise and the decay of SF. 

The asymmetry in the fluctuation distribution in the rise and the decay at higher fluences has been 

observed in the superradiance of atmospheric oxygen(20), and it is a direct consequence of a 

macroscopic coherence. In our previous work in MAPbI3(3),  we observed similar fluctuations, 

but to obtain the delay time and burst width from a clean SF signal, we averaged multiple 

transients. In Appendix Fig. A19, we present the fine step TRPL measurements of MAPbI3, which 

shows a similar behavior at  ╚.  
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To investigate the temperature dependence of these fluctuations, we further studied the 

TRPL dynamics from χψ ὑ to σσπ ὑ for just above the threshold fluences in Fig. 4.3 (See 

Appendix Figs. A16-A18 for different excitation fluences at all temperatures). Since at each 

temperature the threshold density will differ, we first measured the PL spectra and determined the 

threshold fluences (Appendix Figs. A20-A21), then performed the fine step TRPL measurements. 

For temperatures up to σππ ὑ, the same fluctuations appear at the threshold of the amplified PL 

feature. Around the threshold fluence, the SF time delay reduces from ςφ ὴί to ρςȢυ ὴί as the 

temperature is increased from χψ ὑ to σππ ὑ (Appendix Fig. A22). Knowing that the fluctuations 

take place when †ḗ Ὕᶻ, these results are consistent with a reduction of the dephasing time with 

increasing temperature(7, 8). We simulated this behavior using a quantum model (Appendix 

Section 3), showing the effect of dephasing under different excitation densities. Below the 

threshold, the dephasing has no impact on the PL kinetics, whereas at above the threshold, the 

Fig. 4.2: Fine step time-resolved PL at  ╚ and  ╚. a-j, The  χψ ὑ (a-e) and σππ ὑ (f-j ) TRPL data of the sharp feature 

at excitation fluences below the threshold at σȢπ ‘Ὦ ὧά Ἡ ÁÎÄ ρψȢρ ‘Ὦ ὧά  (f) decaying monotonically; slightly above the 

threshold at τȢτ ‘Ὦ ὧά (b) and σφȢρ ‘Ὦ ὧά  (g) exhibiting a delayed secondary rise with fluctuations on the top of PL peak; 

above threshold at υȢυ ‘Ὦ ὧά  (c) and  τχȢπ ‘Ὦ ὧά  (h) denoting fluctuations more on the rise and less on the decay; displaying 

the diminishing fluctuations and Burnham-Chiao ringing behavior at φȢχ  ‘Ὦ ὧά  (d) and υςȢτ ‘Ὦ ὧά  (i);  exhibiting a short 

SF burst with Burnham-Chiao ringing at ρφȢψ ‘Ὦ ὧά  (e) and  ωπȢσ ‘Ὦ ὧά  (j ).  
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delay time increases with decreased dephasing rate (Appendix Fig. A25), consistent with the 

experimental data. Furthermore, because at high temperatures, dephasing is faster, a higher 

excitation density is required to achieve synchronization at a shorter time. In Appendix Fig. A14, 

we analyzed the populations in the 3D domains at the SF threshold fluence using TAS. We found 

that as the temperature increases from  ╚ to  ╚, the threshold density increases by almost 

two times. 

Showing that there is a clear evolution of the SRPT with increasing temperature up to 

σππ ὑ, Fig. 4.3 further presents that the trend breaks down at σσπ ὑ. At this temperature, a similar 

threshold-dependent amplification is observed in the time-integrated PL (Appendix Fig. A26). 

Remarkably at the threshold fluence, the TRPL intensity rises and reaches its maximum without 

much delay, and the dynamics exhibit weaker fluctuations (Fig. 4.3f). As we increase the excitation 

fluence (Appendix Fig. A26), the PL traces exhibit pronounced fluctuations and peak shifts to 

longer delays. Although the excitation densities in these experiments are similar to that at σππ ὑ 

(Appendix Section 2a and Fig. A27), these fluctuations do not disappear with higher fluences, 

unlike the PL transients at other temperatures (78 K-300 K). Moreover, the time delay does not 

reduce with increased fluence. In addition, while there is a clear ringing in all transient PL data up 

to 300 K (Fig. 4.2, Appendix Figs. A16-A18), there is no ringing behavior at σσπ ὑ (Appendix 

Fig. A26). The absence of these features suggests that σσπ ὑ is near the SF critical temperature at 

which dephasing is too fast, and further increased excitation density does not lead to a complete 

macroscopic coherence. 
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These results clearly demonstrate SF in quasi-2D PEA:CsPbBr3 at unusually high 

temperatures. In a typical inorganic semiconductor, the electronic coherence times range from a 

few ps to tens of fs as the temperature increases from  ╚ to  ╚. In our work, we observe 

SRPT with a delay time of  ▬▼ at  ╚ and Ȣ ▬▼ at  ╚, indicating that the electronic 

coherence times in quasi-2D PEA:CsPbBr3 are at least two orders of magnitude longer compared 

to inorganic semiconductors. We postulate that the reason for this extended electronic coherence 

is the formation of large polarons. In perovskites, initial excitations lead to the formation of 

electronïhole pairs, but then these excitations form polarons by binding to a lead-halide distortion 

mode within a picosecond(42). It has been pointed out that the presence of these large polarons 

slows hot carrier cooling rate by reducing thermal scattering and carrier-carrier scattering 

Fig. 4.3: Temperature-dependent fine-step TRPL at threshold fluences. TRPL data at temperatures ranging from χψ ὑ to 

σσπ  ὑ for slightly above threshold fluences. a,  τȢτ ‘Ὦ ὧά  at 78 K. b, ωȢφ ‘Ὦ ὧά  at 150  ὑ.c, ρσȢτ ‘Ὦ ὧά  at ςςπ  ὑ. d, 

στȢφ ‘Ὦ ὧά  at ςψπ  ὑ. e, σφȢρ ‘Ὦ ὧά  at σππ  ὑ. f, υσȢψ  ‘Ὦ ὧά  at σσπ  ὑ. The delay time decreases as the temperature is 

increased from χψ ὑ to 300 ὑ. At σσπ ὑ the PL rises right at zero-time delay with diminished fluctuations.  
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events(42-45). Here we propose that this strong coupling of the electronic dipoles to the lattice 

distortion protects the electronic coherence and also facilitates the formation of a coherent 

macroscopic SR state through a vibration isolation mechanism (See Chapter 5). To explain this 

phenomenon, we use particle in a box example.  

Figure 4.4a illustrates a quantum oscillator formed of a superposition of the first two states 

(black line) in a box potential. This is a traveling wave oscillating with  ⱷ ⱷ ⱷ , where 

the frequency of n-th level is ⱷ▪
╔▪

ᴐ
. Since the energy levels (╔▪)  are determined by the box 

potential any disturbance on the potential will cause stochastic changes in ⱷ  and lead to 

dephasing. In solids, the electronic potential is determined by the atomic coordinates, i.e., lattice. 

Hence phonons (thermal lattice modes) lead to random fluctuations in the potential, which 

subsequently changes the electronic energy levels and causes electronic dephasing.  

In perovskites, this picture is modified due to the presence of large polarons(42, 43, 46). In 

a polaron, the electronic oscillator is bound to a lattice distortion mode. Since thermal phonons are 

also lattice modes, when they scatter with the polaron, they interact through the lattice distortion 

mode component of the polaron. In our simple model, we illustrate this as a spring coupling 

between the potential barrier of the particle in a box and the outside world, as illustrated in Fig. 

4.4b. This configuration of an electronic oscillator connecting to the crystal lattice through a low-

frequency lattice distortion mode forms a quantum analog of vibration isolation (QAVI) for the 

electronic dipole of interest. Figure 4.4c shows an illustration of the classical vibration isolation 

with a well-known plot of transmissibility as a function of the ratio between the frequencies of 

external noise and that of isolating spring (
ⱷ▪▫░▼▄

ⱷ▼
. The high frequency noise is filtered from the 

system while the low-frequency noise is transmitted. 



29 

 

In perovskites, the polaronôs lattice distortion mode is the low energy Pb-halide mode(42, 

44); therefore, it impedes higher energy phonon modes from interacting with the electronic dipole, 

resulting in a long electronic coherence time. In this configuration, the macroscopic coherence of 

dipoles can only be achieved when the dipole synchronization time is shorter than the dephasing 

time. Since the synchronization time depends on the density of dipoles, there is a threshold density 

Fig. 4. 4: Graphic representation of quantum analog of vibration isolation. a, Optical excitation creates a superposition state of 

the excited and ground state, which will oscillate in the box potential. The fluctuations in the box potential is illustrated as waves 

scattering off the walls. These scattering events lead to random changes in the box potential, and the phase of the wave packet • . 

b, In perovskites, the electronic dipole is strongly correlated with a particular lattice distortion mode. This is illustrated as a spring 

that modulates the left wall in the box. The incoming phonons with ‫will interact with the box through the spring forming ña 

quantum analogue of vibration isolationò. c, The bottom system is a picture of a classical vibration isolation system. The balls with 

various springs are noise sources interacting with the platform. The spring between the system (blue layer) and the environment 

(green layer) is filtered by a particular spring in between. The upper plot shows the frequency dependence of transmission for 

different damping ratios (ɝ). The higher frequency fluctuations cannot penetrate to the blue layer. d, Multiple boxes attached to the 

strongest coupled lattice distortion mode that promotes coherence between dipoles. This leads to a macroscopic state, forming a 

"giant dipole" that radiates a superfluorescent burst. 
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at which the macroscopic coherence can form. As the temperature increases, the threshold density 

for macroscopic coherence also increases due to faster dephasing at higher temperatures. This 

trend will only continue as long as the electronic dipole is isolated from thermal noise via QAVI 

protection.  

