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Abstract 

Investigating the Spectroscopic Properties of Lead-Halide Perovskite Nanocrystals for 

Advancements in Solid-State Laser Cooling 

By 

Abdullah S. Abbas 

Doctor of Philosophy in Engineering –  Materials Science and Engineering 

University of California, Berkeley 

Professor A. Paul Alivisatos, Chair 

This dissertation will delve into the concept laser cooling in solid-state semiconductors, 
showcasing a remarkable application of photonics operating at the thermodynamic limits. 
Originally conceptualized by Pringsheim in 1929, laser cooling has attracted significant attention 
ever since. While its success has been demonstrated in atomic systems, enabling groundbreaking 
insights into quantum mechanics, it was not until 1995 that the first successful of solid-state laser 
cooling was realized in rare-earth-based materials. This achievement paved the way to explore a 
broader range of solid-state materials. In solid-state laser cooling, the process involves the 
absorption of sub-bandgap photons, coupled with the absorption of phonon energy, to excite a 
valence electron to the conduction band. An anti-Stokes photoluminescence (ASPL) emission is 
followed sequentially, which completes the cycle of phonon annihilation. This cycle leads to a 
reduction in the material’s temperature. Despite extensive research, confirmed instances of laser 
cooling in semiconductor materials remain elusive. 
 
Here, our exploration will begin with a thorough examination of semiconductor nanomaterial 
candidates. Among extensively researched nanomaterials, lead-halide perovskite nanocrystals in 
particular exhibit exceptional optoelectronic properties owing to their efficient up-conversion and 
near-unity photoluminescence quantum yield, both essential factors for realizing laser cooling, 
positioning them as a prime material for advancing the field of solid-state laser cooling. 
 
The investigation will start with examination of the sequential processes crucial for solid-state 
laser cooling. Initially, the up-conversion efficiency will be quantified, followed by a 
comprehensive comparative analysis of different halide perovskite nanocrystals. Then rigorous 
investigations of phonon modes in pure and mixed halides will be followed to reveal the dynamics 
in steady-state and excited states. After up-conversion efficiency quantification and electron-
phonon dynamics investigation, we will study the quantum confinement effect on the radiative 
lifetimes in perovskite nanocrystals. The ASPL process relies on the emission of photons upon 
exciton radiative recombination. Thus, it is essential to shorten the radiative lifetime to reduce the 
likelihood of non-radiative pathways, which results in undesired heating.  
 



 

 2 

After demonstrating the promising potential of lead-halide perovskite nanocrystals for solid-state 
laser cooling applications, we will conduct experimental laser cool trials. We will develop a special 
setup that will directly and precisely measure any temperature changes. The setup will incorporate 
a highly sensitive infrared camera, enabling direct monitoring of temperature variations upon 
photoexcitation of the nanocrystals with sub-bandgap photons. We then will document our laser 
cooling attempts and analyze the outcomes. This analysis will include a comparison of different 
sample preparation methods and their impact on achieve a net laser cooling. Through this 
comprehensive thesis, we aim to contribute invaluable insights into the practical realization of 
laser cooling using lead-halide perovskite nanocrystals. 
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Chapter 1. Introduction 
 
 
Since it was proposed in 1929 by Pringsheim1, optical refrigeration, also known as laser cooling, 
has drawn significant attention due to its advantages and cost effectiveness over traditional 
mechanical refrigeration. Initial work since the proposal was focused on cooling atoms in gaseous 
phase in which radiation pressure from light could reduce the translational motion of the gases 
causing their temperature to drop2,3. This type of cooling gases is known as Doppler cooling in 
which randomly moving atoms in the gas phase is exposed to off-resonance radiations from all 
directions (Figure 1.1a). When a moving atom encounter a photon travelling in the opposite 
direction, the photon undergoes a wavelength shortening due to Doppler effect and becomes in 
resonance with atom’s absorption transition energy. (Figure 1.1b). The atom then emits the photon 
in a random direction, thus, reducing its average velocity which in turns reduces its temperature. 

 
Figure 1.1: Doppler cooling mechanism. Doppler cooling mechanism where an atom in gas 
phase with a specific transition state is exposed to (a) off-resonance radiations from all directions, 
and (b) when the atom moves and meets a photon that is moving in the opposite direction, it 
appears of in-resonance due to Doppler effect and an absorption occurs. Upon photon emission 
from the atom in a random direction, the atom average velocity is reduced, thus reducing its 
temperature. 

a

b
E

E
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Although Doppler cooling has enabled numerous quantum mechanical investigations, it is limited 
to moving atoms in gaseous phase and does not allow its integration, for instance, into 
optoelectronic devices. 
 
Another cooling mechanism that allows solid-state materials to be cooled is through the 
annihilation of lattice vibrations, also known as  phonon, through anti-stock luminescence4,5. The 
mechanism simply relies on laser excitation of an electron with sub-bandgap photon to a shallow 
defect state, then the electron absorbs phonon from the materials to transition to the minimum of 
the conduction band. Once the electron is at the minimum of the conduction band, a radiative decay 
to the maximum of the valence band will produce photon with higher energy (i.e. anti-stock 
luminescence) that is the sum of the sub-bandgap photon and phonon, thus annihilating the lattice 
vibration and reducing the temperature of the material. Figure 1.2 illustrates the anti-stock 
processes. One must note that it is possible for the electron to thermally decay to the trap state and 
either gets excited back to the minimum of the conduction band through phonon absorption, or 
decay non-radiatively causing heat emission, which is undesirable. This radiative and non-
radiative competition is the bottleneck for observing net cooling in solid-state semiconductor 
materials and significant work has been done to prevent non-radiative processes through chemical 
and engineering techniques as well be discussed in the coming sections. It is worth noting that this 
schematic in Figure 1.2 is simplified and not accurate; more accurate schematic and description of 
the up-conversion processes are described in later chapters. 

 
Figure 1.2: Phonon annihilation through anti-stock luminescence. An electron absorbs sub-
bandgap photon and transitions to a shallow trap state, then an extra absorption of phonon kicks 
the electron to the minimum of the conduction band where the electron can radiatively recombine 
and produce anti-stock emission with energy that is the sum of the absorbed photon and phonon, 
thus removing some lattice vibration and thus reducing the temperature. Possible non-radiative 
route is through the re-trapping of the electron back to the defect state and then down to the 
maximum of the valence band with a decay rate, kr. 
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1.1 Motivation 
 
Although other techniques for cooling already exists, such as mechanical refrigerator and 
thermoelectric cryostat, they are either difficult to integrate into other devices or limited to how 
cold of temperature they can reach. Solid state optical refrigeration overcomes both challenges by 
their ability to cool below 100 K and can be processed and integrated with other devices. Some 
current and potential applications of optical refrigeration is shown in Figure 1.3. Figure 1.3a 
illustrates a quantum material in which each energy level is very temperature sensitive; thus, a 
constant temperature, usually very low temperature, is needed6. Figure 1.3b shows a high-power 
laser that generate excessive heat, and when coupled with materials that can laser cool, it 
potentially can have no internal heating7. Thus, it is very imperative to always ensure a constant 
temperature for these applications, and that’s where optical refrigeration can play a major role. 

 
Figure 1.3: Potential applications to utilize laser cooling. (a) Temperature sensitive energy 
levels schematic of the nitrogen vacancy center6. (b) High-power laser internal cooling7. 
 
1.2 Current State of the Art 

1.2.1 Rare-earth Solids 

 
All solid-state materials for laser cooling has been sought for several years since the proposal of 
reducing the temperature through anti-stock emission in 1929, and not until 1995, Epstein and co-
workers has demonstrated the first solid state laser cooling with rare-earth solid, namely Yb3+ 
dopants in a fluorozirconate glass (ZBLANP:Yb3+)8. Since then, successful solid state laser 
cooling was achieved as shown in Figure 1.4a5, and a different system was developed made of 
Yb3+-doped yttrium lithium fluoride (YLF) crystals that ultimately allowed reaching a cryogenic 
temperature of 89 K in 2013 (Figure 1.4b)9. This 89 K is essentially the minimum achievable 
temperature (MAT) for rare-earth doped materials, and this limit stems from the fact that the rare-
earth element’s electron populations at the top of the ground state follows Boltzmann statistics and 
decreases drastically when temperature is below 100 K10. Therefore, considerable attention has 
been shifted to semiconductors since their electronic population in the valence band remains 
populated even at absolute zero, as semiconductors follow Fermi-Dirac statistics10. 

a b
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Figure 1.4: Laser cooling in rare-earth materials. (a) Rare-earth doped glass/crystal laser 
cooling milestone5. (b) Cooling efficiency contour map where cooling and heating are indicated 
by the blue and red regions, respectively. The 89 K temperature signify the minimum achievable 
temperature (MAT)9. 

1.2.2 Semiconductors Solids 
 
Despite rare-earth solids reaching cryogenic temperature, their MAT as well as their complicated 
processing to integrate them to potential optoelectronic devices make them not ideal. 
Semiconductors, on the other hand, is known to reach temperatures of ~10 K or below10, and they 
can easily be integrated into optoelectronic devices. Also, semiconductor solids have large 
absorption coefficient, making them ideal for the phonon annihilation through anti-stock 
luminescence11. 

 
1.2.2.1 Bulk Semiconductors 
 
Initial work on semiconductors to realize laser cooling was done on bulk GaAs12,13. To observe 
net cooling, the non-radiative pathways must be suppressed to prevent any undesirable heating. 
GaAs thin film tend to suffer from low overall internal quantum yield (IQY) due to the presence 
of surface recombination5. Significant optimizations were done to remove any surface 
recombination sites through different growth and surface chemical treatment, and that helped 
improve the quantum efficiency to 96%12. Another issue of GaAs is the large refractive index that 
if interfaced with air, emitted photons can be trapped and can’t easily be extracted; thus, refractive 
index matching, and structure engineering is required. Figure 1.5a shows the GaAs in an LED 
structure in which a layer of GaInP is added to form a heterostructure with GaAs to help with 
refractive index matching, and a ZnSe hemisphere is added to assist in light extraction. Despite all 
the surface treatment and refractive index matching, no net cooling was observed for GaAs thin 
film12. Additional work that followed where the quantum efficiency was improved to 99.5% after 
further optimization of the structure, but as shown in Figure 1.5b, no net cooling was observed, 
and it was concluded that the reason behind that could be due to some parasitic sub-bandgap 
absorption that led to heating5,13. 

a b
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Figure 1.5. Bulk semiconductor. (a) Schematic of index matching layers for GaAs and the 
hemisphere that is added to help extract light12. (b) Optical scanning calorimetry measurement 
done at 100 K for GaAs/GaInP double heterostructure showing no net cooling for various 
excitation wavelengths13. 
 
1.2.2.2 Colloidal Nanocrystals and Nanostructures 
 
To avoid the need for refractive index matching as well as complicated structure engineering, 
colloidal nanocrystals and nanostructures possess superior quantum efficiency, ease of synthesis, 
and due to their small size, photons can easily escape. An example of a semiconductor 
nanomaterial that has shown a net cooling is the CdS nanobelts4. Key characteristics of CdS 
nanobelts that make them a good candidate for laser cooling are: “low carrier mobilities, low 
associated surface recombination velocities, smaller Auger coefficient, and strong exciton–LOP 
coupling”4,5. Figure 1.6a and b show temperature change over time when the sample initially 
started at 290 K and 100 K, respectively. The sample was excited with sub-bandgap and over-
bandgap. Figure 1.6a shows net cooling when the sample is excited with sub-bandgap laser, 
especially the 514 nm excitation source. When the sample is started at 100 K, the 514 nm excitation 
became off-resonance with the sub-bandgap state and resulted in net heating instead (Figure 1.6b). 
Additionally, the excitation laser power needs to be low to avoid: (1) two-photon absorption that 
would bypass the needed phonon absorption, and (2) the non-radiative auger recombination. 
Figure 1.6c shows the power dependence anti-stock emission at 290 K where we can see two 
regime: first linear region indicating single photon absorption, and second region adopts a power-
law behaviour indicating two-photon-absorption-induced emission4. Overall, Figure 1.6 shows net 
cooling of DT = 40 K for CdS nanobelts4. 

a bEQE = 96% EQE = 99.5%
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Figure 1.6. Laser cooling measurement on CdS nanobelts. Temperature change over time under 
off-resonance excitations when the sample is at (a) 290 K and (b) 100 K4. Power dependence of 
the anti-stock emission for off-resonance excitation showing linear regime for low power and 
power-law behavior at higher power4. 
 
Other semiconductor nanomaterials that have showed net cooling are 2D and 3D organic-based 
perovskite platelets. With similar experimental setup as the CdS nanobelts, Figure 1.7 shows the 
temperature change over time when the samples are under off-resonance excitation (both sub- and 
over-bandgap)11. Figure 1.7a shows the 3D perovskite showing a net cooling of 23 K when excited 
with about 10-15 nm off-resonance, while Figure 1.7b shows the 2D perovskite showing a net 
cooling of 58.7 K when excited with 15 to 35 nm off-resonance11. 

Figure 1.7. Laser cooling measurement on perovskites. Temperature change over time for (a) 
3D MAPbI3 with emission peak at 770nm (b) and 2D PhEPbI4 with emission peak at 530nm, 
excited with off-resonance and net cooling was observe for only sub-bandgap excitations. 
 
Even though the previous two semiconductor nanomaterial examples showed net cooling, a debate 
is still ongoing on whether the measurements of the temperature changes were done correctly. The 
CdS nanobelts and the perovskite platelets samples showed net cooling and heating within minutes 

a b c

a b
ΔT = 23.0 K ΔT = 58.7 K

3D MAPbI3, λem = 770nm 2D PhEPbI4, λem = 530nm
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timeframe while the expected rates, which was also computationally confirmed, are within 
milliseconds5,14. This discrepancy certainly has caused a confusion whether it is possible to 
observe net cooling in semiconductor nanomaterials; nonetheless, it has made the community more 
intrigued to work toward observing net cooling in semiconductors. 
 
1.3 Lead-Halide Perovskite Nanocrystals  
 
All inorganic cubic perovskite nanocrystals with the formula of ABX3, where A is typically 
Cesium, B is a metal such as Lead and X for halide ions (Figure 1.8a), was first made in colloidal 
form in 2015, and has drawn significant attention ever since due to its ease of synthesis, narrow 
emission, and high as-synthesized photoluminescence quantum yield (PLQY), along with the 
ability to tune the bandgap through composition engineering (Figure 1.8b-d)15. The PLQY and 
lifetime of these colloidal nanocrystals are shown in Figure 1.8e, which are considerably 
remarkable considering them being as-synthesized without post-synthetic surface treatments16. 
Additionally, it has been shown that perovskite nanocrystals exhibit efficient up-conversion5,17. 
Therefore, perovskite nanocrystals have the potential for laser cooling application. However, due 
to the ionic nature of the crystal structure, perovskite suffers from stability against oxygen and 
moisture that tends to drastically decrease their PLQY. Aside from stability, perovskite 
nanocrystals tend to have surface defects, usually halide vacancy. The following section discusses 
the defects in lead-based perovskite nanocrystals. 
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Figure 1.8. Colloidal perovskite nanocrystals15. (a) CsPbBr3 nanocrystal showing a cubic crystal 
structure with a TEM image of one nanocrystal and a superlattice of cubes. (b-d) XRD, 
photoluminescence, and absorption overlapped with photoluminescence spectra of different halide 
compositions showing the bandgap tunability. (e) Time-resolved photoluminescence decay of 
perovskite nanocrystals with different compositions. 
 

1.3.1 Defects in Perovskite Nanocrystals 
 
These as-synthesized perovskite nanocrystals tend to have significant surface defects due to its 
ionic nature and small sizes18. Different perovskite composition tends to be more sensitive to the 
surface defects than the others. Figure 1.9a illustrates the effect of Cl-, Br-, and I- halide vacancies 
on the quantum yield, where we can see the perovskite made with iodine is insensitive to the 
vacancy concentrations18. Also, from the Density Functional Theory (DFT) calculations in Figure 
1.9b, we can see that the perovskite with I- vacancy has a much shallower trap states, which could 
result in less trapping and reduce the non-radiative pathway. Additionally, we can see that the 
bandgap of the iodine based is much smaller, reducing the possible heat energy that could be 
produced in the case of an inevitable non-radiative recombination. Therefore, with the higher 
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tolerance to surface defects, the iodine-based perovskite seems to be a better candidate for laser 
cooling. However, iodine, due to its large ionic radius, tends to migrate and that could result in 
ionic defects that potentially could be detrimental19, so a locking shell mechanism might be needed 
to avoid any ion migrations20,21. 
 

 
Figure 1.9. Defects in perovskite nanocrystals18. (a) Defect effects on the quantum yield for 
perovskite nanocrystals with different halide compositions. (b) Density functional theory (DFT) 
calculations for different halides vacancies showing their relative position within the bandgap. 
 
Significant work has been done to prepare perovskite nanocrystals with near-unity PLQY. Since 
most of the defects in perovskite nanocrystal are surface defects, different surface treatments have 
been applied. An example of a surface treatment that showed significant improvement in PLQY is 
through chemically etching nanocrystal surface22. Figure 1.10a-b shows drastic improvement in 
PLQY and lifetime after etching the surface of the CsPbBr3 with thiocyanate22. Figure 1.10c is a 
photothermal deflection spectroscopy (PDS) measurement, in which very shallow traps can be 
resolved, showing the elimination of the trap states after etching22. 
 

 
Figure 1.10. Perovskites surface etching22. Perovskite nanocrystals before and after chemical 
etching showing improvement in (a) emission and PLQY, (b) reduction in the non-radiative decay, 
and (c) the elimination of surface defects as shown in the PDS measurements. 
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Despite the great improvements with the chemical etching route, it requires a tedious and precise 
control over the etchant agents. Therefore, other approaches have been investigated to increase the 
halide content to reduce surface halide vacancies and ensure lead atoms are fully coordinated. The 
original colloidal synthesis of perovskite nanocrystals relies on using lead halide salts, such as 
PbBr2, which makes it hard to increase only the halide content. One way is to decouple every 
element into their own source so that we can have a better control over the stoichiometric ratios. 
An experimental method has been developed where halide ions were introduced through benzoyl 
molecules (i.e., benzoyl halides)23. 
 
1.4 Experimental Methods 
 

1.4.1 Chemicals 
 
Lead (II) acetate trihydrate (PbOAc2•3H2O, 99.999%), oleylamine (OAm, 70%), 1-octadecene 
(ODE, 90%), and benzoyl bromide (BzBr, 97%) were purchased from Sigma-Aldrich. Cesium 
carbonate (Cs2CO3, 99.9%, Metal basis) and oleic acid (OA, 90%) were purchased from Thermo 
Scientific Chemicals. Other chemicals used include anhydrous toluene (99.8%) and hexane. 
 

1.4.2 Synthesis 
 
CsPbBr3 nanocrystals were synthesized following a slightly modified version of previously 
published procedures15,23. Briefly, ODE (10 ml), oleic acid (0.6 ml), oleylamine (2 ml), PbOAc2 
(0.4 mmol) and Cs2CO3 (0.06 mmol) were loaded in a 50 ml round-bottom flask, degassed, and 
heated at 120 oC for 1 hr. Then, under nitrogen, the temperature was raised to 140 oC for 15 min 
followed by degassing at 120 oC for 10 min. The injection temperature was then set at 200 oC, 
under nitrogen, and BzBr (1.7 mmol) solution was injected swiftly. CsPbBr3 nanocrystals formed 
almost instantly but were allowed to grow for 30-40 seconds before quenching in an ice-water 
bath. The nanocrystals were cleaned in an inert environment via successive precipitation at 10 k 
rpm without antisolvents and dissolution using toluene. Nanocrystals were stored in 5 ml toluene. 
 

1.4.3 Critical Quantum Yield 
 
To observe net cooling in solid state, the non-radiative pathways must be eliminated. These non-
radiative pathways are usually a result of undesirable defects. A key parameter for assessing the 
quality of the material is through measuring the photoluminescence quantum yield (PLQY) 
coupled with lifetime measurements. PLQY is a measure of how much light is absorbed compared 
to how much is emitted, and we can relate it to the decay rates of both radiative and non-radiative 
as follow: 
 

𝑃𝐿𝑄𝑌 =
𝑃ℎ𝑜𝑡𝑜𝑛	𝑜𝑢𝑡
𝑃ℎ𝑜𝑡𝑜𝑛	𝑖𝑛 =

𝑘!
𝑘! + 𝑘"!
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where kr and knr are the radiative and non-radiative decay rate, respectively. With the competition 
between cooling and heating energies, a critical quantum yield exists in which a material must be 
equal to or be greater. This critical quantum yield relation is as follow: 
 

𝑄𝑌#!$% = /
𝐸& − ∆𝐸
𝐸&

3 4
𝜂'()* + (1 − 𝜂'()*)𝑓

𝜂'()*
: 

 
where Eg is the bandgap energy, DE is the detuning energy of the laser away from the resonance 
frequency, hASPL is the up-conversion efficiency, and f is the fraction of excitations that was not 
upconverted or recombined nonradiatively5. Table 1.1 below lists different semiconductor 
nanomaterials and their critical quantum yield with different laser detuning energy. 
 
Table 1.1: Critical quantum yield5. Critical quantum yield for different nanocrystal systems 
under laser excitation detuned to 25 meV and 100 meV. The longitudinal optical phonon energy 
is shown to illustrate the relative energy that can be absorbed from the phonon for the up-
conversion. 

 

1.4.4 Measurement Techniques 

 
1.4.4.1 Photoluminescence Quantum Yield (PLQY) 
 
One of the earlier common PLQY measuring methods is the relative quantum yield measurement 
by which an organic dye with a known quantum yield is compared against a sample with unknown 
quantum yield24. Although the relative quantum yield measurement is easily done, there are many 
ways of introducing human errors, for example, inconsistent concentrations and contamination in 
the organic dye. 
 
Another common method is the integrated sphere, in which the sample is placed in a non-absorbing 
sphere that also scatters light in random direction and has an exit coupled to a fiber optic to the 
detector. The photon counts that were was absorbed by the sample solution is compared with the 
reference solvent. Even though the integrated sphere method is more accurate than the relative 
quantum yield measurement, it introduces, on average, and error of about 2%, which is acceptable 
for most applications, but not for laser cooling25. As shown in Table 1, being off from near-unity 
by 2% puts the quantum yield well below the critical quantum yield25. 
 
1.4.4.2 Laser Cooling Apparatus 
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To avoid relying on any indirect measurements of temperature change such as through the use of 
thermocouple or Raman signal shifts, we set up an apparatus that can detect a change in 
temperature directly in a contactless manner. Sample is placed in a thermally insulating cuvette or 
film and a sensitive infrared (thermal) camera is placed in close proximity to detect any change in 
temperature within ±0.1	℃. Figure 1.11 shows the setup. 
 

 

 
Figure 1.11: Direct laser cooling measurement setup. (a) Front and (b) side views of the optical 
table where the laser cooling measurements are conducted. (c) Schematic showing the laser path 
to the sample that is also getting back reflected by an optical mirror along with a sensitive thermal 
camera in close proximity to the sample to detect any temperature change. 
 
1.5 Thesis Organization 
 
This thesis uses a systematic approach at tackling a multidecade problem regarding laser cooling 
in solid-state semiconductor materials. This work seeks to fill a gap in knowledge relating essential 
sequential processes to observing net laser cooling, specifically, in nanocrystals, commonly known 
as quantum dots. These sequential processes involve phonon-driven up-conversion of valence 
electrons followed by anti-Stokes photoluminescence (ASPL). The ASPL has a radiative lifetime 
and is an important parameter. We use size-dependent quantum confinement effect to tune the 
radiative lifetimes. We couple the up-to-date advances with the work addressed in the chapters of 
this thesis to attempt laser cooling in nanocrystals. 
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 In chapter 2, we will discuss the efficient up-conversion in CsPbBr3 perovskite 
nanocrystals, investigate the responsible phonon modes, and study the electron-phonon coupling. 
We will deploy steady-state and time-resolved techniques to quantify the up-conversion efficiency 
as well as extract the phonon mode. 
 
 In chapter 3, we extend the work in chapter 2 to encompass other pure halide perovskites, 
namely, CsPbCl3 and CsPbI3 perovskite nanocrystals. Along quantifying the up-conversion 
efficiency, we will extract the different phonon modes for each halide system. 
 
 In chapter 4, we further study the effect of mixing halides on the up-conversion efficiency 
and quantify the phonon energies coupled to the up-conversion process. 
 
 In chapter 5, we rigorously study the effect of nanocrystal size on radiative lifetime. We 
utilize steady-state, time-resolved, molecular dynamics, and electronic structure calculations to 
understand the origin of size-dependent radiative lifetime in perovskite nanocrystals. We will 
showcase this size-dependent radiative lifetime to occur in other common nanocrystals system, 
such as III-V (e.g. indium phosphide, InP) and II-VI (e.g. cadmium selenide, CdSe) nanocrystals. 
 
Finally, in chapter 6, we will report attempts at laser cooling perovskite nanocrystals with a new 
measurement setup. We will also provide insight on future work.  
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Chapter 2. Efficient Up-Conversion in 
CsPbBr3 Nanocrystals via Phonon-Driven 
Exciton-Polaron Formation 
 
 
2.1 Introduction 
 
Lead halide perovskite nanocrystals have emerged as a highly promising semiconducting 
nanomaterial for phonon-driven up-conversion, owing to their ease of synthesis and near-unity 
photoluminescence quantum yield (PLQY) 5,15,17,18,22. In phonon-driven up-conversion, a phonon 
is annihilated upon sub-bandgap light absorption to arrive at an excited state population followed 
by anti-Stokes photoluminescence (ASPL), where the emitted photon energy is higher than that of 
the excitation photon (Scheme 2.1). Once an electron undergoes up-conversion to arrive at the 
conduction band edge, radiative emission without generation of a phonon leads to an overall 
reduction in phonon population, while non-radiative recombination results in phonon generation. 
 

 
Scheme 2.1: Energy band diagram of CsPbBr3 nanocrystals26 illustrating the up-conversion 
process and anti-Stokes photoluminescence (ASPL). Electronic states form due to lattice 
vibrations and are thermally populated, for example with bending mode phonons27. Sub-bandgap 
phonon-assisted light absorption promotes a valence electron to the conduction band and 
subsequent ASPL decreases the phonon population. 
 

Among promising semiconducting nanomaterials candidates for up-conversion5, cesium 
lead tribromide (CsPbBr3) perovskite nanocrystals exhibit substantial up-conversion 
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efficiencies5,15,17, as well as a remarkably low trap density and high tolerance for shallow surface 
defects, which contribute to their near-unity PLQY19,28,29. On an ensemble and single-particle 
level, CsPbBr3 nanocrystals can up-convert with efficiencies up to 75% when the excitation source 
is detuned below the gap by 23 meV17. However, the phonon-assisted up-conversion process is 
particularly delicate and complex because more vibrational degrees of freedom create a larger hot 
thermal population to excite, but these same degrees of freedom tend to abrogate 
photoluminescence in favor of non-radiative relaxation. Additionally, coherent phonon 
oscillations have been directly observed in layered perovskites30,31, and a recent report on quasi-
two-dimensional perovskites showed that the coherent oscillations are involved in the up-
conversion process of carriers32. 

 
Here, we deploy a combination of steady-state and excited-state measurements to resolve the 

specific phonons involved in the efficient up-conversion process within CsPbBr3 nanocrystals, 
determine up-conversion efficiency at different detuning energies, and investigate how electron-
phonon coupling changes in nanocrystals undergoing up-conversion. Using a tunable laser, we 
leverage the exponential relationship between the excitation wavelengths and the ratio of laser 
intensity to ASPL intensity to extract the phonon energy related to the up-conversion process. We 
identify the Pb-Br-Pb bending mode, with energy ~ 7 meV27,33–35, as the phonon involved in up-
conversion within CsPbBr3 nanocrystals. In excited-state measurements, the above-gap excitation 
results in the expected intraband cooling characteristics. However, with below-gap excitation, an 
unexpected coherent phonon oscillations emerges at early times as exciton-polarons form within 
the subset of nanocrystals undergoing up-conversion. These coherent lattice vibrations are 
synchronized to the frequency of the Pb-Br-Pb bending phonon mode, which implies that the up-
conversion and subsequent relaxation is accompanied by a synchronized and phased lattice motion. 
In all, this work provides invaluable insight into how the intricate interplay between the soft lattice 
structure, phonons, and excited states dynamics contributes to efficient up-conversion in CsPbBr3 
nanocrystals. 
 
2.2 Results & Discussion 
 

2.2.1 Steady-State Dynamics 
 

We first set out to identify the specific phonon modes involved in up-conversion in CsPbBr3 
nanocrystals. We use high-quality nanocrystals to avoid non-radiative pathways that might 
otherwise obscure the sub-bandgap dynamics involved in the up-conversion process36. CsPbBr3 
nanocrystals were synthesized following a modified version of previous reports15,23. Figure 2.1a 
shows the steady-state absorption and photoluminescence (PL) spectra with band edge emission 
peak at ~ 2.435 eV and a full width at half maximum (FWHM) of 81.38 meV. The as-synthesized 
(no-post synthetic treatment) CsPbBr3 nanocrystals exhibit very high absolute PLQY, approaching 
~100% unity within 2.0% uncertainty, as shown in Figure 2.1b. This near-unity PLQY, an attribute 
of lead-halide perovskite nanocrystals18,22,37, highlights their suitability for our study. The 
nanocrystals are highly monodispersed, Figure 2.1c, which is also indicated by the narrow 
linewidth in the PL spectrum. 
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Figure 2.1: Optical and structural characterizations of CsPbBr3 nanocrystals. a, steady-state 
absorption and photoluminescence (PL) spectra, with inset illustrating the crystal structure made 
with Vesta38. b, Near-unity photoluminescence quantum yield (PLQY) measurement. c, 
Transmission electron microscopy (TEM) image shows highly monodispersed nanocrystals and 
top inset shows the Fast Fourier Transform (FFT) (scale bars 20 nm and 1 nm-1, respectively). 
Bottom insets show high-resolution TEM image of a single nanocrystal with FFT (scale bars 5 nm 
and 2 nm-1, respectively). 
 

We employed a tunable laser with a narrow bandwidth of 3 nm to photoexcite the high-quality 
nanocrystals below the band edge at different wavelengths. A long-pass filter with a wavelength 
of 515 nm was employed to prevent any unexpected broad bandwidth in the laser spectrum from 
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exciting the sample, as depicted in Figure A1. Figure 2.2a (and inset) shows the ASPL as a result 
of excitation below the band edge at room temperature over a wavelength range of 515 to 550 nm. 
The ASPL in CsPbBr3 is expected17, and we find that with increasing excitation wavelengths, the 
ratio of laser intensity to the ASPL intensity follows an exponential form (Figure 2.2b, see also 
log plot in the inset). We fit the data to an Arrhenius equation to extract a characteristic energy 
(𝐸#+) as follows: 

𝐼,-#
𝐼./01

∝ 	𝑒23
4!2+5
4"#
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where 𝐸& is the bandgap energy, ℎ𝜈 is the excitation energy, and 𝐸#+ is a characteristic energy. 
This characteristic energy involves both 𝜅7𝑇 at room temperature (RT) and the phonon energy 
(𝐸0) responsible for the up-conversion process. From the fit shown in Figure 2.2b, we retrieve 
𝐸0 = 7.28	meV	(58.68	cm28) which corresponds to the Pb-Br-Pb bending mode in CsPbBr3 
nanocrystals34,39. The presence of this low frequency is confirmed by Raman spectroscopy 
(peak	62.98	cm28), as shown in Figure 2.2c (see Figure A2 for raw data and background fit). The 
lowest observed frequency (25.42	cm28) corresponds to the octahedral twist40,41. The 104.66 and 
127.38	cm28 frequencies are assigned to the longitudinal optical (LO) phonon modes associated 
with the stretching of the Pb-Br bonds in the [PbX3]- sublattice, while the 
309.88	and	317.62	cm28 modes are assigned to higher order scattering based on previous 
reports27,34,35,39. 
 