In this scheme, polaron stability is a determining factor for macroscopic coherence. Polaron 

stability is detrimentally affected by two factors: temperature and high excitation density. In 

PEA:CsPbBr3, the polaron binding energy is reported to be within  ἵἭἤ (47-49). At 

 ἕ, ἳἢ is about  ἵἭἤ, which is slightly lower than the temperature required for thermal 

disassociation of polarons. But at this temperature, the excitation fluence required for SF is already 

very high. When excitation fluence is increased beyond the SF threshold, in the time-resolved PL 

experiments, the large fluctuations persist, and the delay does not change. This suggests that the 

dipoles try to synchronize but cannot form a complete macroscopic coherence despite the increased 

excitation fluence. This is most likely because, at very high excitation densities, polarons start to 

destabilize(50, 51). We further studied the effect of destabilization of polarons on the SF emission 

by measuring the polaronic signatures in the transient absorption spectra and comparing them with 

the PL spectra (Appendix Fig. A28). These results indicate that at  ἕ, as the excitation fluence 

increases, at first, the SF peak increases, but then it saturates, and a further increase in the excitation 

fluence diminishes the SF emission (Appendix Fig. A29). In the transient absorption spectra, this 

evolution strongly correlates with the loss of polaronic character of the excitations. In other words, 

 ἕ is in a transition regime, in which a complete phase transition to a macroscopically coherent 

state is hindered by polaron instability.  
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4.3 Conclusion 

In conclusion, we report room-temperature superfluorescence in PEA:CsPbBr3. SF is 

evident from the observed fluence-dependent delay, peak intensity, burst width, and ringing, 

directionality, along with giant fluctuations taking place in the vicinity of the excitation threshold. 

This high-temperature quantum phase transition phenomenon suggests an intrinsic mechanism for 

protecting the electronic coherence in these materials. We postulate that the polaron formation in 

these systems forms a quantum analog of vibration isolation and facilitates the formation of a 

coherent macroscopic state, and the two important characteristics of polarons are the fundamental 

frequency of the lattice mode and the stability of the polaron. The chemical and structural 

versatility of hybrid lead-halide perovskites makes these materials an ideal platform to study the 

polaron characteristics and the role of QAVI in superradiant phase transition. More importantly, 

an in-depth understanding of QAVI in other systems can lead to discoveries of other quantum 

coherent phenomena at practical temperatures. 

 

4.4. Methods 

4.4.1 Synthesis of (PEA)0.4CsPbBr3 thin films:  

Lead bromide (PbBr2, 99.999%), phenethylammonium bromide (PEABr, Ó98%), and 

dimethyl sulfoxide (DMSO, anhydrous, 99.9%) were purchased from Sigma-Aldrich. Cesium 

bromide (CsBr, 99.999%) was from Alfa Aesar. The (PEA)0.4CsPbBr3 precursors were prepared 

by dissolving PEABr, CsBr, PbBr2 with a molar ratio of 0.4: 1.1: 1 in 1mL anhydrous DMSO 

solvent to make 0.3M (Pb2+ concentration) solutions. The solutions were stirred for 2 h at 60°C in 

a glovebox. The precursor solution was then spin-coated on a glass substrate at 3000 rpm for 2 

min, followed by annealing at 80°C for 10 min. 
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4.4.2 Structure characterization: 

X-ray diffraction (XRD) measurement was carried out with Rigaku Smartlab X-ray 

Diffractometer with a conventional Cu X-ray tube. Scanning electron microscopy image of the 

perovskite thin film was collected in FEI Verios 460L. 

The XRD pattern is shown in Appendix Fig. A2. The diffraction peaks at 15.1° and 21.5° 

are from (100) and (110) planes of 3D phases, respectively. The sharp peak at 4° in the films can 

be assigned as a (010) plane of n = 2 phases, indicating a significant amount of low-dimensional 

phases in these films. SEM image is shown in Appendix Fig. A2. The obtained thin film shows 

uniform coverage with a smooth surface. 

AFM scan for the quasi-2D CsPbBr3 thin film shown in Appendix Fig. A2 was acquired 

on the Asylum MFP-3D classic microscope in tapping mode. The scan was collected over a 100 

ɛm-2 area, with the corresponding RMS value for roughness being 4.2 nm. 
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CHAPTER 5 

Quantum Analog of Vibration Isolation  

In this chapter, I will first summarize the fundamentals of QAVI. I will  then present some 

experimental results on the temperature dependence of superfluorescence that support the QAVI 

hypothesis. The discussions related to QAVI in this chapter are published in two different sources: 

the Supplementary Information of the manuscript in REF ((4) and ArXiv (52).  

5.1. Introduction  

In this section, we will expand the discussion on QAVI. In classical as well as quantum 

systems, initially randomly phased oscillators placed in the same medium tend to synchronize if 

they have a long phase memory. In a classical system, this is a spontaneous synchronization 

process. The time it takes to build up a macroscopic coherence depends on the nature of the 

quantum oscillators involved, and this results in various exotic quantum phenomena. Because the 

quantum phase is extremely fragile at high temperatures, macroscopic quantum phenomena 

require cryogenic conditions. Provided that we can extend the quantum coherence time of 

oscillators, it is possible to observe quantum phase transitions at high temperatures. 

For electronic excitations in solids, the common approach to increase coherence time is to 

cool the sample and reduce the number of phonons scattering with the electronic oscillator. In a 

classical system, however, we use a spring isolator for stabilization. Any perturbation with a 

frequency higher than the natural frequency of the spring will be filtered out and has a diminished 

transmitted impact across the spring. This basic concept, as depicted in Chapter 4, Fig. 4c, is used 



34 

 

in many mechanical systems, including automobiles, building seismic bases, heavy equipment, 

and optical tables.  

Such a fundamental vibration isolation concept can be implemented in the solid state to 

isolate a quantum system of interest. Here we are especially interested in any quantum particles, 

including electrons, spins, dipoles, and excitons. This is the basis of QAVI. 

To illustrate how QAVI is used to protect a quantum system, letôs first discuss dephasing 

using a particle in a box potential example in Fig. 5.1. The energies and wavefunction of the 

particle in such a potential can be solved using Schrodingerôs equation:  

Ὄ‪ Ὁ‪     

Here the Hamiltonian has two categoric contributions: the kinetic energy 
ᴐ

 and the 

potential energy ὠὼ terms. The shape of the potential and the mass of the particle primarily 

determine the energy levels and the wavefunctions in the box potential. 

These wavefunctions form a standing wave with fixed nodes at the boundaries, and their 

phase evolution is defined by the time-dependent Schrödinger equation: 

Ὄ‪ Ὥᴐ
Ὠ‪

Ὠὸ
    

with the frequencies given by ‫
ᴐ

 .  

Consider the evolution of the phase of the superposition states (i.e., ‪ ‪ ). The 

superposed state will be a traveling wave confined in the box and will spatially oscillate from one 

end of the box to the other with a frequency of ‫ ‫ ‫ .  

 

 

 

       (1) 

       (2) 
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Dephasing is the loss of phase memory. In other words, as long as this superposition state 

oscillates with the same frequency, the phase will evolve at a constant rate. However, any 

disturbances in the ambient can induce stochastic changes in the oscillation frequency, resulting 

in the loss of the phase memory. Because the box potential determines the energy levelsðand, 

hence, the oscillation frequencyðthe disturbances that will randomly change the oscillation 

frequency are those that generally couple to the potential (Fig. 5.2). Therefore, in order to increase 

the coherence time of a quantum oscillator, we must stabilize the box potential.  

 

 

 

 

 

 

 

 

The key question is: How can we extend the coherence even at high temperatures? Here, 

vibration isolation comes into play. Because the stochastic changes in the potential cause 

Fig. 5.1: One-dimensional box potential showing the ground and excited states (black waves) and the superposition of these 

two states (magenta wave), which oscillates left and right with frequency  ‫  and phase  • . 

 

Fig. 5.2: Dephasing in the 1-D Box Potential. The frequency of the ground- and excited-state wave pockets (black wave pockets) 

confined in a box potential is given by ‫
ᴐ

 . In solid-state systems, it is very challenging to isolate the box from its ambient. 

Once the potential interacts with the ambient or thermal phonon modes it causes random stochastic fluctuations in the frequency 

and the phase of the wave pocket hence loss of its phase memory. The loss of this phase memory results with loss of the 

superposition state (magenta wave pocket); that is to say, dephasing occurs.   
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dephasing, we must isolate the oscillator from the random changes in the potential by attaching 

the potential to a spring such that any impact due to phonon scattering is filtered.  

The next question is: What is the nature of that spring in such a system? The spring must 

be formed by the modes of the lattice that determine the confining potential of the quantum 

oscillator.  

To illustrate this example, we consider the box potential we show in Chapter 4, Fig. 4 due 

to the atomic positions in a crystal lattice; the particle in the box is an electron. Thus, the two states 

that are superposed are electronic states, and the wave packet is an electronic oscillation. In this 

case, crystal lattice vibrations will cause random changes in the potential and will destroy the 

quantum phase of the electronic superposition state (Fig. 5.3.a). If we want to protect the electronic 

phase from ambient thermal noise, we should have low-frequency lattice modes strongly bound to 

the electronic oscillator (Fig. 5.3.b). Because thermal phonons are also lattice oscillations, they 

will be filtered from the electronic oscillator, and the coupled lattice modes act as quantum isolator. 