 
Figure 2.2: Below gap photoexcitation of CsPbBr3 nanocrystals. a, Below gap photoexcitation 
shows distinct band edge emission characteristics. b, Analysis of the laser to PL intensity ratio 
reveals an exponential relationship. Inset, presented on a logarithmic scale, confirms a linear trend. 
c, Raman spectrum of CsPbBr3 nanocrystals deposited as a thin film on a silicon substrate using 
drop-casting. Using a Lorentzian fit, the spectral data is reproduced, allowing identification of 
peaks linked to distinct vibrational modes within CsPbBr3 nanocrystals. d, Quantification of up-
conversion efficiency as a function of the detuning energy within the band gap. e, Absorption 
coefficient is fitted along the band tail to extract the Urbach energy, essential for anti-Stokes 
absorption calculations, detailed in Appendix A. 
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To quantify the up-conversion efficiency, the ASPL is compared to the Stokes PL which is the 

cap efficiency (i.e., all excitons excited above band gap that reached the band edge). Following the 
work of Zhang et al5, the relation between Stokes PL, ASPL, and up-conversion efficiency (𝜂) is 
formulated as follows: 

𝐼/01 = 𝐼/	𝐴/	𝑃𝐿𝑄𝑌 (1) 
𝐼./01 = 𝐼./	𝐴./	𝜂	𝑃𝐿𝑄𝑌 (2) 

where 𝐼/01 and 𝐼./01 are the Stokes PL and ASPL intensities, 𝐼/and 𝐼./ are the Stokes and anti-
Stokes excitation intensities, 𝐴/ and 𝐴./ are the Stokes and anti-Stokes absorption, and 𝜂 is the 
up-conversion efficiency. Measurement of the up-conversion efficiency (Figure 2.2a) is performed 
such that 𝐼/01 and 𝐼./01 are similar in value. This allows us to re-arrange equation (1) and (2) to 
solve for 𝜂 as follows: 

𝜂 ≈ 	
𝐼/	𝐴/
𝐼./	𝐴./

(3) 

Equation (3) requires 𝐴./ to be known for every excitation wavelength detuned into the 
CsPbBr3 nanocrystals energy gap. Due to the low sensitivity of a typical spectrophotometer at the 
absorption band tail, we relied on the fact that absorption is related to the Urbach energy through 
the absorption coefficient. We fit the slope of the absorption coefficient from the band edge (Figure 
2.2e, more details in Appendix A), extracted the Urbach energy, 30.95	meV,	and calculated the 
absorption at the anti-Stokes position, 𝐴./, at different excitation wavelengths. The Urbach energy 
of 30.95	meV falls within the lower range of typical Br vacancy levels, as theoretically calculated 
(within 100 meV), for Br-deficient CsPbBr3 nanocrystals18. This observation is also consistent 
with other experimental findings, which have reported Urbach energy values ranging from 40 to 
48	meV42,43. This suggests that our nanocrystals exhibit significantly reduced defect states. Using 
this Stokes and anti-Stokes data, we calculated the up-conversion efficiency for every excitation 
wavelength (Figure 2.2d). These measurements yielded values for 𝜂 from 74.80% down to 3.38% 
for 𝜆,-# = 515	nm	(∆𝐸 = 28.4	meV) and 𝜆,-# = 550	nm	(∆𝐸 = 	181.6	meV), respectively. 
Our results are in good agreement with previously reported values for CsPbBr3 nanocrystals17. 

 
To further assess the role of phonons in the up-conversion process, we conducted a comparative 

analysis of up-conversion efficiency under two different temperature conditions: RT and liquid 
nitrogen (LN) temperature (~77	K). This analysis was performed on a freshly prepared sample 
with a PL emission peak at 2.4503	meV (as shown in Figure A3). In both cases, we observed that 
the ratio of laser intensity to ASPL intensity exhibited an exponential relationship. Based on this 
relationship, we determined the phonon energy associated with the up-conversion process as 
~	8	meV (corresponding to 64.712	cm28) at RT and 6	meV	(corresponding to 48.17	𝑐𝑚28) at LN 
temperature. Notably, these phonon energies fall within the range of the Pb-Br-Pb bending 
mode27,34,35,39. 

 
We used the Urbach energy of the new sample, 24.655	meV, to calculate up-conversion 

efficiencies as above. As depicted in Figure A3f, our results clearly illustrate a significant 
reduction in up-conversion efficiency (~1.97-fold reduction on average) when the sample is cooled 
to cryogenic temperatures. Phonon population follows a Boltzmann distribution that is dependent 
on both energy and temperature factors. Therefore, we compared the ratio of the number of 
phonons (𝑁)) at RT and LN as follows: 
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yielding a value of 1.801. Remarkably, this value closely corresponds to the ratio of up-conversion 
efficiencies at the two temperature conditions (see Figure A3f inset). We also determined that 
room temperature falls within the optimal temperature range for maximizing up-conversion 
efficiency (depicted in Figure A4; detailed further in the Appendix A). 
 

To further confirm that the ASPL is coming from the band edge emission, we measured steady-
state time-resolved PL at RT for above- and below-gap excitations. Figure 2.3 illustrates that the 
decays follow a mono-exponential form with similar lifetimes. This result suggests that, regardless 
of whether the electron is excited above the band edge or up-converted to the band edge, decay 
originates from the band edge. 

 

 
Figure 2.3: Steady-state time-resolved PL for above- and below-gap excitations. Both 
excitations exhibit closely matched mono-exponential decay patterns with comparable lifetimes. 
 

2.2.2 Excited State Dynamics 
 
To investigate how up-conversion affects electron-lattice vibration (electron-phonon coupling) in 
the nanocrystals, we next employed ultra-fast time-resolved spectroscopic measurements. We 
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performed transient absorption spectroscopy (TA) to elucidate the initial dynamics of excited 
states within the colloidal CsPbBr3 nanocrystals with above- and below-gap excitation. Above-
gap excitation was achieved by delivering 31.7	[ ?@

AB&] of pumping pulse power with 35 fs pulses 
centered at 440 nm. Since intense pumping below gap can electronically excite semiconductors 
via two-photon absorption, we first investigated the pump fluence dependence of our below-gap 
excitation (at 540 nm) and followed band edge bleach signals that corresponded to electron-hole 
pair excitation. As presented in Figure 2.4, a linear dependence on pump fluence clearly exists at 
2 ps and 10 ps pump-probe time delays (both subsequent to typical carrier cooling timescales). We 
discern a linear scaling of bleach amplitude with pump power up to ~300	[ ?@

AB&]. This linear regime 
indicates that signals below this power originate from a one-photon process consistent with up-
conversion, helps us to avoid higher intensity regimes that would convolve up-conversion and two-
photon pumping, and also allows us to judiciously select a power level that provides an optimal 
signal-to-noise ratio. Consequently, we set the below-gap pump power at 217.3	[ ?@

AB&] for this 

investigation (notably, Figure A5 also demonstrates similar effects with 163	[ ?@
AB&]). 

 

 
Figure 2.4: Transient absorption (TA) versus excitation power at two different timescales 
reveals linear and superlinear regimes. This allows to select an excitation power within the 
linear regime that is strong enough to yield a high signal-to-noise ratio. 
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For above-gap excitation (440 nm), the TA spectral map exhibits several distinct characteristics. 

Immediately following excitation, a pronounced induced absorption is observed near 512 nm that 
decays within 1 ps (Figure 2.5a, 2.5b). A band-edge bleach feature also appears and completes 
rising within this timeframe. The red-shifted induced absorption feature is conventionally linked 
to the presence and relaxation of a hot exciton state where intraband cooling of electron and holes 
to band-edge states occurs upon phonon generation44,45. Within the first 1 ps, the measurements 
reveal a slight red-shift (~1 nm) in the exciton transition, consistent with exciton-exciton Coulomb 
interactions44,46. It is worth noting that the cooling of a hot exciton sometimes results in the 
generation of coherent phonons if cooling is fast compared to the phonon period, which can induce 
oscillatory behavior in the TA signal. Under this excitation condition here, the composition does 
not exhibit such a phenomenon. Upon integrating the area under the TA curve versus pump-probe 
time delay (Figure 2.5b inset), a distinct plateau in the values becomes evident after 0.7 ps. This 
timescale aligns with polaron formation in CsPbBr3 nanocrystals27, which can also lead to induced 
absorption near 486 nm with a similar timescale47 (Figure 2.5c). 

 

 
Figure 2.5: a, d, Time-resolved TA spectral map with (a) above-gap and (d) below-gap 
excitation (early time artifacts from excitation source). b, e, Selected time-traces for (b) above-
gap and (e) below-gap excitation. The behavior comparison between above- and below-gap 
excitations reveals interesting dynamics. In the case of below-gap excitation, an initial second-
derivative pattern transitions into a symmetric pattern, differing from the above-gap excitation 
case. Notably, within the first picosecond, the integrated area for the below-gap excitation shows 
a zero crossing. c, f, Wavelengths (c) above and (f) below the ground-state bleach are tracked over 
time and normalized at the final picosecond (due to the convergence of both excitations, also 
shown in Figure A6). A distinct delay in the (c) rise and (f) decay of the below-gap excitation 
becomes evident. 
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For below-gap excitation (540 nm) conducted in the linear regime, distinct features appear in 
the TA spectra. Notwithstanding the coherent signal near time zero, a photoinduced absorption 
signal again emerges near 512 nm upon excitation (Figure 2.5d, 2.5e) and decays on a similar 
timescale to the above-gap condition. Note, however, that the 512 nm induced absorption signal 
nominally should not appear owing to an absence of hot excitons and band-edge bleach formation 
should approach the instrument response function, as intraband relaxation does not occur under 
this condition. Time-resolved spectra also appear appreciably distinct, which we elaborate on 
below. Remarkably, we also observe oscillatory spectral signals emerging below the band edge in 
the TA spectrum in Figure 2.5d (along the border of ground-state bleach and the photoinduced 
absorption), where the oscillation frequency can be quantified by performing fast Fourier 
transform (FFT) along the time axis. We obtained a characteristic frequency value of 
approximately 50 cm-1 (illustrated in Figure 2.6a), which corresponds to the frequency of the Pb-
Br-Pb bending phonon mode. The observation of coherent phonons in this scenario implies 
phonons are involved in the ultrafast up-conversion and relaxation processes, which may seem 
counterintuitive since below-gap excitation conditions generate neither a hot electron nor a hot 
hole and presumably remove phonons from any excited nanocrystal. Thus, nanocrystals 
undergoing up-conversion contain a quantum of the specific phonon that impulsively gets removed 
upon absorption, and the observed oscillation reveals a dominant relaxation mechanism on the 
path to polaron formation. This outcome reinforces the assertion that the efficient up-conversion 
in CsPbBr3 nanocrystals is associated with the Pb-Br-Pb bending mode, as visually represented in 
Figure 2.6b. 

 
The distinctive line shapes observed in the below-gap excitation TA spectra (Figure 2.5d) are 

also worth discussing. During the initial period (<1 ps), the TA spectra exhibit characteristics of a 
second derivative, which subsequently transform into a symmetric above-gap-excitation-like 
pattern. It is important to highlight that, unlike typical above-gap excitation scenarios, the 
integrated area of the TA curves crosses zero as time advances. This intriguing observation 
suggests that the polaron generated during the early stages plays a crucial role in facilitating 
electron-phonon coupling for up-conversion by inducing charge redistribution and lattice 
distortion due to the soft lattice of CsPbBr327,48. The charge redistribution is marked by the 
noticeable red-shift (~3 nm) in the TA spectra, which can be attributed to the intricate interplay of 
many-body Coulomb interactions27. This transition in line shape occurs within a short interval of 
0.7 ps, which serves as additional confirmation of the critical involvement of polarons in the up-
conversion process27. We also observe a noticeable delay in the rise and decay of the time traces 
when monitoring below the band edge, as opposed to above the gap, for both above- and below-
gap excitations (Figure 2.5c, 2.5f). 
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Figure 2.6: Beating frequency in CsPbBr3 nanocrystals. a, Beating frequency, from the 
oscillation components, acquired through subtraction of the exponential decay (depicted in Figure 
A7). b, c, The bending mode of Pb-Br-Pb is illustrated, presenting two distinct time snapshots in 
panels (b) and (c). 
 
2.3 Conclusion 
 
In conclusion, our study on the intricate dynamics of excited states reveals that the efficient up-
conversion observed in CsPbBr3 nanocrystals is driven by the Pb-Br-Pb bending mode. We also 
reveal that, under the below-gap excitation condition, coherent phonons unexpectedly emerge at 
the early times within the subset of nanocrystals undergoing up-conversion as polarons form. This 
result indicates that the up-conversion and subsequent relaxation is accompanied by a 
synchronized and phased lattice motion. This study emphasizes how the intricate and unique 
interplay between the soft lattice structure, phonons, and excited states dynamics of CsPbBr3 
nanocrystals facilitate the up-conversion process. Utilization of different lead-halide compositions 
with dominantly higher energy phonon modes, such as the Pb-X stretching mode, may improve 
up-conversion efficiency. 
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Chapter 3. Phonon-Driven Up-Conversion 
Dynamics in Pure Halide Perovskite 
Nanocrystals 
 
3.1 Introduction 
 
Lead-halide perovskites have attracted significant attention in the past few years as highly 
promising nanomaterials for phonon-driven up-conversion. This is attributed to their distinctive 
characteristics including a soft lattice, narrow emission linewidth, and near-unity 
photoluminescence quantum yield (PLQY) owing to their low trap density and tolerance for 
shallow surface defects5,15,50,51,17–19,22,28,29,32,49. In phonon-driven up-conversion, electrons initially 
populate thermally and vibronically available states residing above the valence band edge creating 
a thermal bath that follows a Boltzmann distribution. Electrons from this thermal distribution can 
absorb sub-bandgap photons to arrive at the conduction band edge. This transition, in an ideal case, 
is followed by anti-Stokes photoluminescence (ASPL), in which the emitted photons are of higher 
energy than the absorbed ones. Scheme 3.1 illustrates this sequential process. 
 

 
Scheme 3.1: Molecular picture of energy levels illustrating the up-conversion process and 
anti-Stokes photoluminescence (ASPL) in perovskite nanocrystals. Electronics states emerge 
as a result of lattice vibrations which are thermally populated following Boltzmann distribution. 
Through sub-bandgap phonon-assisted light absorption, a valence electron is excited to the 
conduction band followed by ASPL, hence reducing the lattice phonon population. 
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Previous studies on phonon-driven up-conversion have been conducted on two-dimensional lead 
iodide32, mixed-halide perovskites52,53, and CsPbBr3 nanocrystals17,54. In particular, CsPbBr3 
nanocrystals, on an ensemble and single-particle level, have been shown to exhibit up-conversion 
efficiencies of up to 75% when the excitation is detuned below the gap by around 23 meV17. 
Investigation of the up-conversion process in other pure-halide perovskite nanocrystals, such as 
CsPbCl3 and CsPbI3, offers prospective means to identify features of the materials such as any 
particular phonon mode that bolsters efficient up-conversion. 
 
Here, we employ a combination of steady-state and time-resolved techniques to determine the up-
conversion efficiency in pure-halide perovskite nanocrystals. Our work not only aims to discern 
any specific phonon that aids efficient up-conversion but also investigates the intricate electron-
phonon couplings within these nanocrystals that undergo up-conversion. Using a Xenon lamp that 
is dually monochromated for especially narrow bandwidth, we retrieved an exponential 
relationship between the excitation wavelength and the ratio of illumination intensity to the ASPL 
intensity. Through this process, we extracted the characteristics phonon energy that contributes to 
up-conversion. From steady-state measurements, we identified specific phonon modes for each 
halide system as follows: CsPbCl3 nanocrystals exhibited a phonon mode with an average energy 
of 8.1	meV	(66	cm28) that corresponds to a transverse optical (TO) mode predominantly 
involving the stretching of Cl atoms within the [PbCl3]- cage55,56. For CsPbBr3 nanocrystals, the 
phonon mode was identified as Pb-Br-Pb bending mode with an average energy of 
7.9	meV	(64	cm28)27,33–35, while the primary phonon mode in CsPbI3 nanocrystals corresponds to 
the stretching of Pb-I with an average energy of 10.4	meV	(84	cm28)57. These phonon modes 
were further evaluated by Raman measurements.  
 