The new system, which has an electronic oscillator as well as a bound lattice mode, is a polaronic 

quasi-particle. 

 

 

 

 

 

 

 

 

Fig. 5.3:  Schematics of Quantum Analog of Vibration Isolation. a, Optical excitation creates a superposition state of the 

excited and ground state shown in magenta wave pockets, which will oscillate in the box potential. The potential is surrounded 

by random noise source, thermal phonon bath that interacts with the wall of the box potential which leads to random changes in 

the frequency and the phase of the supposition state. b, In QAVI, this picture is modified where the electronic dipole is coupled 

to a particular lattice mode available in the system (particularly a low-frequency lattice mode). This is illustrated as a spring that 

modulates the left wall in the box. The incoming random phonon modes will interact with the box through the spring forming a 

quantum analog of vibration isolation. 
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In a polaron, the quantum coherence of the electronic oscillator is protected by the lattice 

mode of the polaron. The important requirements for high-temperature quantum coherence are:  

1. Polaron stability: The QAVI protection will function as long as the electronic oscillator 

is bound to the lattice mode. Both thermal effects and the oscillator density would cause 

destabilization of the polaron. A higher polaron binding energy increases the temperature 

range within which the QAVI is effective.  

2. Frequency of the polaron lattice mode: To effectively filter out the high-frequency 

perturbances, we need a system with a spring having a low natural polaron lattice mode 

frequency, and that system should consist of polarons with low energy modes. 

 

In conclusion, thermal dephasing is the primary obstacle to developing a quantum system 

that can be used for practical conditions. As of the time of writing, there are no design rules guiding 

the search of materials and systems to protect quantum coherence and correlate them with the 

intrinsic properties of materials. The QAVI concept and the principles listed above can be 

generalized and should be applicable to most quantum oscillators.  

 

 5.2. Loss of QAVI Through Destabilization of Polaron at High Temperature and High 

Density 

Returning to the subject of superfluorescence in CsPbBr3, because the temperature is 

increased to σσπ ὑ, the threshold excitation fluence must be increased substantially. At this 

temperature, the time-resolved PL traces show persistent fluctuations, suggesting that 

synchronization and dephasing continue to compete despite increased excitation fluence. It is 

known that high excitation fluences lead to polaron destabilization (50, 51); such destabilization 
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can cause the loss of QAVI protection and, therefore, detrimentally impact the macroscopic 

coherence of dipoles. To further investigate this phenomenon, we performed time-resolved 

absorption measurements to study the polaron formation kinetics and correlate the results with the 

evolution of the PL spectra at high fluences.  

First, we will describe the spectroscopic signatures of the polaron formation. In these 

materials, optical excitation initially creates free electronïhole pairs. The Coulomb interactions 

between the carriers lead to band-gap renormalization (BGR). BGR is observed as a redshift in the 

band-gap, which reveals itself as a negative feature in the transient absorption spectra at the band 

edge. These excitations then bind to a lattice mode to form polarons. In hybrid perovskites, polaron 

formation screens the carriers, causing the disappearance of BGR (42). In all the pump-probe 

transients shown in Appendix Figs (A9-A11), there is a short-li ved negative feature due to BGR-

related increased absorption at the band edge, and its disappearance is due to polaron formation 

(42). To study the polaron formation kinetics, we investigate this feature as the excitation fluence 

is increased at σσπ ὑȢ 

In Fig. A28, the first column shows the time evolution of the transient absorption signal of 

the SF feature at three different excitation fluences. The second and the third columns represent 

the corresponding differential transmission spectra at 0.5, 1.5, and 3 ps and the PL spectra, 

respectively. The first row of the presented data shows that at the threshold fluence, as the SF 

feature is rising (Fig. A28c), the polaron formation is completed at around 1 ps (Fig. A28 a-b). 

However, when we increase the excitation fluence, BGR persists for much longer and polaron 

formation is suppressed (Fig. A28 d-f). As the excitation fluence is further increased, the 

destabilization of polarons results in the complete loss of SF emission (Fig. A28 g-i).  
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 Overall, these results show that as the excitation fluence increased, the polaron formation 

slowed and was significantly hindered. As the polarons destabilize, the amplified SF emission at 

ςȢσφ Ὡὠ first reaches a maximum value and then decreases. At a certain fluence, the SF emission 

diminishes completely. This is shown in Fig. A29, where the PL spectra at increasing excitation 

fluence display diminishing SF emission due to the polaron stability, which agrees with the QAVI 

mechanism.  
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CHAPTER 6 

Quantum Analog of Vibration Isolation Playing a Key Role in Macroscopic 

Quantum Phase Transitions at High Temperature 

6.1. Introduction  

The discovery of materials that exhibit high temperature macroscopic quantum phenomena 

such as superconductivity, Bose-Einstein condensation, and superradiance is a key requirement 

for developing practical quantum applications. However, in solids, these phenomena are almost 

always observed at extremely low temperatures because the dephasing rate of quantum oscillators 

increases with temperature due to thermally activated processes such as phonon scattering(5-7). If 

dephasing can be suppressed, an ensemble of oscillators can synchronize their phases to reach a 

macroscopically coherent state. Recently, based on the experimental observation of room 

temperature superfluorescence in a hybrid perovskite (Discussed in detail in Chapter 4), we 

proposed a mechanism that can increase the coherence time of quantum oscillators, the quantum 

analog of vibration isolation- ñQAVIò (Discussed in detail in Chapter 5)(4, 52). In this process, a 

quantum oscillator binds to a lattice mode making a polaron. Because thermal phonons are also 

lattice modes, when they scatter with the polaron, they interact with the lattice mode of the polaron, 

which acts like a classical low-pass filter. As a result, the coherence time of an electronic oscillator 

can increase by orders of magnitude; hence an incoherent population of oscillators can have 

enough time to synchronize their phases to form a coherent ensemble.  
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Figure 6.1a illustrates the QAVI process with a spring attached to the confining potential 

of a quantum oscillator. If such a protection mechanism exists, then two characteristics of the 

polaron will be important for extending the electronic coherence time at high temperatures. The 

first is the frequency of the lattice mode of the polaron. Since QAVI acts like a low-pass filter, as 

mentioned above, the coupled lattice mode sets the cutoff frequency. The lower the frequency of 

the lattice mode, the better the filter is for isolating thermal phonons. The second one is polaron 

stability, which is critical for determining the highest temperature in which macroscopic quantum 

phenomena can be observed (In Appendix A, we provided experimental data showing that when 

polaron formation is hindered or destabilized, SF vanishes).  

 

Fig. 6.1. Graphical representation of QAVI. a, The potential box shows a quantum oscillator that is formed by the 

superposition of the ground and excited state confined in the potential. This superposition state (magenta wave pocket) 

oscillates left and right within the box potential with a certain frequency and phase. In order to observe a macroscopic phase 

transition, we need to protect the frequency and phase of this superposition state i.e., we need to isolate the system from 

ambient noise sources, thermal phonons etc. Here, the potential box is coupled to a particular lattice distortion mode (‫ ) 

where incoming phonon modes interact with some form of a quantum spring before they reach to the box creating QAVI. b, 

In perovskites, optical excitation creates an electronic dipole that is strongly correlated with a particular lattice distortion mode 

that forms large polarons. c, The increasing lattice mode frequency of halide vibrations from iodine mixed system to chlorine 

mixed system.  
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In this study, I tested the QAVI hypothesis by using superfluorescence and hybrid 

perovskites as a testbed and investigated the impact of the lattice mode on critical parameters such 

as density and delay time for synchronization at the threshold of superradiant phase transition. The 

basic idea is that the lattice mode that is coupled to the electronic excitation determines the cut-off 

frequency of the QAVI. Hence the random thermal phonon modes with higher frequencies would 

not be able to interact with the electronic dipole oscillator. This has a direct impact on the 

dephasing time of the dipole. As a result, the polaron lattice mode directly affects the 

synchronization process.  

Letôs now discuss step by step how the SF formation process can be correlated with the 

lattice mode frequency. In superfluorescence, a short laser pulse creates an incoherent population 

of excitations. These dipoles spontaneously synchronize to form a giant dipole emitting the SF 

burst. But this process can only happen if synchronization is faster than the dephasing time. At the 

SF threshold excitation density, the dephasing time and synchronization time are similar. As the 

excitation density is increased, synchronization becomes faster. So, if SF is forming through the 

protection of a particular lattice mode(s) that acts as a filter, the frequency of this mode will have 

some effect on the dephasing time and threshold excitation density. 

With this prediction, we now need a material system where we can tune the lattice modes 

of individual samples that also exhibits SF because the macroscopic phase transition process is 

optically accessible, and we can measure it using time-resolved spectroscopy. Luckily, hybrid 

perovskites are an ideal material platform for this purpose. First, we already observed SF in 

multiple members of hybrid perovskites(3, 4). Second, a large polaron is formed in these materials 

(Fig. 6.1b) by binding the electronic excitation to a low-energy Pb-halide lattice mode (42, 44). 

And third, we can easily tune the lattice modes of these materials by chemically substituting halide 
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components in these materials. Since Pb is the heavy atom in this composition, the halide atom is 

the primary component in the lattice, determining the filtering frequency of the isolator where the 

phonon energies are inversely proportional to the halide mass(53, 54). Using PEA:CsPbBr3 as the 

base material, if we introduce a chlorine atom that has a lower atomic mass than bromine, the 

frequency increases, and the protection due to isolation becomes less effective. On the other hand, 

introducing an iodine atom will lower the phonon mode frequencies, leading to improved 

protection. Based on this, we make 3 main predictions through QAVI, which will have a direct 

impact on the threshold conditions for the SF phase transition as follows: 

1. Since QAVI protection extends the electronic dephasing time, in a system with better 

protection, the dephasing time should be longer. 

2. In the time-resolved PL experiments at around the SF threshold, the delay time for the SF 

marks the upper boundary for dephasing time. Therefore, the better the protection, the 

longer the delay time at the threshold. 

3. During the delay time, synchronization takes place. Since the synchronization rate 

increases with dipole density, the lowest SF threshold density should be observed in the 

material with better QAVI protection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.2 Predictions of QAVI for different halide component. At a given temperature, oscillators have a characteristic dephasing 

time T2. If an ensemble of oscillators can synchronize before the dephasing time, then a macroscopically coherent state forms, if not 

the system remains incoherent. The red arrow shows the timeline for synchronization ñTsò or SF delay time which marks the limit 

for dephasing time. For a good protected system, one would expect to observe a longer delay time when compared with a bad 

protected system. The green arrow shows the SF threshold density of oscillators. Since the delay time shortens with increased dipole 

density, the lowest SF threshold density should be observed in the material with better QAVI protection.  
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These predictions are summarized in Figure 6.2. In this work, we investigated whether 

tuning the lattice mode frequency of the material system affects the superfluorescence according 

to the predictions above. We synthesized three quasi-2D perovskite samples with different halide 

compositions, PEA:CsPb(Br/Cl)3, PEA:CsPbBr3, and PEA:CsPb(Br/I)3. We choose these 

compounds because of their material durability and the measurable spectral characteristics using 

the same experimental setup. Below we first show that all three thin films exhibit 

superfluorescence, then investigate the critical threshold conditions to see if QAVI plays a role in 

protecting quantum coherence.  

In Figs. 6.3 (a, e, and i), we show the time-integrated PL spectra of all three compounds 

when excited with ρςπ Ὢί pulses tuned to τππ ὲά at χψ ὑ. The PL exhibits an amplified emission 

for each compound beyond a certain threshold fluence. Detailed spectroscopic characterization 

shows that this amplified emission exhibits all the spectroscopic signatures of superfluorescence, 

which are distinct from amplified spontaneous emission (See Chapter 2). These signatures include 

excitation fluence-dependent delayed emission, burst width, ringing, and random fluctuations at 

the time evolution of the emission at the threshold density of the superfluorescent phase transition. 

Among these signatures, the time delay in the superfluorescence emission is a key property that is 

primarily important for this study. Figs 6.3 (b,f, and j) shows the time-resolved PL emission of 

each thin film at two different excitation fluences. At slightly above the threshold excitation 

fluence, each PL emission exhibits delayed dynamics in time. This delay reduces with increased 

excitation fluence(12). This is consistent with faster synchronization of the dipoles with increased 

density. At these high excitation densities, the emission takes the form of a sharp burst. In order to 

show that the behavior of this emission is consistent with superfluorescence, we analyzed the 

evolution of the delay and the time width of the burst width for the range where excitation density 
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is linearly increasing with the fluence (Fig. B3). The result of this analysis is shown in Figs. 6.3 

(c-d, g-h, and k-l), which shows that delay evolves with ὰὲὔȾὔ and the burst width evolves with 

ρȾὔ for all three samples, which are both in agreement with the superfluorescence (12). 

 

Having shown that each thin film exhibit superfluorescence at χψ ὑ, we now examine the 

time evolution of superfluorescent phase transition in each sample to see whether the difference in 

Fig. 6.3: Spectroscopic signatures of SF for mixed quasi-2D thin film s at  ╚. a, The time-integrated PL spectra showing s 

two main features showing a broad PL feature and a sharp SF feature that exhibits a threshold behavior. For PEA:CsPb(Br/Cl)3. 

b, The TRPL dynamics of the sharp SF feature at χψ ὑ ,  at slightly above threshold (ρψȢτ ‘Ὦ ὧά ) and above threshold 

(σψȢτ ‘Ὦ ὧά ) displaying the evolution of SF decay turning into a sharp burst. c,d, The delay time (c) and real width (d) values 

extracted from SF fit model . The black dashed lines show the fits following 
 

 and . e-h, Similar spectroscopic signatures are 

shown in panels e-h for PEA:CsPbBr3 thin films and in panels  i-l, similar spectroscopic signatures are shown for 

PEA:CsPb(Br/Il)3 thin films  
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halide composition, i.e., the lattice mode frequency impacts the macroscopic coherence formation 

in accordance with QAVI. We already know that superfluorescence can only form when 

synchronization is faster than the dephasing, the characteristic dephasing time, ñὝò, which sets a 

time period in which macroscopic polarization could develop. Since synchronization depends on 

the excitation density, there is a threshold density in order to observe a macroscopic phase 

transition. Right around this transition from an incoherent ensemble to a coherent ensemble, a 

competition between synchronization and dephasing starts taking place. Therefore, the time delay 

of the superfluorescence peak (synchronization time) at this threshold indirectly marks the limit of 

dephasing time. So now, based on Prediction 2 defined above, we focus on the SF time traces 

shown in Fig. 6.4b at these slightly above threshold fluences for each sample. The corresponding 

integrated PL spectra are shown in Fig. 6.4a. In the thin film with Br/I halide mixture, the delay 

time is around σπ ὴί; in pure Br, it is about ςς ὴί, and for Br/Cl, it is about ρρ ὴί (Fig. 6.4c). 

These observations clearly show that the delay times at the threshold are in perfect agreement with 

the expectations from QAVI. 

 

 

 

 

 

 

 

 

 

Fig. 6.4. a, Steady-state PL spectra at slightly above threshold excitation for all 3 samples. b, Photoluminescence dynamics at the 

SF threshold taken under 78 K showing the shortening of the delay time as we change the halide component from Br/Cl to Br/I in 

3 panels from top to bottom respectively. c, Delay time values extracted from the transients at slightly above the threshold excitation 

fluence. As we change the halide component the delay time shortens from 32 ps to 9 ps which marks the limit of the dephasing 

time in these systems.  
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Next, we investigate Prediction 3 of QAVI to see if the SF threshold density behaves as 

expected from a QAVI-protected system. Figure 6.4b shows the transients at the SF threshold in 

all 3 samples. Here, the lowest fluence (σȢυ ‘Ὦ ὧά ) is measured in Br/I mixed halide sample, 

whereas the highest fluence is observed in the Br/Cl mixed halide thin film (ρψȢψ ‘Ὦ ὧά ). This 

difference in the SF threshold fluences is also consistent with the superfluorescent nature of the 

emission and is a direct result of QAVI-Prediction 3. Since synchronization depends on the 

excitation density, in thin films with shorter dephasing time, a higher excitation density of dipoles 

is needed to reach the SF threshold. However, the substantial difference in the threshold excitation 

fluence values between these three samples does not directly provide a quantitative comparison of 

the population densities. These thin films are quasi-2D structures with mixed 2D and 3D domains. 

400 nm excitation creates high-energy electronïhole pairs that funnel to the lower energy 3D 

domains, where superfluorescence forms(37, 55). These excitation fluences indicate the number 

of electronïhole pairs created by laser excitation. To compare the threshold population densities, 

we need to find the population in the 3D domains, right before the SF burst is emitted. To do that, 

we analyzed the time-resolved absorption spectra (TAS) quantitatively (Fig.6.5a). In TAS, the 

increase in the differential transmission at the SF peaks is due to the ground state bleaching signal, 

and it is directly proportional to the population density. Therefore, careful analysis of the TAS 

signals provides excitation fluence dependence of the population (See Supplementary Information 

of Ref(4) for further discussion). But this only helps to make a comparison within a sample. To 

quantitatively compare the populations between different samples, we need to analyze the 

transition dipole moments for the signals we are studying. Because the differential transmission 

signal is proportional to the product of the transition dipole moment and the population. Therefore, 

we extracted the transition dipole moments using the Elliot model (See Appendix A and Fig.B4). 
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Figure 6.5b shows the results of this analysis. It shows that the required threshold density to 

observe SF in Br/Cl mixed system is approximately 6 times higher when compared with a Br/I 

mixed system. This observation clearly agrees that the observed phenomena depend on the 

dephasing time that is determined by the QAVI mechanism.  