In time-resolved measurements, transient absorption (TA) results for above gap excitation CsPbCl3 
and CsPbBr3 nanocrystals aligned with anticipated intraband cooling characteristics; however, the 
TA data for CsPbI3 nanocrystals behaved differently. Instead of a consistent pattern, 
CsPbI3showed a fluctuating integrated TA signal over time, indicating a diffusive dynamic58, as 
elaborated next. The below-gap excitation of chloride and bromide perovskite nanocrystals 
revealed unexpected coherent phonon oscillations, but these were absent in iodide perovskite 
nanocrystals. These coherent lattice vibrations consistent with the frequency of the TO mode and 
of the Pb-Br-Pb bending mode in CsPbCl3 and CsPbBr3 nanocrystals that are undergoing up-
conversion, respectively. Unlike chloride and bromide perovskite nanocrystals, TA results for 
CsPbI3 nanocrystals undergoing up-conversion lack coherent oscillations and exhibit 
characteristics resembling that of diffusive and disordered liquid-like dynamics. This results in 
random lattice vibrations along charge redistribution on the way to forming polarons58. Our 
findings in the steady-state and time-resolved measurements suggest that even though the up-
conversion process utilizes the vibrational degree of freedom of lead halide frameworks in all three 
perovskites, its detailed up-conversion mechanism can be distinctly different. This work sheds 
light on the potential for phonon-driven up-conversion in pure-halide perovskites, broadening the 
scope to include chloride, bromide, and iodide perovskite nanocrystals. It emphasizes distinctive 
correlations between the halides and the mode of the phonons driving the up-conversion, 
highlighting their influence on the lattice vibrations whether through coherent or diffusive 
dynamics. 
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3.2 Results & Discussion 
 

3.2.1 Steady-State Characterizations 
 
We performed investigations of phonon-driven up-conversion, also termed anti-Stokes 
photoluminescence (ASPL), in order to identify the specific phonon modes involved in different 
pure-halide perovskite nanocrystals, specifically CsPbX3 where X represents Cl, Br, or I. These 
nanocrystals were synthesized using a modified version of previously published reports to produce 
highly luminescent and monodisperse nanocrystals15,23. Figure 3.1a shows the steady-state 
absorption and photoluminescence (PL) spectra of each of the three halide perovskites with 
emission of 402 nm for chloride, 509 nm for bromide, and 690 nm for iodide perovskites. The 
nanocrystals, synthesized without any post-synthetic treatments, exhibited photoluminescence 
quantum yield (PLQY) as follow: 50.12% ± 5% for CsPbCl3, 100% ± 2% for CsPbBr3, and 
97.3% ± 2% for CsPbI3 (see Figure B1). The high PLQY is an attribute of lead-halide perovskite 
nanocrystals, and also allows us to study the sub-bandgap dynamics without significant non-
radiative processes that could complicate resulting dynamics. X-ray diffraction (XRD) patterns of 
these nanocrystals reveal cubic symmetries (Figure 3.1b, reference patterns in Figure B3). 
Transmission electron microscopy (TEM) images in Figure 3.1c, d and e, along their High-
Resolution TEM and their respective Fast Fourier Transform (FFT) patterns illustrate highly 
monodisperse cubic nanocrystals with each of the halides showing size distributions59 as follow: 
6.5 ± 0.43	𝑛𝑚 for Cl, 7.79 ± 0.68	𝑛𝑚 for Br, and 11.77 ± 2.07	𝑛𝑚 for I. These nanocrystals fall 
within the intermediate quantum confinement regime determined by the respective Bohr radii of 
5	𝑛𝑚, 7	𝑛𝑚, and 12	𝑛𝑚 for CsPbCl3, CsPbBr3, and CsPbI315. Large area TEM images are shown 
in Figure B2 which further relate narrow size distribution. 
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Figure 3.1: Steady-state characterizations of pure-halide perovskite nanocrystals. (a) 
Absorption and photoluminescence (PL) spectra of halide perovskites. (b) X-ray diffraction (XRD) 
patterns for CsPbCl3, CsPbBr3, and CsPbI3 nanocrystals with cubic symmetry (reference patterns 
in Figure B3) with inset illustrating the cubic crystal structure modeled with Vesta software38. (c-
e) Transmission electron microscopy (TEM) images and their corresponding Fast Fourier 
Transform (FFT) pattern, along with high-resolution TEM (HRTEM) images and their FFT 
patterns displaying monodispersed cubic nanocrystals of chloride, bromide, iodide perovskites. 
Each image is accompanied with the size distribution measured: 6.5 ± 0.43	𝑛𝑚 for Cl, 7.79 ±
0.68	𝑛𝑚 for Br, and 11.77 ± 2.07	𝑛𝑚 for I. Scale bars: main TEM – 50	𝑛𝑚, main FFT – 2	𝑛𝑚28, 
HRTEM – 5	𝑛𝑚, HRTEM FFT – 3	𝑛𝑚28. Note: the presence of dark dots observed on some 
nanocrystals TEM images is attributed to the reduction of metallic lead atoms (Pb0) induced by 
the electron beam. 
 

3.2.2 Phonon-Driven Up-Conversion in CsPbX3 Nanocrystals 
 
A Xenon lamp was directed through a dual monochromator to produce a narrow linewidth 
excitation (~3 nm) to photoexcite the nanocrystals below gap at different wavelengths. We initially 
anticipated the need for a coherent light source such as laser illumination for sub-bandgap 
excitation of the nanocrystals to observe up-conversion. However, we found that incoherent 
photons from the Xenon lamp are equally effective, solidifying the idea that there exists a 
thermalized bath of electrons above the valence band edge that are excited thermally and 
vibronically, as illustrated in Scheme 3.1. 
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Figures B4a, B5a and B6a (and their insets) show the ASPL as a result of sub-bandgap excitation 
at room temperature over an energy range that is detuned below the bandgap. Whereas several 
investigations of ASPL primarily focused on Br perovskite nanocrystals5,17, results presented here 
extend this understanding by showing that other pure halides (i.e. Cl and I) exhibit comparable up-
conversion efficiency as shown in Figure 3.2a. This up-conversion efficiency was calculated 
following a previous report5 as further discussed in the Appendix B. 
 
The detected band edge emission intensity of the nanocrystals was compared to illumination 
intensity. As shown in Figure 3.2a, an exponential relation of excitation detuning to ASPL intensity 
was observed. An exponential relation is modeled to an Arrhenius equation to extract a 
characteristic energy (𝐸#+) as follows: 
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where 𝐸& is the bandgap energy, ℎ𝜈 is the photon excitation energy, and 𝐸#+ is a characteristic 
energy. This characteristic energy involves both 𝜅7𝑇 at room temperature (RT) and the phonon 
energy (𝐸0) responsible for the up-conversion process. Notably, Figure 3.2a shows that trends of 
ASPL efficiency with detuning do not overlap, so different characteristic phonon energy results 
from fitting to equation 1 with results shown in Figure 3.2b. Interestingly, we find that for different 
halides, there exists specific phonon modes implicated in up-conversion. In the chloride, a 
transverse optical (TO) mode predominates, characterized by the motion primarily involving Cl 
atoms within the [PbCl3]- octahedral cage, with an averaged frequency of 66	cm28, in agreement 
with previous reports55,56. For bromide perovskites, on the other hand, an average frequency of 
64	cm28 corresponds to longitudinal optical mode involving the bending of Pb-Br-Pb27,33–35. 
Additionally, the phonon mode involved in the up-conversion process for the iodide was identified 
with an average frequency of 84	cm28, which is consistent with the Pb-I stretching mode57. Raman 
spectroscopy further corroborated the existence of these identified phonon modes as shown in 
Figure 3.2c with Stokes and anti-Stokes spectra (see Figure B7 for raw data and background fit). 
In the Raman spectra, the corresponding phonon modes for different halide perovskite nanocrystals 
are marked with asterisks. 
 

 
Figure 3.2: Up-conversion efficiency and phonon identification. (a) Up-conversion efficiency 
as a function of detuned energy within the bandgap. (b) Characteristic phonon modes extracted 
from the steady-state up-conversion and anti-Stokes photoluminescence (ASPL) measurements. 
Error bars represent the average data for each of the halide system. (c) Raman spectroscopy 
displaying Stokes and anti-Stokes signals with scattered laser at zero shift removed. 
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3.2.3 Transient Absorption (TA) and Pump Fluence Dependence 
 
To further investigate the up-conversion process, we compared the early-time TA dynamics in all 
three pure-halide perovskite NCs with both above- and below-gap excitations. The above-gap 
excitation was delivered with power of 92	 ?@

AB& 	𝑎𝑡	350	𝑛𝑚, 32	 ?@
AB& 𝑎𝑡	440	𝑛𝑚, and 

29	 ?@
AB& 𝑎𝑡	590	𝑛𝑚 for chloride, bromide, and iodide perovskite nanocrystals, respectively. For 

below gap excitation, however, it is critical to investigate the pump fluence dependence of signal 
as the nanocrystals could achieve electronic excitation via two-photon absorption, which would 
also result in a different total energy deposition per excited electron. We first performed pump 
fluence dependence measurement for below-gap excitation (at 420 nm for Cl, 540 nm for Br, and 
725 nm for I) and monitored the band edge bleach signals that correspond to electron-hole pair 
excitation. We observe a linear dependence, as illustrated in Figure 3.3, indicating that pumping 
within this power regime ensures a one-photon process consistent with up-conversion. This linear 
scale also allows us to choose a pump intensity level that optimizes the signal-to-noise ratio. 
Therefore, we set the below gap excitations for CsPbCl3, CsPbBr3, and CsPbI3 to 
739 ?@

AB& 𝑎𝑡	420	𝑛𝑚, 217 ?@
AB& 𝑎𝑡	540	𝑛𝑚, and 113 ?@

AB& 𝑎𝑡	725	𝑛𝑚, respectively. 
 

 
Figure 3.3: Transient absorption (TA) and pump fluence dependence. Band edge bleach signal 
as a function of pump power for (a) CsPbCl3, (b) CsPbBr3, and (c) CsPbI3, revealing linear and 
superlinear regimes, important for choosing an optimal power to ensure a high signal-to-noise ratio 
but avoiding multiphoton excitation. 
 

3.2.4 Excited States Dynamics in Pure Halide Perovskite Nanocrystals 
 
For above gap excitation, the TA spectral maps and the selected time slices shown in Figure 3.4 
for the three pure-halide systems exhibit distinct features. Upon photoexcitation, a band-edge 
bleach and a below-band edge photoinduced absorption (PIA1) at ~410 nm for CsPbCl3 (Figure 
3.4a, 3.4b), ~515 nm for CsPbBr3 (Figure 3.4c, 3.4d), and ~705 nm for CsPbI3 (Figure 3.4e, 3.4f) 
are present. This red-shifted PIA1 (relative to the bleach peak) is consistent with the formation and 
relaxation of a hot exciton state. This feature conveys the intraband cooling of electrons and holes 
to band-edge states, with energy released nonradiatively through phonons or Auger 
mechanisms44,45,60,61. It is noteworthy that if the exciton cooling occurs rapidly (faster than a 
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phonon period), the generated phonons could exhibit an oscillatory pattern, observable in the TA 
signal. However, under the above-gap excitation conditions in this study, none of the compositions 
show such a behavior. In the TA contour plot for the first 2 ps of delay time, CsPbCl3 and CsPbBr3 
share similar spectral features.  The red-shifted PIA then transitions to a blue-shifted PIA2 at 385 
nm for CsPbCl3 and 485 nm for CsPbBr3 This PIA transition is attributed to exciton-to-biexciton 
transition60. Moreover, when integrating the areas under the TA curves at different time slices (see 
insets of Figure 3.3b, d, f), we observe that CsPbCl3 and CsPbBr3 reach a plateau within 0.7-1 ps, 
consistent with polaron formation timescales27. However, compared to the other compositions, 
CsPbI3 does not show the PIA2 feature, and the integrated areas of the TA curves appear to 
fluctuate. This picosecond-fluctuating behavior of CsPbI3 nanocrystals could be related to the 
diffusive and disordered liquid-like dynamics addressed in a previous report58. 
 

 
Figure 3.4: Above gap excitation time-resolved transient absorption (TA) measurement. TA 
spectral maps for (a) CsPbCl3, (c) CsPbBr3, and (e) CsPbI3 perovskite nanocrystals showing typical 
signals (long-time limit bleach decays are presented in Figure B9). Selected time slices of TA 
spectra with their corresponding integrated area in insets for (b) CsPbCl3, (d) CsPbBr3, and (f) 
CsPbI3. Expected lineshape is observed, except for CsPbI3, where the absence of a blue-shifted 
photoinduced absorption (PIA2) is noted. This absent PIA2 is attributed to the diffusive and 
disordered liquid-like excited states dynamics in CsPbI3 perovskite nanocrystal58. 
 
For below-gap excitation within the linear intensity regime, distinct characteristics appear in the 
TA spectra for three halide components. Setting aside the coherence artifact near time zero due to 
pulse overlap, we observe a subtle PIA1 and a more pronounced PIA2 in CsPbCl3 (Figure 3.5a), 
that produces a similar second-order-derivative lineshape as compared to the above-gap excitation 
case (Figure 3.4b, 3.5b). What is different here is that the ΔA of PIA1 remains nearly constant, 
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while the PIA2 feature rises over time, yielding a monotonously decreasing trend in integrated area 
with pump-probe time delay. In CsPbBr3 (Figure 3.5c, d), initial below-gap excitation only gives 
rise to PIA1 with its absolute ΔA on a similar scale as the bleach, leading to a first-order derivative 
lineshape. At later time delay, a transition from PIA1 into PIA2 is observed, resembling the above 
gap excitation, indicating that an exciton-to-biexciton transition occurs. This PIA1 is not expected 
to be present owing to an absence of hot excitons. The spectral features of CsPbI3 are distinct from 
the chloride and bromide counterparts by missing both PIA1 and PIA2 (Figure 3.5e, f) in the linear 
regime. Within the first 500 fs upon photoexcitation, a spectral shift giving rise to the bleach is 
observed too, with opposite shift direction comparing to the above-gap excitation.  
 
Unexpectedly, we observe an oscillatory signal in the TA spectra for CsPbCl3 (Figure 3.5a, Figure 
B8a) and CsPbBr3 (Figure 3.5c, Figure B8b) residing along the border of the PIA2 and ground 
state-bleach. The oscillation amplitude in CsPbCl3 is weaker than CsPbBr3 (Figure B8), suggesting 
they may have different excited state potential energy surface along the direction of coherent 
oscillatory relaxation. However, no clear oscillatory signal in TA spectra was observed for CsPbI3 
(Figure 3.5e, Figure B8c). We attribute the absence of a coherent phonon oscillation to the fact 
that CsPbI3 excited state dynamics behave like a disordered liquid and have an irreversible 
diffusive dynamic, perhaps spoiling coherent response. 
 
The coherent phonon frequencies observed in CsPbCl3 and CsPbBr3 can be quantified using fast 
Fourier transform (FFT) across the temporal axis. We find a characteristic frequency of 57	cm28 
for CsPbCl3 (Figure 3.6a) that corresponds to the transverse optical (TO) mode involving the 
stretching motion of primarily Cl atoms within the [PbX3]- octahedral cage55,56. We also find a 
characteristic frequency of 50	cm28 for CsPbBr3 (Figure 3.6b) that is consistent with the Pb-Br-
Pb bending mode27,33–35. The observation of this coherent phonons implicates active involvement 
of phonons in the ultrafast up-conversion and relaxation processes, even in the absence of hot 
excitons. Thus, nanocrystals undergoing up-conversion contain a quantum of distinct phonons that 
impulsively dissipate upon absorption, and the observed coherent oscillation reveals a dominant 
relaxation mechanism on the path to polaron formation. 
 



 

 32 

 
Figure 3.5: Below gap excitation time-resolved transient absorption (TA) measurement. TA 
spectral maps for (a) CsPbCl3, (c) CsPbBr3, and (e) CsPbI3 perovskite nanocrystals showing faint 
and pronounced oscillatory signals at the intersection of the red-shifted photoinduced absorption 
(PIA1) and ground-state bleach signals for chloride and bromide perovskites. Such oscillatory 
signal is absent in iodide perovskites. Selected time slices of TA spectra with their corresponding 
integrated area in insets for (b) CsPbCl3, (d) CsPbBr3, and (f) CsPbI3. Unexpected red-shifted and 
blue-shifted PIAs (PIA1 and PIA2) are observed, except for CsPbI3, where the absence of PIAs is 
unsurprising, given that below gap excitation does not generate hot excitons. 
 

 
Figure 3.6: Beatmaps analysis. Beating frequency derived from the oscillation components by 
subtracting of the exponential decay (depicted in Figure B8) for (a) CsPbCl3 exhibiting frequency 
of 57	cm28, (b) CsPbBr3 with frequency of 50	cm28, and (a) CsPbI3, which shows no beating 
frequency. 
 