 

 

 

 

 

 

 

 

 

 

 

After presenting all these experimental results showing the impacts of QAVI, we 

performed additional time-resolved THz spectroscopy experiments to show the existence of low-

frequency phonon modes coupled to the electronic excitation in these systems. This was 

particularly important because the idea of QAVI is based on the formation of large polarons, which 

is simply a low-frequency longitudinal optical (LO) phonon mode(s) coupled to the electronic 

excitation(42, 51). Figure 6.6 shows the THz transmission and the change in THz transmission 

under 400 nm excitation for quasi-2D CsPbBr3 thin film taken at room temperature. The generated 

THz field allowed us to probe approximately a trusted spectral region of χ φπ ὧά  

Fig. 6.5. a, TAS spectra at the SF threshold for the same 3 samples. The shaded gaussian curves show the fits to extract the 

population of SF at slightly above the threshold. b, Relative population values extracted from TAS for 3 different halides. In 

order to observe SF phase transition, we need to excite 6 times more density in Chlorine mixed perovskite when compared with 

Iodine mixed perovskite.  
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wavenumbers (Fig. 6.6b). The extracted results in Fig. 6.6d show that there are multiple LO 

resonances in the photoconductivity spectra. The non-Drude spectral response indicates that there 

are other contributions to the signal other than the free carrier effects(29). Here, the extracted 

resonances are accordingly 20, 23, 31, 36, 41, 46, and 52 cm-1 wavenumbers, which are in good 

agreement with the reported values in the literature that are assigned to LO phonon modes in these 

systems(28, 42). Further studies also show that one or a couple of these LO phonon modes are 

responsible for large polaron formation in these material systems(28, 42, 44, 56).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.6. Time-resolved THz spectroscopy measurements and its analysis. a, Time-domain THz field transmitted through 

the sample (blue) and pump-induced change in the THz field (magenta). We can determine the photoconductivity of the of the 

sample through the change in the transmission under pumping where this change represents the conductivity of the excited 

charges, Ў„ . b, The probe spectrum of the time-domain THz field used in the optical pump-THz probe experiments. c, The 

transient change of the transmitted THz field measured right at the peak under 400 nm laser excitation. d, Extracted real part 

of the THz photoconductivity spectra of quasi- 2D CsPbBr3 thin film showing multi resonances at really low wave numbers 

referencing to the existence of low frequency phonon modes. The blue scattered dots show the extracted data, and the red line 

shows the fit based on Drude-Smith-Lorentz model.  
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Finally, I would like to note that the observation of these very low-frequency phonon 

modes when excited with a τππ ὲά pump is not the most common spectral response that one 

would get from other material systems. For example, in silicon, a non-polar semiconductor, they 

have observed a Drude-like, i.e., free carrier response in these low-frequency regimes(57). 2D 

metal dichalcogenides, namely MoS2, exhibit negative photoconductivity addressing the presence 

of free carriers and charged excitons (58). Moreover, if we look into the polar semiconductors such 

as n-GaAs, it exhibits an intense LO phonon mode coupled to a plasmon through some Coulomb 

interaction. However, they measure this mode to be around ψͯȢχ ὝὌᾀȟ and below that frequency, 

it exhibits a typical Drude-like response(59). This brings the question of what is special or different 

about perovskites that demonstrates these unique features. The answer to this question is 

undoubtedly a subject to further investigation of these materials, but one possible explanation can 

be the well-known ñlattice softnessò in these materials(60). Compared with conventional 

semiconductors, their Youngôs Moduli are almost 10 times softer(60-62), which can be the reason 

for the formation of low-frequency polarons and many other interesting properties in these 

materials.  

 

6.2 Conclusion 

In conclusion, the experimental studies presented here strongly suggest that the quantum 

analog of vibration isolation plays a key role in superfluorescence in lead-halide perovskites. At a 

given temperature, the superradiant phase transition threshold density correlates with the lattice 

mode frequency of the polaron. The lower the polaron lattice mode frequency, the better the 

dipoles are protected from ambient thermal dephasing processes. Superfluorescence is a 2nd order 

symmetry-breaking quantum phase transition. The implication of this finding has a significant 
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prospect for designing materials for other 2nd order symmetry breaking phase transitions. In 

superconductivity  and Bose-Einstein condensation, similar to superfluorescence, there is an 

ensemble of bosonic quantum particles, which undergo a macroscopic quantum phase transition. 

Hence their observation at practical temperatures requires a protection mechanism. The studies 

presented here suggest that QAVI has the potential to transform exotic quantum phenomena that 

are observed at cryogenic temperatures into ordinary physical phenomena that could be observed 

under practical conditions.  

6.3 Methods 

6.3.1 Synthesis of PEA:CsPbBr, PEA:CsPb(Br/I)  and PEA:CsPb(Br/Cl)  quasi-2D 

perovskite thin films: 

The green quasi-2D perovskite thin film was prepared by the (PEABr)0.4Cs1.1PbBr3 

precursors via dissolving PEABr (Sigma-Aldrich, Ó98%), CsBr (Alfa Aesar, 99.999%) and PbBr2 

(Sigma-Aldrich, 99.999%) with a molar ratio of 0.4: 1.1: 1 in 1mL anhydrous DMSO (Sigma-

Aldrich, anhydrous, 99.9%) solvent to make 0.3M (Pb2+ concentration) solutions. The prepared 

solution was stirring for 2 h at 60ÁC in a glovebox and filtered with a 0.22 ɛm filter afterwards. 

the precursors were then spin-coated on the glass substrates at 3000 rpm for 1 min, followed by 

annealing at 85 °C for 8 min. 

The red quasi-2D perovskite thin film was prepared by the (PEAI0.67Br0.33)0.4Cs1.1PbI2Br1 

precursors. In this case, the (PEAI)0.4Cs1.1PbI3 and (PEABr)0.4Cs1.1PbBr3 were first prepared 

separately. The (PEAI)0.4Cs1.1PbI3 was prepared via dissolving PEAI (Sigma-Aldrich, 98%), CsI 

(Sigma-Aldrich, 99.999%) and PbI2 (Sigma-Aldrich, 99.999%) with a molar ratio of 0.4: 1.1: 1 in 

1mL anhydrous DMSO solvent to make 0.3M (Pb2+ concentration) solutions. The 

(PEA)0.4Cs1.1PbBr3.3 solution was as same as the green quasi-2D perovskite precursor mentioned 
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above. After stirring at 60 for 2 h in a glovebox, the (PEAI)0.4Cs1.1PbI3 and (PEABr)0.4Cs1.1PbBr3 

solutions were mixed with a volume ratio of 2:1. The final solution was filtered with a 0.22 ɛm 

filter and then spin-coated on the glass substrates at 3000 rpm for 1 min, followed by annealing at 

85 °C for 8  min. 

The blue quasi-2D perovskite thin film was prepared by the (PEABr)0.4Cs1.1PbBr2Cl1 

precursor via dissolving PEABr, CsCl, CsBr and PbBr2 with a molar ratio of 0.4:1:0.1:1 in 1mL 

anhydrous DMSO solvent to make 0.2M (Pb2+ concentration) solutions. The prepared solution was 

stirring for 2 h at 60°C in a glovebox and filtered with a 0.22 ɛm filter afterwards. the precursors 

were then spin-coated on the glass substrates at 3000 rpm for 1 min, followed by annealing at 60°C 

for 5 min. 

6.3.2 Structure characterization: 

In this work, we fabricated quasi-2D perovskite thin films via mixing CsPbX3 (X=Cl, Br, 

I) with large organic cations PEAX. By changing the halide ratio among Cl, Br and I, the different 

emission colors from blue, green to red can be achieved which the details are shown in the method 

section. The fabricated blue, green and red perovskite thin films have a thickness of 60 nm, 85 nm 

and 110 nm, respectively. The XRD patterns for blue, green, red quasi-2D perovskite thin films 

are shown in Supplementary Figure(B5). The diffraction peaks at lower angles (around 4° and 6°) 

in the films can be assigned as a (010) plane of n = 2 and n = 1 phases, respectively, indicating 

there is a significant amount of low-dimensional phases in these films. The diffraction peaks at 

around 15° are from (100) of 3D phases. Here, the slight peak shifts are observed in the 3D phases 

for blue, green and red, which may attribute the different ionic radius of Cl, Br and I(63). It is 

noted that the average crystal sizes are similar for red, green, blue thin films by comparing the full 

width at half maximum (FWHM) of peaks at 3D phase.  
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CHAPTER 7 

Summary and Outlook 

In this thesis, I have thoroughly investigated room-temperature superfluorescence in a 

quasi-2D CsPbBr3 thin film. After careful investigation of the steady-state and time-resolved 

emission/absorption kinetics from multiple perspectives, I show that this material exhibits 

superfluorescence beyond room temperature.  

I further studied the Quantum Analog of Vibration Isolation (QAVI)  model as a potential 

origin for the long-lived electronic coherences in these materials. According to QAVI, the quantum 

state can be protected from external thermal noise sources through a polaron formation and 

therefore has an extended electronic coherence.  

The proposed mechanism raises new research questions. Specifically, it is important to 

show whether QAVI can be used to predict the macroscopic phase transition of other materials. In 

Chapter 6, I performed experiments on three quasi-2D perovskites with different halide 

components. Based on the predictions of QAVI, the material with the lightest halide component 

should have worse characteristics for reaching the superradiant state. The experimental results 

show significant agreement with the predictions of the QAVI mechanism. These promising results 

also show that in the near future, improved understanding of the QAVI model can be used to design 

and discover materials that can exhibit macroscopic quantum phenomena at high temperatures. In 

other words, these exotic quantum phase transitions may no longer be exoticðrather, they will be 

ordinary and will be generated on demand under practical conditions. This can open up a new 
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direction for quantum material and quantum device research because it will accelerate the 

discovery of macroscopic quantum phases in tailored structures.  
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Appendix A: Room Temperature Superfluorescence and its Origins 

Appendix Section 1. Electronic and Spectroscopic Properties of Quasi 2D CsPbBr3 Thin 

Films 

 

PEA:CsPbBr3 is a material classified as a quasi-2D hybrid organic-inorganic perovskite. 

The optical and electronic properties of hybrid perovskites are under intense investigation due to 

potential optoelectronic and photonic applications, including photovoltaics and light-emitting 

diodes(64-67). Here we will briefly describe the structural, electronic, and spectroscopic properties 

of PEA:CsPbBr3 relevant to the observation of superfluorescence (SF).  

Hybrid perovskites are versatile materials. They have a crystalline structure defined by a 

general chemical formula given by ABX3. Here A site is a monovalent cation (for instance, Cs+ or 

methylammonium+). B site is a divalent metal cation (Pb2+), and the X site is a halide anion(68) . 

In this simplest form, they make a 3D crystalline structure, with negatively charged BX6 octahedra, 

stabilized with A cations in a corner-sharing geometry (Fig. A1). The versatility arises from the 

easy substitution of different cation molecules and atoms and anion halides into the chemical 

structure(69). For instance, one can insert long alkylammonium cations, such as 

phenylethylammonium (PEA) and naphthylmethylammonium (NMA) which are too large to fit 

into the lattice. In this case, these long cations separate BX6 octahedra layers forming 2D quantum 

well structures, which are called quasi-2D perovskites.  

a. Absorption Spectra 

In a quasi-2D perovskite structure, 3D domains and different thickness layered 2D domains 

coexist in the thin film. Figure A1c shows the absorption spectra of quasi-2D PEA:CsPbBr3 at 
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χψ ὑ. Because of quantum confinement, the band-gap of the 2D layers is higher than the 3D 

domains, and it decreases by increasing the 2D layer thickness(70). In the spectra, the arrows mark 

the spectral signatures of 2D domains with one-layer (i.e., n=1) and two-layer (n=2) thicknesses. 

The absorption of domains with nσ are hard to resolve due to their energetic proximity to 3D 

domains.  

b.   Emission Spectra 

We performed continuous-wave photoluminescence (CW PL) experiments to investigate 

emission properties of quasi-2D CsPbBr3 thin films. It is important to note that in these material 

systems, the emission is primarily from 3D domains due to fast photoexcitation transfer from the 

high band-gap domains(37, 55). In Fig. A3, we show the CW PL spectra exhibiting a line shape 

with the main feature at ςȢτπ Ὡὠ and a shoulder at ςȢσφ Ὡὠ. We analyzed the fluence dependence 

of these features at χψ ὑ, ςςπ ὑ, and σππ ὑ. Fig. A3b and A3c show the deconvoluted PL intensity 

of these two peaks exhibiting a linear increase with excitation fluence(27, 71).  

Observation of multi-peak emission in perovskite systems is a general phenomenon that is 

still under investigation(72-75). The possible reasons for observing these emissive states are 

internal strain effects(76), radiative recombination of the shallow defect states(74, 76), or structural 

differences such as size distributions(74, 76, 77). 

In Fig. A4, we show the PL spectra where a τππ ὲά pulsed excitation is used to excite the sample. 

Unlike the CW excitation, beyond a certain threshold, a sharp feature arises at around ςȢσφ Ὡὠ. 

We investigated the fluence dependence of this sharp feature at χψ ὑ, ςςπ ὑȟ and σππ ὑ by 

deconvoluting the PL spectra using two Gaussian curves. The results show that the intensity of the 

ςȢσφ Ὡὠ feature increases linearly with excitation fluence. The fluence dependence of the steady-

state and time-resolved PL characteristics, including the time delay (t , burst width (t , time-
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resolved peak intensity and the population kinetics measured using TAS experiments suggest this 

ςȢσφ Ὡὠ feature exhibits SF.  

c. Time correlated single photon counting  

The recombination kinetics of  ςȢτπ Ὡὠ feature in quasi-2D CsPbBr3 thin films was 

measured using time-correlated single-photon counting (TCSPC) at room temperature. Figure A5 

shows the transient of the ςȢτπ Ὡὠ feature and its fit to a mono-exponential decay function 

convoluted with a Gaussian describing the instrument response function (IRF). The extracted 

lifetime of this feature is ρȢπππ ὲίπȢππσ that is in line with the reported values in literature(74, 

77, 78) and very long compared to the lifetime of the ςȢσφ Ὡὠ sharp feature, which is in the order 

of ps. 

 

Appendix Section 2. Analysis of SF Emission 

a. Fluence dependence of the population in 3D domains at different temperatures   

Figures A6-8 show the time-resolved PL traces at χψ ὑȟςςπ ὑ, and σππ ὑ. As the 

excitation fluence increased beyond a threshold at each temperature, we observed the delayed 

second peak rising over the PL. In order to show that this second rising peak exhibits the 

spectroscopic signatures of SF,  it is important to quantify the excitation densities involved in the 

process. In our experiments, we used a τππ ὲά excitation. Since there is exciton funneling from 

higher energy domains to 3D domains in these materials, we use transient absorption spectroscopy 

(TAS) to measure the population in the SF emitting domains and establish the relationship between 

the excitation density and laser fluence.  
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Figure A9-11 shows population dynamics extracted from the TAS data at different 

excitation fluences. First, it is clear that the population in the 3D domains rises to its maximum 

density with 2-3 ps after excitation, indicating the second rise in the PL intensity is not due to 

additional exciton transfer.  

Second, to extract the population in the 3D domains, we deconvoluted the transient 

absorption spectra of quasi-2D CsPbBr3 thin films at three temperatures (χψ ὑ, ςςπ ὑ, and 

σππ ὑ), in Fig. A12. Here the spectra exhibit 3 main features: a negative transmission peak at 

ςȢτω Ὡὠ, and two positive features at around ςȢσφ Ὡὠ and ςȢτπ Ὡὠ. These spectral features of quasi-

2D CsPbBr3 thin films are well studied in the literature(79-81). The population in the 3D domains 

is directly proportional to the intensity of the feature at ςȢσφ Ὡὠ. We fit the spectra to Gaussian 

lines to extract the intensity of this peak at different excitation fluences. We obtained a linear 

relationship between the fluence and the ςȢσφ Ὡὠ TAS population in Fig. A12. We used this 

linearity as a measure to analyze SF signatures at each temperature. All the quantitative analysis 

of the SF feature is done in this linear regime.  

 

b. Quantification of excitation densities at different temperatures   

For a fixed temperature, TAS results provide means to quantitative analysis of the fluence 

dependence of the excitation density because the TAS signal is proportional to the population in 

the 3D domains. However, when temperature varies, the transition dipole moment also changes, 

hence it is not possible to make the population comparison across different temperatures by just 

comparing the signal intensities in TAS spectra. In order to quantify the temperature dependence 

of the threshold excitation densities at different temperatures, one should include the effect of the 

transition dipole moment. To do so, we used the Elliot model, which is widely used in perovskite 
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systems(82-85), and extracted the transition dipole moments at temperatures varying from χψ ὑ 

to σσπ ὑ using the absorption spectrum. 

 

In Fig. A13, we show the absorption spectra of the quasi-2D CsPbBr3 thin film at χψ ὑ, 

ρυπ ὑ, ςςπ ὑ, ςψπ ὑ, σππ ὑ, and σσπ ὑ together with their fits using the Elliot model (Eq.1)(82). 

Here; 
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where ὴ  is transition dipole moment, Ὁ  is the band-gap, Ὁ  is exciton binding energy, 

Ὁ ȟ Ὁ   is the peak position of the exciton level s, and ɜ is the broadening term. 

Elliot model considers contribution from the excitonic band and the continuum band, shown in 

green and magenta dotted lines in Fig. A13. As we increase the temperature, the relative strength 

of transition dipole moments (ὴ ) change from a factor of τȢτρ for χψ ὑ to a factor of σȢψω for 

σσπ ὑ (Fig. A14a). Here, we used the extracted factors as a normalization constant and divided 

the measured differential transmission intensities by the square of these values to properly count 

for the effect of temperature on the population. This analysis was employed to make an SF 

threshold density comparison with increasing temperature (Fig. A14b).  

        

(1) 
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c.  SF Fit Model  

The temporal profile of a superfluorescence pulse with an infinite dephasing time is 

proportional to(12, 26) ;  

       Ὅὸ́  ὔίὩὧὬ
ρ

t
ὸ t  

where  Ὅὸ  is the radiation intensity of the SF formed by  ὔ  number of dipoles; t and t are the 

real width and the delay time of the SF emission(12),(26). ὔ, in our analysis, represents the exciton 

density that is increasing linearly with excitation fluence (Appendix Section 2a). We fitted our 

data to a sum of two ίὩὧὬ ὸ functions for high excitation fluences in order to account for the 

ringing effect.  

 

At below threshold fluences, our experimental results exhibit a PL emission that starts 

rising immediately at zero delay and decay monotonically at all temperatures (χψ ὑ, ςςπ ὑ, and 

σππ ὑ ). At above the threshold, we observe a secondary PL feature rising at a delayed time, i.e., 

it rises on top of the PL trace. For this reason, to analyze our data, we subtracted the below 

threshold PL data from all above threshold data and measured the peak intensity of the delayed 

peak. 

The fitted time traces for χψ ὑ, ςςπ ὑ, and σππ ὑ are shown in Figs. A6-A8. Additionally, 

the obtained peak intensity, t and t values for 220 K are shown in Fig. A15. The black dashed 

lines in Figs. A15d-e are the fits showing  t´   and   t´   as expected from SF theory(12, 

22).  

        

(2) 
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At χψ ὑ, the delay time decreases from  ςσȢπ πȢφ ps to φȢσ πȢρ ps as the excitation 

fluence increases from τȢψ ‘ὐ ὧά  to ρρȢυ ‘ὐ ὧά  while the real width decreases from ρρȢρ

ρȢς ps down to σȢς πȢς ps. 

For ςςπ ὑ as the excitation fluence increase from ρτȢπ ‘ὐ ὧά   to σψȢτ ‘ὐ ὧά , the delay time 

decreases from ςρȢπ πȢς ps to φȢψ πȢρ ps while the real width decreases from ωȢφ πȢτ ps 

down to ςȢψ πȢς ps.  