3.3 Conclusion 
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In conclusion, our study on the steady-state and excited-state dynamics of pure halide perovskite 
nanocrystals reveals not only efficient up-conversion, but also different type of phonon modes is 
involved in the up-conversion process. In CsPbCl3, transverse optical mode involving primarily 
the stretching of chloride atoms was identified, while the Pb-Br-Pb bending mode was identified 
for CsPbBr3. In CsPbI3, the Pb-I stretching mode was responsible for the up-conversion. We also, 
unexpectedly, unveils the emergence of coherent phonon oscillations in CsPbCl3 and CsPbBr3 
nanocrystals. However, this coherent phonon oscillations were absent in CsPbI3 nanocrystals, and 
we attributed it to the fact that iodide perovskite exhibits disordered liquid-like and diffusive 
dynamics that potentially diminish any coherent oscillations. This work showcases the potential 
use of different halides that involves different phonon modes with distinct excited state dynamics 
for potential applications in laser cooling. 
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Chapter 4. Phonon-Driven Up-Conversion 
Dynamics in Mixed Halide Perovskite 
Nanocrystals 
 
4.1 Introduction 
 
Lead-halide perovskites have undergone significant research in the past few years due to their high 
promising optoelectronic properties, rendering them invaluable for applications in solar cells and 
light emitting devices51,62,63. Owing to their minimal trap density and tolerance to shallow defects, 
cesium lead halide perovskites (CsPbX3, where X = Cl, Br, or I) exhibit narrow emission linewidth 
and near unity photoluminescence quantum yield (PLQY)15,18,19,22,28,29,32,49,50,64. One particular 
interesting frontier where lead-halide perovskites excel is in the phonon-assisted up-conversion. 
In the process of phonon-assisted up-conversion, valence electrons are initially excited through 
vibronic and thermal energy to vibronic states that emerge due to bandgap fluctuation. These 
electrons, distributed following the Boltzmann distribution, absorb a sub-bandgap photon to arrive 
at the edge of the conduction band. Subsequently, the electron can undergo through non-radiative 
recombination, generating heat, or radiatively recombine, emitting a photon. This emitted photon, 
in a process referred to as anti-Stokes photoluminescence (ASPL), is of higher energy than the one 
absorbed. This ASPL, which involve phonons, effectively reduces the phonon population in the 
lattice; thus, lowering the lattice temperature which is an essential process in solid-state laser 
cooling5. 
 
Recent thorough investigations of phonon-driven up-conversion have been conducted on layered 
structures32 and nanocrystals perovskites5,17. However, significantly less attention has been 
dedicated to exploring phonon-assisted up-conversion in mixed halides52,65. Here, we focus our 
phonon-driven up-conversion investigation on mixed halides, namely, chloride-bromide (Cl:Br), 
iodide-bromide (I:Br), and bromide-iodide (Br-I) to elucidate the phonon energies and quantify 
the up-conversion efficiency. We synthesized mixed halide perovskites with composition of 25%, 
and for simplicity, we assume a composition in the final product to remain as 25%. Thus, we 
produced three different mixed halides as follow: CsPbCl0.75Br2.25, CsPbI0.75Br2.25, CsPbBr0.75I2.25 
perovskite nanocrystals. Using a narrow bandwidth laser, we observe an exponential trend between 
the intensity of the sub-bandgap laser and the band edge emission, referred to as the ASPL. We 
modeled the exponential relation with an Arrhenius equation to extract an activation energy that 
we then extract the characteristics phonon energies for each mixed halide perovskites. We find the 
phonon energies as follow: 7.83	𝑚𝑒𝑉	(63.17	cm28) for CsPbCl0.75Br2.25, 
4.07	𝑚𝑒𝑉	(32.86	cm28) for CsPbI0.75Br2.25, and 5.93	𝑚𝑒𝑉	(47.84	cm28) for CsPbBr0.75I2.25. We 
then computed the up-conversion efficiency for each mixed halides. Surprisingly, across all mixed 
halides, we observed a non-monotonic trend in the up-conversion efficiency, peaking at a higher 
detuned energies within the bandgap. In pure bromide perovskites (CsPbBr3), the highest up-
conversion of 75% occurs at sub-bandgap excitation detuned by 23 meV within the bandgap17. In 
mixed halides, the up-conversion efficiency increases with excitation further into the bandgap, 
reaching a maximum around 75, 60, and 50 meV for Cl:Br, I:Br, and Br:I compositions, 
respectively. Therefore, the deeper the peak of the up-conversion efficiency occurs within in the 
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bandgap, the more effective the phonons annihilation during the up-conversion process, a crucial 
advantage for solid-state laser cooling. Overall, this study sheds light on optimizing the phonon-
assisted up-conversion efficiency in perovskite nanocrystals via engineered halide compositions, 
paving the way for their potential application in laser cooling of solid-state materials. 
 
4.2 Results & Discussion 
 
While significant work has been done exploring the phonon-driven up-conversion in pure halide 
perovskites, there has been attention directed towards investigating mixed halides. Previous studies 
on mixed halide perovskites primarily emphasized their ability to up-convert when exciting below 
bandgap52,53. Here, we extend the investigation of mixed halides to extract precise phonon energies 
involved in the up-conversion, alongside quantifying the corresponding up-conversion 
efficiencies. Following a modified version of  previously reported procedures15,23, we first 
synthesized pure halides along with the desired mixed halides with composition as follow: 25% 
chloride to bromide (Cl:Br), 25% iodide to bromide (I:Br), and 25% bromide to iodide (Br:I). For 
simplicity, we assume a 25% composition, despite that the measurements conducted by scanning 
electron microscopy-energy dispersive spectroscopy (SEM-EDS) may occasionally overestimate 
or underestimate the compositions (see Figure C1). Figure 4.1a and b show the steady-state 
absorption and photoluminescence spectra, as well as the X-ray diffraction (XRD) patterns, for 
both pure and mixed halides. Based on the XRD patterns in Figure 4.1b, along with the reference 
patterns shown in Figure C2, all nanocrystals in this study exhibited cubic symmetry. The mixed 
halide perovskites, synthesized without any post-treatments, exhibited a range of moderated to 
high photoluminescence quantum yield (PLQY) as illustrated in Figure C3. CsPbCl0.75Br2.25, 
CsPbI0.75Br2.25, and CsPbBr0.75I2.25 nanocrystals displayed PLQY of 100% ± 2%, 49.4% ± 2%, 
and 93.8% ± 2%, respectively. Figure 4.1c-e illustrate the transmission electron microscopy 
(TEM) images of the three mixed halide perovskites, displaying highly monodisperse cubic 
nanocrystals with each mixed halides showing size distribution59 as follow: 5.56 ± 0.52	𝑛𝑚 for 
Cl:Br, 8.49 ± 1.15	𝑛𝑚 for I:Br, and 9.2 ± 1.38	𝑛𝑚 for Br:I. It is worth noting that transitioning 
from mixing chloride with bromide to mixing iodide with bromide resulted in larger nanocrystals, 
even when maintaining identical synthesis conditions such as temperature and quench time. 
Additionally, to ensure the homogenous mixing of halides within the nanocrystals, we performed 
above and below gap excitation (Figure C4a), all resulting in a band edge emission. 
Photoluminescence excitation (PLE) scans were also performed both above and below gap, which 
consistently resulted in identical spectra (Figure C4b), thus confirming a homogenously mixed 
halide perovskite nanocrystals. 
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Figure 4.1: Steady-state characterizations of mixed halide perovskite nanocrystals. (a) 
Absorption and photoluminescence (PL) spectra of mixed halide perovskites, with inset illustrating 
the cubic crystal structure modeled with Vesta software38. (b) X-ray diffraction (XRD) patterns for 
CsPbCl3, CsPbCl0.75Br2.25, CsPbBr3, CsPbI0.75Br2.25, CsPbBr0.75I2.25, and CsPbI3 nanocrystals with 
cubic symmetry (reference patterns in Figure C2). (c-e) Transmission electron microscopy (TEM) 
images and their corresponding Fast Fourier Transform (FFT) pattern, displaying monodispersed 
cubic nanocrystals of mixed Cl:Br, I:Br, and Br:I perovskites. Each image is accompanied with 
the size distribution measured: 5.56 ± 0.52	𝑛𝑚 for Cl:Br, 8.49 ± 1.15	𝑛𝑚 for I:Br, and 9.2 ±
1.38	𝑛𝑚 for Br:I. Scale bars: main TEM – 50	𝑛𝑚, main FFT – 1	𝑛𝑚28. Note: the presence of dark 
dots observed on some nanocrystals TEM images is attributed to the reduction of metallic leads 
(Pb0) induced by the electron beam. 
 
 
We set out to investigate the phonons driving the up-conversion in mixed halide perovskites, 
aiming to quantify their up-conversion efficiencies. Using a narrow bandwidth laser, we excited 
the nanocrystals with a sub-bandgap photon with energy detuned within the bandgap. This 
excitation transitions a valence electron, facilitated by phonons, to the conduction band. This up-
conversion process is followed by anti-Stokes photoluminescence (ASPL), which completes the 
cycle of phonon annihilation from the lattice. Figure C5a, C6a, and C7a and their respective insets 
show the sub-bandgap excitations with the band edge emission for each mixed halide perovskites. 
By analyzing the ratio between intensity and band edge emission, we realized an exponential 
relation that we modeled with Arrhenius equation to retrieve an activation energy encompassing 
the characteristic phonon energy and 𝜅7𝑇 at room temperature. Deconvoluting and assigning the 
characteristic phonon energies extracted from the steady-state PL is particularly challenging when 
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dealing with mixed halides. Nonetheless, we find the corresponding phonon energies as follow: 
7.83	𝑚𝑒𝑉	(63.17	cm28) for CsPbCl0.75Br2.25, 4.07	𝑚𝑒𝑉	(32.86	cm28) for CsPbI0.75Br2.25, and 
5.93	𝑚𝑒𝑉	(47.84	cm28) for CsPbBr0.75I2.25. 
 
Following a similar approach reported previously5,17 for calculating the up-conversion efficiency 
(further detailed in the SI), we computed the up-conversion efficiencies for mixed halide 
perovskites as illustrated in Figure 4.2. Unexpectedly, the up-conversion efficiencies in mixed 
halide perovskite nanocrystals exhibited non-monotonic trend unlike the pure counterparts. To 
understand this non-monotonicity, we must consider the fact that now each nanocrystal consists of 
two different halides, characterized by different masses and spring constants within the [PbX3]- 
octahedral cage. Each halide introduces a distinct set of vibronic states positioned above the 
valence band with different spacing that are then vibronically and thermally populated according 
to the Boltzmann distribution. These vibronic states are spaced based on the mass of the halide and 
its spring constant of its bond with lead. For example, we expect chloride to exhibit stronger 
vibration and fluctuation in the band gap compared to bromide and iodide. Figure 4.3 illustrates 
the up-conversion process with vibrational density of states (DOS). The emergence of these 
vibronic states is attributed to the bandgap fluctuations. Each halide induces distinct fluctuation in 
the bandgap, producing a set of states such that the combinations of the two halides vibrational 
DOS contain higher electron density at higher detuned energies, resulting in a non-monotonicity 
in up-conversion efficiency. 
 

 
Figure 4.2: Up-conversion efficiency in mixed halide perovskites. (a) Computed up-conversion 
efficiency for mixed halides with composition of 25% as a function of detuned energies within the 
bandgap. The figure highlights the non-monotonic trend that is attributed to the two-phonon 
contributions from each halide, which distinctly fluctuates the bandgap. (b) Normalized up-
conversion efficiency illustrates the position of the up-conversion maximum for each halide. 
Specifically, it indicates that chloride-bromide mix exhibit larger detuned energy resulting in 
maximum efficiency in up-conversion. 
 
 
It is noteworthy to mention that transitioning from chloride to iodide mix yields higher up-
conversion efficiencies (Figure 4.2a). We also observe that the peak shifts to a lower detuned 
energy in Br:I compared to Cl:Br as illustrated clearly in the normalized up-conversion efficiency 
in Figure 4.2b. This further reinforces that the maximum vibrational DOS arises from the 
combination of independent halide vibronic states, as shown in Figure 4.3. 
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Figure 4.3: Non-monotonic up-conversion process in mixed halide perovskites. In mixed 
halide perovskites, each halide, based on its mass and spring constant, produces a distinct set of 
vibronic density of states (DOS) that results from bandgap fluctuations. These states are spaced 
differently for each halide, and when combined together, they produce a maximum in DOS which 
are thermally populated by valence electrons following Boltzmann distribution. Sub-bandgap 
photons excite these electrons to the conduction band, followed by anti-Stokes photoluminescence 
(ASPL). Since we have a maximum in DOS that is at a deeper detuned energy, the computed up-
conversion efficiency exhibit a non-monotonic behavior. 
 
To rule out surface effects, such as acoustic phonons, we computed the up-conversion efficiency 
of I:Br mixed halides with different sizes, all produced from the same synthesis to ensure 
composition consistency (Figure C8, C9, and C10). One size is in the strong quantum confined 
regime (Figure C10a), which typically has a strong surface effect, while the other is in the 
intermediate quantum confinement regime (Figure C10b). The quantum confinement is evident by 
the excitonic feature shown in Figure C8d and C9d, corresponding to the strong and intermediate 
regimes, respectively. As shown in Figure 4.4, the up-conversion efficiency still exhibits non-
monotonicity, reaching its maximum peak at the same detuned energy irrespective of the 
nanocrystal size. Thus, we can confirm that this non-monotonic trend in up-conversion efficiency 
is a result of two-phonons process by which different halides fluctuate the bandgap differently 
producing vibronic states residing above the valence band with different energy spacing. These 
vibronic states form a DOS that, when combined, leads to a peak in up-conversion efficiency. 
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Figure 4.4: Size-dependent up-conversion efficiency in mixed halide perovskites. Normalized 
up-conversion efficiency as a function of detuned energy for CsPbI0.75Br2.25 perovskites of varying 
sizes. Photoluminescence (PL) emission at 504 nm corresponding to nanocrystals sized at 6.16 ±
0.87	𝑛𝑚 (Figure C10a), while emission at 513 nm corresponding to nanocrystals sized at 6.78 ±
0.93	𝑛𝑚 (Figure C10b). Regardless of the nanocrystal size, the peak of the non-monotonic up-
conversion efficiency coincides at the same detuned energy. 
 
4.3 Conclusion 
 
In conclusion, in this extended work on perovskite nanocrystals for phonon-driven up-conversion 
in mixed halides, we reveal that not only it is possible to achieve efficient up-conversion, but also 
there exist a non-monotonic trend in up-conversion. We found that the up-conversion increases as 
we detuned the sub-bandgap excitation deeper within the bandgap before it decreases, which was 
unexpected. We attributed this non-monotonicity to the fact that in the nanocrystals consists of 
two different halides; each has different mass and spring constant that affect and fluctuate the 
bandgap differently. The combination of these fluctuation originating from the two distinct halides 
produce a set of vibronic density of states (DOS) that reside above the valence band that is not 
monotonic. This non-monotonic behavior in up-conversion efficiency allows to leverage higher 
energy to annihilate phonons within the lattice while maintaining high efficiencies. This work has 
directly implication in potentially maximizing the cooling power of nanocrystals for applications 
in laser cooling.  
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our study on the steady-state and excited-state dynamics of pure halide perovskite nanocrystals 
reveals not only efficient up-conversion, but also different type of phonon modes is involved in 
the up-conversion process. In CsPbCl3, transverse optical mode involving primarily the stretching 
of chloride atoms was identified, while the Pb-Br-Pb bending mode was identified for CsPbBr3. 
In CsPbI3, the Pb-I stretching mode was responsible for the up-conversion. We also, unexpectedly, 
unveils the emergence of coherent phonon oscillations in CsPbCl3 and CsPbBr3 nanocrystals. 
However, this coherent phonon oscillations were absent in CsPbI3 nanocrystals, and we attributed 
it to the fact that iodide perovskite exhibits disordered liquid-like and diffusive dynamics that 
potentially diminish any coherent oscillations. This work showcases the potential use of different 
halides that involves different phonon modes with distinct excited state dynamics for potential 
applications in laser cooling. 
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Chapter 5. Non-Monotonic Size-Dependent 
Exciton Radiative Lifetime in CsPbBr3 
Nanocrystals 
 
 
5.1 Introduction 
 
 
Colloidal nanocrystals, also known as quantum dots (QDs), have attracted considerable attention 
due to their straightforward and inexpensive solution-phase synthesis and their wide-range spectral 
tunability from the quantum confinement effect66,67. Lead-halide perovskite nanocrystals, in 
particular cesium lead bromide (CsPbBr3), have emerged in the past few years as highly desirable 
and efficient optical materials due to their facile synthesis, narrow emission linewidth, and near-
unity photoluminescence quantum yield (PLQY) owing to their low trap density and tolerance for 
shallow surface defects15,18,19,22,28,29,49–51,68. Of particular interest when discussing 
photoluminescence is the radiative lifetime – the duration of an exciton before undergoing 
radiative recombination. This measure provides mechanistic insight into the efficiency of the light 
emitting process69–71. Specifically, the radiative lifetime reveals the intricate dynamics controlling 
the photoluminescence behaviors. Thus, a comprehensive understanding and optimization of the 
radiative lifetime becomes essential for the enhancement of optical materials. Nanocrystals with 
near-unity PLQY and short radiative lifetimes have possible applications in coherent quantum light 
emitters72 and solid-state laser cooling5. For example, to observe laser cooling in solid-state 
materials, two processes must occur in rapid succession: exciton up-conversion followed by 
radiative recombination, resulting in anti-Stokes photoluminescence5. A shorter radiative lifetime 
enhances the likelihood of avoiding non-radiative pathways that induce heating, thereby 
maximizing the cooling probability. One way to tune the radiative lifetime is through the 
nanocrystal size26,73. For nanocrystals, three distinct quantum confinement regimes dictated by the 
Bohr radius – weak, intermediate, and strong – are commonly observed. Each regime exhibits 
unique electronic structure and optical properties, influencing factors such as the radiative lifetime. 
Notably, CsPbBr3 nanocrystals have a relatively large Bohr diameter (~7nm), enabling 
experimental exploration across all three confinement regimes15. 
 
In this work, we set out to explore the effect of nanocrystal size on radiative lifetime under ambient 
conditions. Very high-quality CsPbBr3 nanocrystals were synthesized to ensure monoexponential 
decay behaviors, enabling direct extraction of the radiative lifetime. Unexpectedly, our results 
unveil a non-monotonic trend in the radiative lifetime. The smaller nanocrystals within the strong 
confinement regime and larger nanocrystals within the weak confinement regime surprisingly 
exhibited longer radiative lifetimes, while the intermediate confinement regime displays the 
shortest radiative lifetime. Interestingly, we observed a symmetry lowering transition from the 
cubic to the orthorhombic phase74–78 of the CsPbBr3 nanocrystal system in a coincidentally similar 
size regime, aligning with the inflection point observed in the radiative lifetimes. Both X-ray 
diffraction (XRD) patterns and molecular dynamics simulations conducted on CsPbBr3 
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nanocrystals with varying sizes confirm the occurrence of this phase transition. However, we find 
no evidence that this phase transition has a direct influence on the radiative lifetime. 
 
In previous work investigating size-dependent lifetime in CsPbBr3 under low temperature 
conditions (~4-5 K), revealed an exponential trend, with radiative lifetime decreasing as the size 
increases26,72. Under ambient conditions, however, the work of Krieg et al shows the reverse 
trend73. It was rationalized that higher lying states become thermally accessible at ambient 
conditions and introduce a delay in the radiative recombination of excitons73. Neither of these 
studies thoroughly explored the inflection point marking the transition from the intermediate to 
the strong confinement regime.  
 
In larger nanocrystals within the weak confinement regime, we ascribe the lengthening of the 
radiative lifetime to the thermal population of high-lying dim states within 3𝜅7𝑇. These states 
effectively mix with the lowest bright state under ambient conditions, resulting in a delay in the 
radiative lifetime for weakly confined nanocrystals where the density of states is high. This 
observation finds support from a previous work where the lengthening of radiative lifetime is 
attributed to the mixing of S state with higher P state that are symmetry forbidden73. The smaller 
nanocrystals within the strong confinement regime, show longer radiative lifetimes due to a 
reduction in oscillator strength. In contrast, intermediately confined nanocrystals exhibit the 
shortest radiative lifetime, as the effect of states mixing is reduced in this regime along with an 
enhancement in the oscillator strength. The non-monotonic trend in radiative lifetime observed in 
the present study appears to reflect a behavior common among intensively studied II-VI (CdSe), 
III-V (InP), and perovskite semiconducting nanocrystals70,79–81. In all, this study provides a 
thorough insight into the size-dependent radiative lifetime in CsPbBr3 nanocrystals, paving the 
way to engineer materials with tailored decay rates to meet diverse optical application needs. 
 
5.2 Results & Discussion 
 
 
We set out to investigate the effect of nanocrystal size on optical properties, focusing on the 
radiative lifetime. High-quality nanocrystals were synthesized following a modified version of 
previous reports to minimize non-radiative pathways and to directly extract the radiative lifetime. 
Figure 5.1a shows absorption and photoluminescence spectra of CsPbBr3 nanocrystals in the 
strong, intermediate, and weak confinement regime. Figure 5.1c, d, and e show their corresponding 
Transmission Electron Microscopy (TEM) images (larger area shown in Figure D1) along with 
calculated size distributions59, illustrating highly monodisperse ensemble. Photoluminescence 
Full-Width at Half Maximum (FWHM) and Stokes shift are extracted for different nanocrystal 
sizes revealing a linear trend. Both the FWHM and Stokes shift exhibit an increase as nanocrystal 
sizes decrease, which has been observed previously82,83. This linear trend is correlated between the 
size of the nanocrystals and the strength of coupling to high-energy optical phonons (2-17 
meV)83,84. Specifically, smaller nanocrystals exhibit stronger coupling to these phonons. This 
coupling results in large fluctuations in the bandgap85, consequentially causing broader emission 
linewidths and larger Stokes shift as evident in Figure 5.1a and b. 
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Figure 5.1: Optical and structural characterizations of CsPbBr3 nanocrystals with varying 
sizes. a, steady-state absorption, and photoluminescence (PL) spectra of selected nanocrystals in 
weak, intermediate, and strong quantum confinement regime, with inset showing the crystal 
structure created with Vesta38. b, Stokes shift and full width at half max as a function of bandgap 
energy are plotted displaying a linearly increasing trend as nanocrystal sizes decrease. c, d, e are 
transmission electron microscope (TEM) images along with their corresponding size distributions 
fitted with gaussian curve to extract the average nanocrystal size. TEM images scale bars are as 
follow: c, 10 nm, d, 10 nm, and e, 50 nm with inset showing high resolution TEM of a single 
nanocrystal with 5 nm scale bar and its corresponding Fast Fourier Transform (FFT) with 2 nm-1 
scale bar. 
 
Each synthesized nanocrystals underwent characterization to determine photoluminescence 
quantum yield (PLQY) and time-resolved photoluminescence (TRPL) to quantify the radiative 
lifetime (𝜏!), which is inversely related to the radiative rate (𝜅!), using the following relation: 
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where ⟨𝜏⟩ is total lifetime extracted by deconvoluting with the instrument response function (IRF) 
and subsequentially fitting the initial two decades of TRPL decays, as shown in Figure 5.2, using 
a monoexponential function as follow: 
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The tabulated data in Figure 5.2 shows the near-unity PLQY CsPbBr3 nanocrystals across the three 
confinement regimes. Notably, the strongly and weakly confined nanocrystals exhibit longer 
radiative lifetime (or slower radiative rate) compared to the intermediately confined nanocrystals. 
 
 

 
Figure 5.2: Time-resolved photoluminescence (TRPL) characterization. Three selected 
nanocrystals sizes in strong, intermediate, and strong quantum confinement regimes are assessed 
using TRPL. Decays are deconvoluted with instrument response function (IRF) and the initial two 
decades are fitted to a monoexponential function to extract the total lifetime (inset). Absolute 
photoluminescence quantum yield (PLQY) was measured to calculate the radiative rates for each 
nanocrystals. The resulting data, including bandgap (Eg), PLQY, total lifetime, and radiative rate, 
are tabulated, revealing a non-monotonic trend that emerges in lifetimes and radiative rates. 
Lifetime with their residual and goodness of the fit is illustrated in Figure D2. 
 
 
We conducted further measurements of PLQY and TRPL across different nanocrystal sizes within 
each of the three confinement regimes under ambient conditions. Surprisingly, our findings reveal 
a non-monotonic trend in both radiative lifetime and radiative rate, as shown in Figure 5.3a and b. 
We find, in confirmation of earlier reports73, that the weakly confined nanocrystals exhibit longer 
radiative lifetimes that we attributed to thermally accessible dim states positioned above the lowest 
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bright state. However, our measurements on strongly confined nanocrystals unexpectedly display 
similar long radiative lifetimes. Interestingly, we observe the shortest radiative lifetimes within the 
intermediate confinement regime. Thus, there exists some optimal nanocrystal size for applications 
where fast radiative recombination is desirable. 

 

 
Figure 5.3: Size-dependent exciton radiative lifetimes and rates of CsPbBr3 nanocrystals. a, 
Measured total lifetime under ambient conditions along with calculated radiative lifetimes via the 
absolute photoluminescence quantum yield (PLQY) as a function of nanocrystal size exhibit an 
unexpected non-monotonic trend. Larger nanocrystals in weak confinement regime show 
lengthened radiative lifetimes that decrease as the nanocrystal size transition into the intermediate 
confinement regime. Surprisingly, the trend reverses with decreasing nanocrystals size reaching 
the strong confinement regime. b, radiative rates, the inverse of radiative lifetimes, showcasing an 
optimal size associated with maximum radiative rate. Larger sizes shown in Figure D3. 
 
 
To understand the underlying factors that may contribute to the lengthened radiative lifetime, we 
delved into a comprehensive examination of the crystal structure. In Figure 5.4a, the powder X-
ray diffraction (XRD) patterns of the nanocrystals with sizes spanning the three confinement 
regimes are illustrated. The nanocrystals in the strong confinement regime exhibits a cubic phase. 
As the size of the nanocrystals increases, a transition into an orthorhombic phase is observed74–78. 
This phase transition, as discussed below, is further corroborated by molecular dynamics (MD) 
simulations at 300 K, as shown in Figure 5.4b. 
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The LAMMPS software package was used to perform MD simulations of CsPbBr3 nanocubes of 
sizes ranging from <2 – 6 nm at 300 K using a previously parameterized force field86. Simulations 
were equilibrated for 800 ps and statistics collected for 9 ns with a 1 fs timestep, and the average 
structural symmetry was computed to resolve the size-dependent phase behavior. To produce a 
quantitative metric of the structural symmetry, we define an order parameter, 𝜉, that distinguishes 
the common cubic and orthorhombic phases of CsPbBr3 nanocrystals. The order parameter is 
defined on the probability distribution of nearest neighbor halide-halide-halide (X-X-X) angles of 
the nanocrystal configuration, 
 

𝜉$(𝜃) =
(𝑃$(𝜃) − 𝑃#FG$#∘ (𝜃))I

(𝑃J!%+J∘ (𝜃) − 𝑃#FG$#∘ (𝜃))I
(5) 

 
where 𝑃$(𝜃) is the probability of finding an X-X-X angle of 𝜃 in the 𝑖-th configuration and 𝑃∘(𝜃) 
is the probability of observing angle 𝜃 in a perfectly symmetric structure. If the configuration along 
the MD trajectory possesses cubic symmetry, then the numerator is zero and the order parameter 
becomes zero. If the configuration is orthorhombic, the ratio of terms is unity, and the order 
parameter is one. The average order parameter for a certain size is, 𝜉(𝜃) 	= 8

>()*+
∑ 𝜉$(𝜃)$ , where 

𝑁%!.K is the number of configurations in the trajectory. Simply, we compare the simulated 
geometry of the nanocrystal against perfectly cubic and orthorhombic nanocubes of the same size. 
 
The probability distribution of X-X-X angles distinguishes strongly between cubic and 
orthorhombic CsPbBr3 at two angles, 60º and 160º. For perfectly cubic perovskites, 1/6th of the 
angles is 60º while, contrastingly, zero angles are 60º for perfectly orthorhombic structures. This 
is reversed at 160º, where perfectly cubic structures have 0% probability and orthorhombic 
structures have a 1/6th probability. Figure D4 shows histograms illustrating the probabilities, 
allowing for a clear distinction of certain angles that specifically emerge in one phase but are 
absent in the other. We develop a composite measure of the size-dependent phase behavior of 
perovskite nanocrystals in our simulations by averaging 𝜉(60∘) and 𝜉(160∘): 
 

𝜉 =
𝜉(60∘) + 𝜉(160∘)

2 . (6) 

 
As evident in Figure 5.4b, the smaller nanocrystals, characterized by strong quantum confinement, 
display a cubic phase. As the nanocrystals size increases, a transition occurs, with the phase 
progressively shifting towards orthorhombic symmetry – results that closely align with the 
experimental XRD patterns shown in Figure 5.4a. MD simulations were also performed on 
analogous CsPbI3 perovskite nanocrystals and a similar phase behavior observed. Comparative 
analysis of the size-dependent anisotropy for CsPbBr3 and CsPbI3 nanocrystals are presented in 
Figure D5. 
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Figure 5.4: X-ray diffraction (XRD) and molecular dynamics (MD) of varying CsPbBr3 
nanocrystal sizes. a, XRD patterns illustrating the transition from cubic to orthorhombic 
symmetry. b, a composite order parameter that assesses the degree of crystal phase computed from 
MD simulation trajectories under ambient conditions in reference to a perfect cubic and 
orthorhombic symmetry, where 0 indicates a cubic phase and 1 means an orthorhombic phase. 
Error bars denote the variance of the order parameter due to fluctuations in the geometry over the 
simulation. The order parameter results align with XRD patterns, confirming the size-dependent 
phase transition from being cubic in small nanocrystals to orthorhombic in larger nanocrystals. 
 
Further theoretical understanding of the interplay between perovskite structural and optical 
properties was gained by performing electronic structure calculations on the relaxed structures for 
varying nanocrystal sizes. Accurate excited states including electron-hole correlation and spin-
orbit coupling effects were computed within the semi-empirical pseudopotential framework as 
described in previous reports87. We obtain a validated pseudopotential from Weinberg et al. 
describing local, nonlocal and spin-orbit coupling effects for CsPbI387. The electronic properties 
of CsPbI3 and CsPbBr3 show analogous trends88; thus, we compute radiative lifetimes using the 
validated CsPbI3 model as a proxy to understand the measured CsPbBr3 radiative lifetimes. 
 
Due to computational constraints, the investigation of nanocrystal sizes spans strongly and 
intermediately confined nanocrystals with sizes ranging from 3.1 – 5.7 nm. In addition, we relax 
nanocrystal structures at 0 K using a conjugate gradient approach to obtain static input geometries. 
It was verified that the 0 K structures show the same size dependent phase behavior as the 300 K 
MD simulations (see Figure D4). This gives us three structures to compare for each size: cubic, 
orthorhombic, and relaxed. 
 
We calculated the radiative lifetime in the time-dependent perturbation theory framework as: 
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1
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where 𝜀J , ℏ, 𝑐 are the vacuum permittivity, reduced Planck’s constant, and speed of light, 
respectively. The parameters 𝜔" and |𝜇"|I correspond to the transition frequency and the oscillator 
strength of exciton n. Reported radiative lifetimes are the Boltzmann thermal average of excitons 
within 3𝜅7𝑇 of the lowest exciton. We assume that the timescale of radiative recombination is 
faster than relaxation to the ground state and do not include the lowest exciton in our Boltzmann 
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average. This procedure produces radiative lifetimes that agree well with experiments. A reduction 
in radiative lifetime is observed as nanocrystal size increases from the strongly confined to 
intermediately confined regime (Figure 5.5a). We rationalize this decrease in radiative lifetime by 
analyzing the size-dependent oscillator strength of states within 3𝜅7𝑇 of the lowest bright exciton. 
We find a drastic increase in the lowest bright state’s oscillator strength as the nanocrystal size 
increases, independently of crystal symmetry (Figure 5.5b). While one might expect a further 
decrease in radiative lifetime due to the increase in the oscillator strength, an interesting 
lengthening in radiative lifetime occurs. New states exhibiting weak oscillator strength (i.e. dim 
states) within 3𝜅7𝑇 emerge, which under ambient conditions, mix with the lowest bright state. 
This mixing of states leads to an extension of radiative lifetimes in larger nanocrystals that results 
in non-monotonicity in the radiative lifetime as observed for the largest calculated nanocrystals, 
shown in Figure 5.5a. To examine how temperature influences of this mixing, we computed the 
radiative lifetimes at lower temperatures (Figure D6). Our analysis reveals an exponential decrease 
as nanocrystals size decrease at lower temperatures, indicating that the dim states become 
thermally inaccessible. This observed exponential trend aligns closely with previously reported 
experimental findings26,72. It is noteworthy to point that the competing effects of weakened 
oscillator strength and dim state mixing occur distinctly for the strong and weak confinement 
regimes, respectively, leaving the intermediate confinement regime to exhibit the shortest radiative 
lifetime. This aligns well with the experimentally observed non-monotonic trend in size-dependent 
radiative lifetime in CsPbBr3 nanocrystals, shown in Figure 5.3. Additionally, this rationalization 
explains the trend we predict to be common among prototypical II-VI (CdSe, Figure D7) , III-V 
(InP, Figure D8), and perovskite semiconducting nanocrystals70. 
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Figure 5.5: Size-dependent radiative lifetimes calculation. a, radiative lifetimes computed 
through electronic structure calculations on perfect cubic and orthorhombic symmetries along 
relaxed structure with varying nanocrystal sizes. b, Calculated excitonic states as a function of 
nanocrystal size plotted for cubic, orthorhombic, and relaxed structure. Here states within 3𝜅7𝑇 
above the lowest exciton levels are included. Color map indicates oscillator strength, which 
happens to increase for the lowest bright exciton with increasing nanocrystal size. 
 
5.3 Conclusion 
 
 
In conclusion, the investigation of the effect of CsPbBr3 nanocrystal size on radiative lifetime 
reveals an unexpected non-monotonic trend. Larger and smaller nanocrystals in the weak and 
strong quantum confinement regimes displayed longer radiative lifetimes, leaving the 
intermediately confined nanocrystals to exhibit the shortest radiative lifetimes. This non-
monotonicity in radiative lifetime appears to be a common trend among II-VI (CdSe), III-V (InP), 
and perovskites semiconducting nanocrystals. Interestingly, we observed a phase transition from 
cubic and orthorhombic symmetry that was confirmed by X-ray diffraction and MD simulations. 
This transition coincided with the intermediate confinement regime, but we find no evidence 
suggesting its influence on radiative lifetimes. Further analysis revealed that large nanocrystals in 



 

 50 

the weak confinement regime showed extended radiative lifetime due to the thermal population 
under ambient conditions of high-lying states with weak oscillator strengths. In contrast, the 
unexpected lengthening of radiative lifetime in smaller nanocrystals within the strong confined 
regime was attributed to a significant reduction in oscillator strength, leaving the intermediately 
confined nanocrystals to exhibit the shortest radiative lifetimes. This study emphasizes the intricate 
and unique interplay between the CsPbBr3 nanocrystal size and radiative lifetime, paving the way 
to improve and engineer optical materials with desirable radiative lifetimes for diverse optical 
applications. 
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Chapter 6. Can Semiconductor 
Nanocrystals Be Laser Cooled? 
 
 
6.1 Introduction 
 
 
Since its inception in 1929 by Pringsheim1, optical refrigeration or laser cooling has attracted 
significant attention due to its potential impact on global heating among other applications. For 
example, sun rays could potentially be absorbed and converted to cool the environment, which 
may sound counter-intuitive but that’s the promise of some materials that has the potential to be 
used in laser cooling. Other applications that may benefit from laser cooling are in high-power 
laser temperature control to quantum sensing and computing5,6,39. Initial work since laser cooling 
was proposed was focused on cooling atoms through Doppler cooling mechanism, which has 
allowed the study of quantum mechanical behaviors at near absolute zero. However, more 
applications can be explored if condensed matters or solid-state materials can be cooled. Not until 
1995 where the first laser cooling in solid-state materials was observed, which paved the way 
explore more solid-state materials8. Early work on solid-state laser cooling was done on rare-earth 
materials by which rare-earth elements were doped into glass or crystals to result in up-conversion 
of sub-bandgap excitation. A record net cooling of 89 K was observed in Yb3+-doped yttrium 
lithium fluoride (YLF) crystals9. This cryogenic temperature is effectively the Minimum 
Achievable Temperature (MAT) for rare-earth-based solid-state materials because rare-earth 
elements’ ground state maximum, being atoms, becomes depopulated at low temperature since it 
follows Boltzmann statistics, reducing the possibility of up-conversion10. Thus, semiconductor 
materials were sought for laser cooling since they follow Fermi-Dirac statistics in which the 
maximum of the valence band remains populated even at absolute zero, allowing a MAT of <10 
K10. At first, bulk GaAs semiconductor was studied for laser cooling and after significant research, 
bulk semiconductors have not shown any net cooling13. Therefore, major work has been focused 
on colloidal nanocrystals and nanostructure due to their promising potential to be laser cooled. 
Some work on CdS nanobelts and perovskite platelets have shown the first net cooling for solid-
state laser cooling; however, the results were controversial but did not invalidate the possibility to 
laser cool semiconductors4,11,14,89,90. 
 
Among semiconducting nanomaterials candidates for laser cooling5, cesium lead bromide 
(CsPbBr3) perovskite nanocrystals have emerged as a highly promising nanomaterial owing to 
their ease of synthesis, near-unity photoluminescence quantum yield (PLQY), and substantial up-
conversion efficiencies5,15,17. Notably, CsPbBr3 nanocrystals exhibit a remarkably low trap density 
and can tolerate shallow surface defects, which contribute to their near-unity PLQY19,28,29. 
Extremely high PLQY (>99%) is essential to observe net laser cooling5. Attainment of laser 
cooling in semiconductors depends on two sequential processes: efficient up-conversion, where a 
phonon is annihilated upon sub-bandgap light absorption to arrive at an excited state population; 
and anti-Stokes photoluminescence (ASPL), where the emitted photon energy is higher than that 
of the excitation electron. Once an electron undergoes up-conversion to arrive at the conduction 
band edge, competition between radiative and non-radiative decay pathways determines whether 
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net cooling is observed in solid-state semiconductor materials12,13. Radiative emission without 
generation of a phonon leads to an overall reduction in phonon population (reducing phonons = 
cooling), while non-radiative recombination results in phonon generation. Thus it is imperative to 
shorten the radiative lifetimes, inversely increase the radiative rates, to reduce the non-radiative 
recombination probability. With previous chapters discussing in great details regarding optimizing 
the radiative lifetimes as well as rigorous investigations of up-conversion process and efficiency 
with perovskite nanocrystals, this chapter focuses on attempts to laser cool perovskites and other 
nanocrystals such as II-VI (Cadmium Selenide, CdSe). We specifically set up a technique that can 
measure change in temperature of the nanocrystal directly instead of relying on spectral signatures 
such as Raman signals as has been done previously, which resulted in ambiguous results4,11,14,89. 
Figure 6.1 illustrates the laser cooling experimental setup. Briefly, a narrow bandwidth laser with 
sub-bandgap energy is directed onto the sample that is encapsulated with a thermally insulating 
glass cuvette. A sensitive thermal camera is placed in close proximity to the sample to detect any 
temperature change within ±0.1	℃. With different ~100% PLQY samples configured in solution 
phase, encapsulated thin film, polymer matrix, aerogel, and under low pressure as well as different 
sub-bandgap laser excitation, no net laser cooling was observed yet. We suspect that environment, 
whether glass cuvette, solution or polymer are potentially the cause of parasitic heating. Some 
measurements showed almost zero change in temperature, indicating the potential to overcome 
any parasitic heating, and toward achieving true net laser cooling in semiconductor nanocrystals. 
Next promising set up is to completely eliminate the surrounding by suspending the nanocrystals 
in a self-assembled configuration on and measure the superlattice oscillation with a resonance 
frequency as a function of temperature91. 
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Figure 6.1: Direct laser cooling measurement setup. (a) Front and (b) side views of the optical 
table where the laser cooling measurements are conducted. (c) Schematic showing the laser path 
to the sample that is also getting back reflected by an optical mirror along with a sensitive thermal 
camera in close proximity to the sample to detect any temperature change. 
 
6.2 Results & Discussion 
 
As discussed in the introduction chapter, a critical photoluminescence quantum yield (PLQY) must 
be met before a net laser cooling can be achieved. For CsPbBr3, this critical PLQY is 99.0-99.1%. 
Thus, it is imperative to produce nanocrystals as close to 100% as possible to leverage any cooling 
power. Taking the best synthesis procedure developed and optimized for CsPbBr3 nanocrystals, 
near-unity, ~100%, PLQY was measured with an integrating sphere. Figure 6.2 show steady state 
absorption and photoluminescence (PL) spectra with emission at 509 nm along with PLQY 
measurement and transmission electron microscopy (TEM), illustrating a highly monodispersed 
ensemble.  
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Figure 6.2: Optical and structural characterizations of CsPbBr3 nanocrystals. a, steady-state 
absorption and photoluminescence (PL) spectra, with inset illustrating the crystal structure made 
with Vesta38. b, Near-unity photoluminescence quantum yield (PLQY) measurement. c, 
Transmission electron microscopy (TEM) image shows highly monodispersed nanocrystals and 
top inset shows the corresponding Fast Fourier Transform (FFT) (scale bars 20 nm and 1 nm-1, 
respectively). Bottom insets show high-resolution TEM image of a single nanocrystal with its 
corresponding FFT (scale bars 5 nm and 2 nm-1, respectively). 
 
 
With such high-quality nanocrystals on hands, we ran several measurements as will be outlined 
next. Concentrated nanocrystals in toluene were added to a thin glass cuvette with low thermal 
conductivity and was encapsulated. A sub-bandgap 532 nm green laser was aligned on the sample 
in cuvette as shown in Figure 6.3a and the thermal camera positioned and focused on the sample. 
Different laser powers were selected, 1.5 W, 2 W, and 5 W. Initially, with laser blocked (OFF), 
the sample was let to thermally equilibrate as shown in Figure 6.3b, c and d. Then, the laser at the 
aforementioned powers was unblocked (ON) for 1-3 min to observe temperature change. Looking 
at the cross-hair spot (Cen=Center), we see that for 1.5 W, 2 W, and 5 W a temperature change of 
∆𝑇 = 1.5	℃, 1.8	℃ and 3.9	℃ occurred, respectively. Therefore, only net heating observed with 
this set of measurements. 
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Figure 6.3: Laser cooling measurement with thermal camera and 532 nm sub-bandgap laser. 
(a) sample and thermal camera set up. (b) 1.5 W, (c) 2 W, and (d) 5 W laser power was blocked 
(OFF) until the sample is stabilized, then the laser was unblocked (ON) and temperature change 
was observed. We see a new heating of ∆𝑇 = 1.5	℃, 1.8	℃ and 3.9	℃ for 1.5 W 2 W, and 5 W, 
respectively. 
 
We tested toluene in cuvette to rule out any potential parasitic heating, as shown in Figure 6.4. 
With 5 W laser power, we found that the toluene in cuvette heated up to 3.0	℃, indicating that, if 
we compare to the measurement in Figure 6.3d, the sample heated by 0.9	℃, which is quite low 
considering the potential heating of one non-radiative event with heating energy corresponding to 
the CsPbBr3 sample bandgap of 2.435 eV. 
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Figure 6.4: Pure toluene solvent. With clean cuvette with just toluene solvent, the laser power 
was set to 5 W to resemble the measurement in Figure 6.3d. We found that the toluene in cuvette 
heated up to 3.0	℃. 
 
 
To avoid solvent effect, we completely vacuum dried the nanocrystal solution, which left a thin 
film that is encapsulated. We ran the same measurement at 5 W power, and we measured ∆𝑇 =
1.3	℃, slightly more than ∆𝑇 = 0.9	℃ we anticipated. We attributed that to the fact that drying 
the nanocrystal into solid forms a condense film. Self-reabsorption increases which potentially 
could result in non-radiative recombination that compete with radiative recombination since the 
nanocrystals are not exactly 100%.  
 

 
Figure 6.5: An encapsulated thin film. (a) sample that has been fully vacuum dried into a thin 
film. 5 W 532 nm laser (b) OFF and (c) ON resulted in a temperature change of ∆𝑇 = 1.3	℃. 
 
We then wanted to avoid using the glass cuvette as it is relatively thick and would require 
significant cooling or heating power from the nanocrystals to observe effect with the thermal 
camera. So, we reverted to using a thin glass coverslip. Initially, we tested, with 532 nm at 5 W 
power, a single bare coverslip, as shown in Figure 6.6. We observed a ∆𝑇 = 0.4	℃ (Figure 6.6b 
and d). 



 

 57 

 
Figure 6.6: Bare coverslip. (a) clean bare glass coverslip. 5 W 532 nm laser (b) OFF and (c) 
ON resulted in a temperature change of ∆𝑇 = 0.4	℃. 
 
 
With coverslip heating with 0.4, we sandwiched a dropcasted thin film nanocrystals between two 
glass coverslips and sealed the edges with epoxy to avoid air exposure (Figure 6.7a). With 5 W 
power, we observed a net heating of ∆𝑇 = 3.7	℃, where we assume 0.8	℃ was added from the 
two coverslips. We also suspect the nanocrystals degraded as they might have gotten mixed with 
some epoxy during the sample preparation. 
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Figure 6.7: Nanocrystals thin film sandwiched by two glass coverslips. (a) nanocrystals thin 
film between two glass coverslip. 5 W 532 nm laser (b) OFF and (c) ON resulted in a 
temperature change of ∆𝑇 = 3.7	℃. 
 
 
So, to avoid using epoxy and cover slips, we prepared a polymer matrix. The matrix consists of 5 
wt% polystyrene previously dissolved in toluene then mixed with nanocrystals. The mix was then 
dropcasted and solvent was allowed to evaporate naturally to form a uniform polymer-nanocrystals 
film. We also prepared a plain polymer film to test for any parasitic heating (Figure 6.8). The plain 
polymer film heated to ∆𝑇 = 1.8℃ with 5 W 532 nm laser. Unexpectedly, the polymer-
nanocrystals mix shown in Figure 6.9, when excited with the 532 nm at 5 W was heated intensely 
and net roughly ∆𝑇 = 117.5	℃, which left the film with a burned hole (Figure 6.9e). We attributed 
this large heating to the fact that the nanocrystals in the polymer matrix were not fully encapsulated 
and were exposed to the outside environment, degrading them, and lowering their quantum yield. 
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Figure 6.8: Polystyrene film. (a) Polystyrene film prepared as 5 wt% in toluene and dropcasted 
and allowed to dry naturally. 5 W 532 nm laser (b) OFF and (c) ON resulted in a temperature 
change of ∆𝑇 = 1.8	℃. 
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Figure 6.9: Polymer-nanocrystals matrix film. (a) Nanocrystals was mixed with prepared 
polystyrene in toluene and dropcasted and allowed to dry naturally. 5 W 532 nm laser (b) OFF and 
(c, d) ON resulted in a temperature change of ∆𝑇 = 117.5	℃. (e) Due to the high temperature 
generated from the polymer-nanocrystals matrix, the film was burned through. 
 

 
We retested the nanocrystals in solution in the thin glass cuvette with 532 nm at different power 
to track the timescale at which these heating occurs. As evident in Figure 6.10, we see a consistent 
50-55 seconds at which net heating plateau which is acceptable considering the nanocrystals, 
which is expected to heat or cool within in the milliseconds range14, transfer its heat to the 
surrounding. 
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Figure 6.10: Sub-bandgap excitation over time. (a) Laser cooling measurements with 532 nm 
laser at different power, 1.5 W, 2 W, and 5W over time. (b) Detected temperature change over 
time illustrates the fast and consistent increase in temperature for different laser power. 
 
 
Since with all the discussed attempts thus far produced net heating, we attributed it to the fact that 
the 532 nm laser is detuned relatively deep in the bandgap with up-conversion efficiencies in the 
10-20% as discussed in previous chapters. Since the 532 nm laser is generated through second-
harmonic generation (SHG) from a 1064 nm laser, we suspect that some 1064 nm photons leaked 
through even though we used two dichroic mirrors (Figure 6.1c) to transmit most of the infrared 
light. Thus, we shifted the laser cooling experiments by using a 520 nm diode laser with power up 
to 1 W. Figure 6.11 shows the attempt results with the new laser set to 0.9 W, and we observed a 
net heating of ∆𝑇 = 0.9	℃, which is quite small, showing a promise for laser cooling the 
perovskite nanocrystals. 
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Figure 6.11: Laser cooling measurement with thermal camera and 520 nm sub-bandgap 
diode laser. (a) sample and thermal camera set up.0.9 W laser power was blocked (a) OFF until 
the sample is stabilized, then the laser was unblocked (b) ON, and temperature change was 
observed. We see a heating of ∆𝑇 = 0.9	℃. 
 
 
To avoid solvent and glass cuvette that would require the nanocrystals to transfer its heating or 
cooling energy to, we tried using an aerogel film that we dropcasted a drop of nanocrystals 
solution. At first, we tested a bare aerogel with the new 520 nm diode laser. Surprisingly, there 
was some heating even though there should not be anything absorption the laser. Figure 6.12 shows 
that the bare aerogel heated to ∆𝑇 = 4.2	℃ when the 520 nm laser power is set to 0.9 W. 
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Figure 6.12: Bare aerogel film for laser cooling measurement. (a) aerogel film purchased from 
Aerogeltechnologies. 0.9 W 502 nm diode laser (b) OFF and (c) ON resulted in a temperature 
change of ∆𝑇 = 4.2	℃. 
 
We then dropcasted the nanocrystals onto the aerogel film and tested for laser cooling. Although 
we observed minimal heating of ∆𝑇 = 0.9	℃ under the exact conditions as in Figure 6.12, 
potentially the nanocrystals were actually able to cool the aerogel by ∆𝑇 = 3.3	℃. Figure 6.13 
shows the measurement of nanocrystals in aerogel by which possible cooling was observed. 
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Figure 6.13: Nanocrystals in aerogel film. (a) nanocrystal dropcasted on aerogel film. 0.9 W 502 
nm diode laser (b) OFF and (c) ON resulted in a temperature change of ∆𝑇 = 0.9	℃. If compared 
to bare aerogel, potentially we observed a cooling of ∆𝑇 = 3.3	℃. 
 
 
All the attempts thus far were done under atmospheric pressure. To eliminate any potential effect 
from any air flow, we attempted laser cooling under low pressure, in a cryostat with pressure 
down to 10-7 Pa. We prepared a thin film dropcasted on a glass coverslip as well as dried film of 
nanocrystals in a glass cuvette as shown in Figure 6.14 and 6.15. 
 
We first tested the thin film on glass cover slip (Figure 6.14) with the 520 nm diode laser at 0.9 
W. We observed a net heating of ∆𝑇 = 77.6	℃ that it burned a hole through the glass coverslip 
(Figure 6.14e) despite the fact that the sample was prepared under inert environment (nitrogen 
filled glovebox) and placed in a cryostat that was then lowered in pressure. So, we attribute this 
large heating to possible nanocrystals photon cycling (self-reabsorption) as the nanocrystal film 
was thick.  
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Figure 6.14: Laser cooling measurements in cryostat using coverslip. (a) nanocrystal 
dropcasted on glass coverslip under inert environment and was placed inside a cryostat for low 
pressure measurement. 0.9 W 502 nm diode laser (b) OFF and (c and d) ON resulted in a 
temperature change of ∆𝑇 = 77.6	℃. (e) The sample heated and burned a hole through the 
coverslip. 
 
 
We then tested the cuvette (Figure 6.15), and a net heating of ∆𝑇 = 1.1	℃. A summary table 6.1 
showing the several laser cooling configurations and attempts on perovskite nanocrystals with 
photoluminescence emission of 509 nm and near- unity, 100%, photoluminescence quantum yield.  
 

 
Figure 6.15: Laser cooling measurements in cryostat using thin glass cuvette. (a) nanocrystals 
solution was added to thin glass cuvette, vacuum dried and then placed under inert environment 
inside a cryostat for low pressure measurement. 0.9 W 502 nm diode laser (b) OFF and (c and d) 
ON resulted in a temperature change of ∆𝑇 = 1.1	℃. 
 
 
Table 6.1: Summary of laser cooling measurements on perovskite nanocrystals with 
photoluminescence emission of 509 nm and photoluminescence quantum yield of ~100%. 
Boxed, in red, is a potential set f experiments that might have resulted in a net cooling. 



 

 66 

 
  



 

 67 

6.3 Conclusion & Future Recommendations 
 
In conclusion, despite the tremendous investigations detailed in all chapters, including 
optimization, and understanding of up-conversion processes and radiative lifetimes in lead-halide 
perovskite nanocrystal, no conclusive evidence of laser cooling has been observed yet. In all the 
attempts, a special set up was developed to directly measure any temperature change using a 
sensitive thermal camera. Aerogel attempts might have shown a potential net laser cooling. Future 
work can utilize a slightly different sample configuration where the nanocrystals are made into a 
superlattice that are suspended to eliminate any surrounding effect (solvent, glass, polymer, etc.) 
and directly measure the superlattice temperature as a function of its resonance oscillation shift91. 
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Appendix A 
 
A.1 Urbach Energy 
 
One method for quantifying absorption below the band edge (referred to as anti-Stokes absorption) 
involves determining the Urbach energy using the absorption coefficient 
relationship:

𝛼(ℎ𝑣) = 𝛼J	𝑒
3
#-./$0
/1

6 (1) 
where 𝛼 is the absorption coefficient, ℎ𝑣 is the excitation energy, 𝐸01 is the band edge energy, and 
𝐸F is the Urbach energy.  
 
Solving for 𝛼Jat the band edge is as follows: 

𝐼 = 𝐼J𝑒2N* (2) 

𝑙𝑜𝑔8O z
𝐼J
𝐼 { = 𝐴 = 𝛼	𝐿	𝑙𝑜𝑔8O(𝑒)	 (3) 

rearranging equation (3), 

𝛼J =	
𝐴

𝐿	𝑙𝑜𝑔8O(𝑒)
(4) 

where A is the absorption and L is cuvette path length (standard 1 cm). We solve for 𝛼J at the band 
edge and find it to be 𝛼J|𝐴 = 0.0698, 	𝐸01 = 2.436𝑒𝑉} = 0.1607	𝑐𝑚28. 
 
Then rearranging equation (1): 

ln(𝛼(ℎ𝑣)) ∝
1
𝐸F
ℎ𝑣	 (5) 

We see that the Urbach energy can be extracted from the slope of the absorption coefficient as a 
function of excitation energy at the band tail, as shown in Figure 2.2e of the main text. We find 
the Urbach energy for our CsPbBr3 nanocrystals to be 𝐸F = 30.95208617	𝑚𝑒𝑉 
 
By utilizing the Urbach energy in conjunction with the absorption coefficient at the band edge, the 
anti-Stokes absorption can be derived from equation (3). Subsequently, this enables determination 
of the up-conversion efficiency. 
 
A.2 Temperature Dependency of Up-Conversion Efficiency 
 
In the main text, we examine the relationship between up-conversion efficiency and temperature. 
We establish that the ratio of the number of phonons (𝑁0) at two distinct temperatures, considering 
their respective phonon energies, directly correlates with the ratio of up-conversion efficiency at 
those temperatures. To investigate this connection, our initial step involves modeling the phonon 
energy as a function of temperature, as follows: 
 

𝐸0(𝑇) = 𝐸J𝑒
(2 ∆4
=%;

) 
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We utilized the phonon energies obtained at both room temperature (RT) and liquid nitrogen (LN) 
temperature to determine the values 𝐸Jand ∆𝐸. 
 
The number of phonons (𝑁)) as a function of temperature follows the Boltzmann distribution: 

𝑁0(𝑇) = 𝑁J𝑒
(2
4$(;)
=%;

) 
So, 

𝑁)(𝑅𝑇)
𝑁0(𝐿𝑁)

∝ 	
𝑒
2Q

4$(:;)
=%;(:;)

R

𝑒
2Q

4$(*>)
=%;(*>)

R
 

And we know that 
𝜂(𝑅𝑇)
𝜂(𝐿𝑁) ≈

𝑁)(𝑅𝑇)
𝑁0(𝐿𝑁)

 

Thus, 

𝜂(𝑇) ≈
𝜂(𝑅𝑇)
𝑁)(𝑅𝑇)
𝑁0(𝑇)

 

where 𝑁)(𝑅𝑇) is computed directly while 𝜂(𝑅𝑇) is extracted from the data in Figure 2.2d across 
various detuning energies residing below the band gap. 
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Figure A1: Anti-Stokes laser excitations with a 515 nm long pass filter. 
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Figure A2: Raman spectroscopy. a, Anti-Stokes and b, Stokes Raman raw data with the 
background fit correction using the 5th order asymmetric truncated quadratic function. 
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Figure A3: Comparative Analysis of Up-Conversion Efficiency at Room Temperature (RT) 
and Liquid Nitrogen (LN) Temperature. a, b, Below-gap excitation is illustrated for both (a) 
RT and (b) LN temperatures. c, d, Phonon energies of approximately 8	meV (64.712	cm28) and 
6	meV	(48.17	cm28) were determined by fitting the ratio of the laser intensity to the anti-Stokes 
photoluminescence (ASPL) intensity curve for (c) RT and (d) LN temperatures, respectively, and 
fall within the Pb-Br-Pb bending mode range27,34,35,39. e, The Urbach energy of 24.655	𝑚𝑒𝑉 was 
obtained by fitting the tail of the absorption coefficient. f, Notably, the up-conversion efficiency 
exhibited a drastic decrease upon cooling to cryogenic LN temperatures, with a phonon population 
ratio closely matching the efficiency ratio. 
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Figure A4: The up-conversion efficiency, as determined through the methodology described 
above, at various temperature conditions for different detuning energies below the band gap. 
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Figure A5: Low power below gap transient absorption. a, Time-resolved transient absorption 
map along with b, selected time traces at a low power of 163	 ?@

AB&, demonstrating the persistent 
occurrence of coherent phonons. 
 

 

Figure A6: Illustration of decay traces that exhibit overlapping behavior in the long-time 
limit, both for resonant and non-resonant excitations. 
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Figure A7: Time traces taken from a, time-resolved transient absorption and b, fitted to an 
exponential decay (top panel). The fit is subtracted to get the residual (b-middle panel) which is 
then Fourier transformed to get a beating frequency (bottom panel) that is attributed to a vibrational 
mode. This vibrational mode of ~50 cm-1 corresponds to the Pb-Br-Pb bending mode27,34,35,39. 
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Appendix B 
 
 
B.1 Up-Conversion Efficiency Analysis 
 
The relation between up-conversion efficiency (𝜂), Stokes photoluminescence (PL), and anti-
Stokes photoluminescence (ASPL) is formulated5 as follows: 

𝐼/01 = 𝐼/	𝐴/	𝑃𝐿𝑄𝑌 (1) 
𝐼./01 = 𝐼./	𝐴./	𝜂	𝑃𝐿𝑄𝑌 (2) 

where 𝐼/01 and 𝐼./01 are the Stokes PL and ASPL intensities, 𝐼/and 𝐼./ are the Stokes and anti-
Stokes excitation intensities, 𝐴/ and 𝐴./ are the Stokes and anti-Stokes absorption, and 𝜂 is the 
up-conversion efficiency. Measurement of the up-conversion efficiency (Figure B4-6) is 
performed such that 𝐼/01 and 𝐼./01 are similar in value. This allows us to re-arrange equation (1) 
and (2) to solve for 𝜂 as follows: 

𝜂 ≈ 	
𝐼/	𝐴/
𝐼./	𝐴./

(3) 

This requires knowing the absorption at the band tail (𝐴./) as a function of detuned energy within 
the bandgap. Due to the limitations of standard spectrophotometers in detecting absorption 
transition at the band tail, we resort to computing absorption using the correlation between the 
absorption coefficient and Urbach energy, as discussed below. 
 
B.2 Urbach Energy 
 
One method for quantifying absorption at the band tail (referred to as anti-Stokes absorption) 
involves determining the Urbach energy using the absorption coefficient 
relations:

𝛼(ℎ𝑣) = 𝛼J	𝑒
3
#-./$0
/1

6 (4) 
where 𝛼 is the absorption coefficient, ℎ𝑣 is the excitation energy, 𝐸01 is the band edge energy, and 
𝐸F is the Urbach energy.  
 
Solving for 𝛼Jat the band edge is as follows: 

𝐼 = 𝐼J𝑒2N* (5) 

𝑙𝑜𝑔8O z
𝐼J
𝐼 { = 𝐴 = 𝛼	𝐿	𝑙𝑜𝑔8O(𝑒)	 (6) 

rearranging equation (6), 

𝛼J =	
𝐴

𝐿	𝑙𝑜𝑔8O(𝑒)
(7) 

where A is the absorption and L is cuvette path length (standard 1 cm). We solve for 𝛼J at the band 
edge. Then rearranging equation (4): 

ln(𝛼(ℎ𝑣)) ∝
1
𝐸F
ℎ𝑣	 (8) 

We see that the Urbach energy can be extracted from the slope of the absorption coefficient as a 
function of excitation energy at the band tail, as shown in Figure B4-6. 
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By utilizing the Urbach energy in conjunction with the absorption coefficient at the band edge, the 
anti-Stokes absorption can be derived from equation (3). Subsequently, this enables determination 
of the up-conversion efficiency. 
 

 
Figure B1: Absolute Photoluminescence Quantum Yield (PLQY). PLQY measured using 
integrating sphere for (a) CsPbCl3 (50.12% ± 5%), (b) CsPbBr3 (100% ± 2%), and (c) CsPbI3 
(97.3% ± 2%). 
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Figure B2: Transmission Electron Microscopy (TEM) images. Large area TEM images along 
with their respective Fast Fourier Transform (FFT) for (a) CsPbCl3 (FFT scale bar = 0.5	𝑛𝑚28), 
(b) CsPbBr3 (FFT scale bar = 1	𝑛𝑚28), and (c) CsPbI3 (FFT scale bar = 0.5	𝑛𝑚28). 
 

 
Figure B3: X-Ray Diffraction (XRD) Patterns. Reference XRD Patterns of pure halide 
perovskites in (a) cubic and (b) orthorhombic symmetry. Crystal structure (CIF files) was obtained 
from Materials Project92 while the XRD patterns was computed using Vesta38. 
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Figure B4: Below gap photoexcitation of CsPbCl3 nanocrystals. (a) Photoexcitations with 
energies detuned within the band gap exhibit a distinct band edge emission. (b) The plot of laser 
intensity to band edge emission ratio reveals an exponential trend that is modeled with Arrhenius 
equation. Inset, shown on a logarithmic scale, confirm the exponential trend. The goodness of fit 
is R2 = 0.9903. (c) The calculated up-conversion efficiency as a function of detuned energies within 
the bandgap. (d) Absorption coefficient is plotted, and the band tail is fitted to extract the Urbach 
energy required for calculating the up-conversion efficiency. 
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Figure B5: Below gap photoexcitation of CsPbBr3 nanocrystals. (a) Photoexcitations with 
energies detuned within the band gap exhibit a distinct band edge emission. (b) The plot of laser 
intensity to band edge emission ratio reveals an exponential trend that is modeled with Arrhenius 
equation. Inset, shown on a logarithmic scale, confirm the exponential trend. The goodness of fit 
is R2 = 0.9988. (c) The calculated up-conversion efficiency as a function of detuned energies within 
the bandgap. (d) Absorption coefficient is plotted, and the band tail is fitted to extract the Urbach 
energy required for calculating the up-conversion efficiency. 
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Figure B6: Below gap photoexcitation of CsPbI3 nanocrystals. (a) Photoexcitations with 
energies detuned within the band gap exhibit a distinct band edge emission. (b) The plot of laser 
intensity to band edge emission ratio reveals an exponential trend that is modeled with Arrhenius 
equation. Inset, shown on a logarithmic scale, confirm the exponential trend. The goodness of fit 
is R2 = 0.9186. (c) The calculated up-conversion efficiency as a function of detuned energies within 
the bandgap. (d) Absorption coefficient is plotted, and the band tail is fitted to extract the Urbach 
energy required for calculating the up-conversion efficiency. 
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Figure B7: Raman spectroscopy. Raw data along with the background fit correction using the 
5th order asymmetric truncated quadratic function and the data after background subtraction for (a 
and b) CsPbCl3, (c and d) CsPbBr3, and (e and f) CsPbI3. 
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Figure B8: Beating frequency. Analysis of the beating frequency conducted for (a) CsPbCl3, (a) 
CsPbBr3, and (a) CsPbI3 perovskite nanocrystals. (top panel) Time traces acquired from time-
resolved transient absorption are fitted to an exponential decay. (middle panel) The fit is then 
subtracted to get the residual signal, which is then (bottom panel) Fourier transformed to get a 
beating frequency that is attributed to a vibrational mode. Specifically, in CsPbCl3, we identify a 
vibration mode at approximately 57 cm-1, attributed to the transverse optical (TO) mode involving 
the stretching of Cl atoms in the [PbCl3]- octahedral cage55,56. We also observe an oscillation with 
a frequency of around 50 cm-1 corresponding to the Pb-Br-Pb bending mode in CsPbBr327,34,35,39. 
However, in CsPbI3, no distinct oscillation is observed. 
 

 
Figure B9: Long-time limit transient absorption (TA) bleach decays under above and below 
gap excitation. The decay traces exhibit overlapping behavior in the long-time limit for (a) 
CsPbCl3, (b) CsPbBr3, and (c) CsPbI3. 
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Appendix C 
 
 
C.1 Up-Conversion Efficiency Analysis 
 
The relation between up-conversion efficiency (𝜂), Stokes photoluminescence (PL), and anti-
Stokes photoluminescence (ASPL) is formulated5 as follows: 

𝐼/01 = 𝐼/	𝐴/	𝑃𝐿𝑄𝑌 (1) 
𝐼./01 = 𝐼./	𝐴./	𝜂	𝑃𝐿𝑄𝑌 (2) 

where 𝐼/01 and 𝐼./01 are the Stokes PL and ASPL intensities, 