As the temperature is raised to σππ ὑ, the delay time goes from ρτȢυ πȢτ ps to ψȢσ πȢρ 

ps, and the real width decreases from ψȢσ πȢχ  ps to σȢσ πȢς ps as the fluence is increased.  

d. Fine-step TRPL Analysis 

To investigate the random fluctuations in the emission transients, we did a fine-step TRPL 

experiment from χψ ὑ to σππ ὑ ( Fig. 2, Figs. A16-18). Here interestingly, all temperatures exhibit 

the same random fluctuations that reveal fingerprints of SF(13, 14, 40) (See Fig. A19 for fine step 

TRPL data for MAPbI3 at χψ ὑ). Additionally, to study the threshold dependence of the emission, 

we first measured the PL spectra (Fig. A20-21) then performed a fine-step TRPL at just above 

threshold fluences (Fig.3). The analysis presents that as the temperature is increased to 330 K, the 

delay time decreases, as discussed in Appendix Section 3 (Fig. A22).  

e. Directionality  

Having established the density dependence of the t and  t, we did further analysis to 

show another signature of SF, which is directionality. Although the directionality in SF emission 

studied in earlier systems is determined by the excitation profile, in our sample, since the 3D 

domains are randomly distributed, their size and distribution determine the SF directionality(3, 
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86). Fig A23 shows the PL data collected at χψ ὑ at different angles, as shown in the schematics. 

Here we normalized the spectra with respect to the intensity of the ςȢτπ Ὡὠ PL feature. Since this 

feature is regular PL and is not directional, this normalization helps to account for any waveguiding 

and surface scattering-related effects in directionality. The PL is highly anisotropic, similar to our 

earlier experimental results in MAPbI3(3) . Fig A24 shows that PL intensity is highly asymmetric 

with a higher forward emission compared to backward emission at all temperatures, consistent 

with SF(35). 

  

Appensix Section 3. Theoretical simulations using the Monte-Carlo model  

a. Physical Model 

The theoretical model used in simulations assumes a collection of ὔ two-level systems 

incoherently pumped at the rate  ‎ ὸ ‎ ὩὼὴὸȾὸ  coupled with strength Ὣ to a single 

damped cavity mode with photon lifetime ς‖ . A weak coupling regime (bad cavity limit) is 

considered, i.e., Ὣ  ‖, leading to adiabatic elimination of the cavity mode. In the present 

experimental configuration, the cavity does not exist, and superfluorescent pulses are emitted in a 

random direction, with the emission diagram being strongly perpendicular to the thin film. For 

simplicity, we neglected the propagation effects and used a single-mode approximation to describe 

the dynamics of superfluorescence. 

 

b. Microscopic master-equation simulations for mesoscopic ╝ͯ  

The full quantum-mechanical description for spontaneous emission of an ensemble of N 

two-level systems is governed by dissipative evolution of its density matrix ” described by the 

following master equation(87, 88):        (3) 
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The rate of spontaneous emission into the cavity mode is given by  ὖ ộὐὐỚ with the 

cooperative atomic polarization ὐ ὸ В „ ÅØÐ Ὥ„ ‫ὸ(22), where‏ „ Ὥ„  

represent polarization operators for individual atoms („ȟȟ ὖὥόὰὭ άὥὸὶὭὧὩί. Except for 

possible inhomogeneous broadening, the polarization of the atoms can be additionally destroyed 

by an elastic dephasing process at rate ‎ . It is formulated in terms of projection operators ὖ  

and ὖ  (89) and describes the random rotation of atomic polarization without changes in 

population inversion. Spontaneous emission into continuum modes at a rate ‎  is found to have 

similar impact on elastic dephasing and is neglected in most simulations ‎ π. The master 

equation is solved numerically by the stochastic Monte-Carlo wave-function approach, where the 

continuous dynamics of the wave function of the dimension ς   is interrupted by incoherent pump, 

dephasing, and photon emission events (quantum jumps)(89). The obtained sequences of random 

photon emission events after each excitation pulse are averaged over ὔ ρͯππ  pulses to 

calculate the average intensity  ộὍὸỚ ộὐὸὐὸỚ to simulate the profile of the superfluorescent 
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pulse. The second physical quantity, an average population inversion ộὐὸỚ, mimics the dynamics 

measured in femtosecond time-resolved transmission experiments. 

 

The simulated results are shown in Fig. A25. The simulations have several features that 

mimic the experimental results. First, in Fig. A25a, the simulations show that when the density is 

low, the dephasing rates do not impact the PL traces. This is expected because, below the threshold, 

a macroscopic coherence canôt be built. Hence, disregarding some minor cooperative contributions 

due to superradiance and subradiance(87), the emission is predominantly incoherent. On the other 

hand, when the pump rate is increased, we observe a delayed emission in the simulations. This 

delay time of the peak decreases with an increased dephasing rate. This is similar to our 

experimental results. In the experiment, the dephasing rate increases with temperature. Hence in 

Fig. 3 and Fig. A25b, the delay time of the SF decreases as the temperature increases. We also 

note that the noise in simulated traces exhibits similarities to the experiment, i.e., the emergence 

of enhanced fluctuations in PL intensity. Though, possible fingerprints of famous fluctuations of 

superfluorescent delay times(19) in mesoscopic ensembles of emitters at the ultimate quantum 

level(88) require a more delicate and time-consuming quantitative analysis of experimental data.  
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Appendix Section 4. Figures  

 

 

 

 

Fig. A1: Crystalline structure of quasi-2D CsPbBr3 thin films . a, Scheme of CsPbBr3 perovskite 

crystal structure. b, Scheme of quasi-2D perovskite phases. The gray part is PEA organic cations. n 

denotes the number of layers. c, The absorption spectra of quasi-2D CsPbBr3 thin films taken with a 

UV-Vis spectrometer at χψ ὑ. The peaks for ὲ ρȟςȟσ and σὈ domains are indicated with black 

arrows.  
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Fig. A2: Structure characterization of quasi-2D CsPbBr3 thin films. a, Scanning electron 

microscopy (SEM) image. b, Atomic force microscopy (AFM) image. c, X-ray Diffraction (XRD) 

pattern of lower domains (n=2) and the 3D of the prepared perovskite films at room temperature. 
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Fig. A3: Spectroscopic properties of quasi-2D CsPbBr3. a, CW PL spectra and its fit  

(solid magenta line) using two Gaussian curves with peaks located at around ςȢσφ Ὡὠ and 

ςȢτπ Ὡὠ at χψ ὑ. b, c, Excitation fluence dependence of the deconvoluted ςȢσφ Ὡὠ (b) and 

ςȢτπ Ὡὠ (c) features at χψ ὑ, ςςπ ὑ and σππ ὑ showing a linear relation (black dashed 

lines). The error bars represent 95% confidence intervals for the fitted data. 
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Fig. A4: Fluence dependent PL analysis at different temperatures. Femtosecond 

time-integrated PL spectra of quasi-2D CsPbBr3 thin films measured at different 

excitation fluences at χψ ὑ (a), ςςπ ὑ (c), and σππ ὑ (e). The dotted lines present the 

data at selected fluences for reference. Insets show the lower excitation fluences 

displaying a threshold behavior of the sharp feature. The intensity of this feature 

extracted using Gaussian fits as a function of excitation fluence are shown in (b), (d) 

and (f) at  χψ ὑ, ςςπ ὑ, and σππ ὑ, respectively. The PL intensity exhibits a linear 

dependence shown with black dashed lines. The error bars represent 95% confidence 

intervals for the fitted data. 
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Fig. A5: TCSPC dynamics of quasi-2D CsPbBr3. Below 

threshold long lived PL dynamics of ςȢτπ Ὡὠ feature measured at 

room temperature. 

0 5 10 15

0

10

20
In

te
n

s
it
y
 (

a
.u

.)

Time (ns)

 PL intensity

 Fit



81 

 

 

  

Fig. A6: Excitation fluence dependent TRPL transients at  ╚. a-l, TRPL dynamics of quasi 2D 

CsPbBr3 thin films is displayed at 12 different excitation fluences. The black dashed lines show the fits 

done using the SF model described in the ñSF Fit Modelò section. Panels (a) and (b) show the data at below 

and around threshold fluences exhibiting a monotonic decay behavior. Beyond τȢπ ‘ὐ ὧά  a delayed 

second feature arises. To obtain the delay time and burst width from a clean SF signal, we averaged multiple 

transients, hence the fluctuations are not pronounced.  
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Fig. A7: Excitation fluence dependent TRPL transients at  ╚. a-l, TRPL dynamics of quasi- 

2D CsPbBr3 thin films is displayed at 12 different  excitation fluences. The black dashed lines show 

the fits done using the SF model described in the ñSF Fit Modelò section. Panels (a) and (b) show 

the data at below and around threshold fluences exhibiting a monotonic decay behavior. Beyond 

χȢχ‘ὐ ὧά  a delayed second feature arise. To obtain the delay time and burst width from a clean SF 

signal, we averaged multiple transients, hence the fluctuations are not pronounced. 
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Fig. A8: Excitation fluence dependent TRPL transients at  ╚. a-j, TRPL dynamics of quasi-2D 

CsPbBr3 thin films is displayed at 10 different excitation fluence. The black dashed lines show the fits 

done using the SF model described in the ñSF Fit Modelò section. Panel (a) shows the data at below 

threshold fluence exhibiting a monotonic decay behavior. Beyond σσȢψ ‘ὐ ὧά  a delayed second feature 

arise. To obtain the delay time and burst width from a clean SF signal, we averaged multiple transients, 

hence the fluctuations are not pronounced. 
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Fig. A9: TAS data of quasi-2D CsPbBr3 thin films  at  ╚. TAS dynamics of ςȢσφ Ὡὠ feature at 

excitation fluences a, τȢτ  ‘Ὦ ὧά . b, φȢτ  ‘Ὦ ὧά Ȣ c, φȢψ  ‘Ὦ ὧά . d, χȢς  ‘Ὦ ὧά . e, ψȢπ  ‘Ὦ ὧά . 

f, ρπȢτ  ‘Ὦ ὧά . g, ρςȢπ  ‘Ὦ ὧά . h, ρφȢπ  ‘Ὦ ὧά . i, τπȢπ  ‘Ὦ ὧά . 
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Fig. A10: TAS data of quasi-2D CsPbBr3 thin films  at  ╚. TAS dynamics of  ςȢσφ Ὡὠ feature at 

excitation fluences a, ρςȢσ  ‘Ὦ ὧά . b, ρτȢς‘Ὦ ὧά . c, ςπȢω ‘Ὦ ὧά . d, ςτȢφ ‘Ὦ ὧά . e, σςȢπ ‘Ὦ ὧά . 

f, σωȢτ ‘Ὦ ὧά . g, φρȢυ ‘Ὦ ὧά . h, ψφȢρ ‘Ὦ ὧά . i, ρςσȢρ ‘Ὦ ὧά . 
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Fig. A11: TAS data of quasi-2D CsPbBr3 thin films  at  ╚. TAS dynamics of the ςȢσφ Ὡὠ feature at 

excitation fluences a, φȢρ  ‘Ὦ ὧά . b, σπȢχ  ‘Ὦ ὧά . c, σφȢω  ‘Ὦ ὧά Ȣ d, τφȢρ  ‘Ὦ ὧά . e, φρȢτ  ‘Ὦ ὧά . 

f, χφȢψ  ‘Ὦ ὧά . g, ψτȢυ  ‘Ὦ ὧά . h, ρπχȢυ ‘Ὦ ὧά .  i, ρυσȢφ  ‘Ὦ ὧά . 
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Fig. A12: Pump-probe spectroscopy analysis at different temperatures. The transient absorption 

spectra of quasi-2D CsPbBr3 thin films at around 2 ps deconvoluted using three gaussian curves shown 

with dashed lines at a fluence of υȢφ ʈ* ÃÍ  at χψ ὑ (a), ςπȢω ʈ* ÃÍ  at ςςπ ὑ (c) and φρȢτ ʈ* ÃÍ  

at σππ ὑ (e). The extracted peak intensity of the ςȢσφ Ὡὠ feature as a function of excitation fluence 

exhibits a linear dependence (black dashed lines) up to 16.0 ʈ* ÃÍ  at χψ ὑ (b), 39.4 ʈ* ÃÍ  at ςςπ ὑ 

(d), 92.2 ʈ* ÃÍ  at σππ ὑ (f) and then saturates beyond. The error bars represent 95% confidence 

intervals for the fitted data. 
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Fig. A13: Absorption spectra of the quasi-2D CsPbBr3 perovskite films at different 

temperatures. a-f, The UV-Vis spectra with their fits to Elliot model at;  χψ ὑ (a), 150 ὑ (b), 

ςςπ ὑ (c), ςψπ ὑ (d), σππ ὑ (e) and  σσπ ὑ (f). The contribution from the excitonic band and 

continuum band are displayed with green and magenta dotted lines, respectively.  
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Fig. A14: Temperature dependent transition dipole moment and relative differential 

transmission intensity. a, The transition dipole moments of quasi-2D CsPbBr3 perovskite 

thin films extracted by fitting the UV-Vis spectra with Elliot model at temperatures 

varying from χψ ὑ to σσπ ὑȢ b, Comparison of the slightly above threshold population 

values at 7ψ ὑ to σσπ ὑ. The effect of the temperature is excluded by using the transition 

dipole moments extracted from Elliot model. The data shows the relative population 

values with respect to χψ ὑ data in order to compare the SF threshold populations at 

different temperatures. The error bars represent 95% confidence intervals for the fitted 

data. 
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Fig. A15: Fluence dependence of SF signatures of quasi-2D CsPbBr3 thin films . a-b, The 

fluence (F) dependence of the peak intensity of the transient PL extracted from SF fits at χψ ὑ (a) 

and σππ ὑ (b). The black dashed lines show the superlinear increase up to χȢχ ‘ὐ ὧά  and 

υσȢψ ‘ὐ ὧά  for χψ ὑ and σππ ὑ respectively. c, The fluence dependence of the peak intensity of 

the transient PL extracted from SF fits at ςςπ ὑ. The data saturates beyond ςφȢω ‘ὐ ὧά . d, e, 

Fluence dependence of the delay time (d) and real width (e) values extracted from SF Fit model for 

ςςπ ὑ. The black dashed lines are the fits showing  
 

 (d) and   (e) dependence. The error bars 

represent 95% confidence intervals for the fitted data. 
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Fig. A16: Fine-step time-resolved PL of quasi-2D CsPbBr3 thin films at  ╚. The TRPL data of 

ςȢσφ Ὡὠ  feature at excitation fluences a, Below the threshold υȢψ ‘Ὦ ὧά  decaying monotonically. b, 

Slightly above the threshold ( ωȢφ ‘Ὦ ὧά ) exhibiting a delayed secondary rise with giant fluctuations on 

the top of PL peak. c,d, Above threshold (ρρȢσ ‘Ὦ ὧά  and ρφȢσ  ‘Ὦ ὧά ) denoting fluctuations more on 

the rise and less on the decay. e, ςπȢω ‘Ὦ ὧά   displaying the diminishing fluctuations and Burnham-Chiao 

ringing behavior. 
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Fig. A17: Fine-step time-resolved PL of quasi-2D CsPbBr3 thin films  at  ╚. The TRPL data of 

ςȢσφ Ὡὠ  feature at excitation fluences a, Below the threshold χȢτ ‘Ὦ ὧά  decaying monotonically. b, 

Slightly above the threshold (ρσȢτ ‘Ὦ ὧά ) exhibiting a delayed secondary rise with giant fluctuations on 

the top of PL peak. c, Above threshold (ρτȢσ ‘Ὦ ὧά ) denoting fluctuations more on the rise and less on 

the decay. d,.e, ρχȢτ  ‘Ὦ ὧά  (d) and ςπȢπ ‘Ὦ ὧά  (e) displaying the diminishing fluctuations and 

Burnham-Chiao ringing behavior. 
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Fig. A18:  Fine-step time-resolved PL of quasi-2D CsPbBr3 thin films  at  ╚. The TRPL data of 

ςȢσφ Ὡὠ  feature at excitation fluences a, Below the threshold ρχȢσ ‘Ὦ ὧά  decaying monotonically. b, 

Slightly above the threshold (στȢφ ‘Ὦ ὧά ) exhibiting a delayed secondary rise with giant fluctuations on 

the top of PL peak. c, Above threshold (σφȢυ ‘Ὦ ὧά ) denoting fluctuations more on the rise and less on 

the decay. d,.e,  ττȢς  ‘Ὦ ὧά  (d) and  φρȢτ ‘Ὦ ὧά  (e) displaying the diminishing fluctuations and 

Burnham-Chiao ringing behavior. 
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Fig. A19: Time-integrated and time-resolved PL data of MAPbI3 thin film  at ╚. a, Time-

integrated PL spectra at different excitation fluences measured simultaneously with TRPL data. 

b, Time-resolved PL dynamics at different excitation fluences exhibiting fluctuations mainly on the 

rising edge of the PL dynamics at lower fluences. As the fluence is further increased the fluctuations 

decrease although they are  still dominant in the rise compared to the decay.  
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Fig. A20: Time-integrated PL spectra measured simultaneously with fine-step TRPL. PL of 

quasi-2D CsPbBr3 thin film measured at different excitation fluences at; a, χψ ὑ. b, ρυπ ὑȢ c, 

ςςπ ὑȢ d, ςψπ ὑȢ e, σππ ὑȢ    
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Fig. A21: PL spectra measured simultaneously with fine-step TRPL. Normalized time-

integrated PL of quasi-2D CsPbBr3 thin film measured just above the threshold excitation 

fluences at; a, χψ ὑȢ b, ρυπ ὑ. c, ςςπ ὑȢ d, ςψπ ὑȢ e, σππὑȢ and f, σσπὑȢ        
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Fig. A22: Temperature-dependent delay time of fine-step 

TRPL traces. The longest measured delay times of quasi-2D 

CsPbBr3 thin film at slightly above threshold fluences (Fig. 3) 

extracted using SF Fit model. The error bars represent 95% 

confidence intervals for the fitted data. 
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Fig. A23: Angle dependent PL spectra of quasi-2D CsPbBr3 thin films  at  ╚. a, 

Experimental schematics displaying the angle dependent detection of the PL emission. 

b, Angle dependent spectra of the SF emission at an excitation fluence of φȢρτ ‘Ὦ ὧάς 

normalized with respect to isotropic PL. 
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Fig. A24: Time-integrated PL measured at forward and backward directions. a-c, PL spectra of quasi-

2D CsPbBr3 thin films exhibiting asymmetric forward and backward emission at ρπȢρ ‘Ὦ ὧάς at χψ ὑ 

(a),  σπȢχ ‘Ὦ ὧά at  ςςπ ὑ (b) , τωȢω ‘Ὦ ὧάς at σππ ὑ (c). A dichroic beam splitter  (425 nm short 

pass)  is employed in the path to excite the sample and collect the backward emission. 
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Fig. A25: Quantum Monte-Carlo Simulations below and above the SF threshold. PL 

transients obtained at two different dephasing rates ( ‎ †) for ὔ ρς; a, At pump rate ‎†

ρπ , ὸ πȢρ† and b, At pump rate  ‎† ωπ , ὸ πȢρ† .The time axis is in the unit of 

characteristic time  †  of single-dipole spontaneous emission. 


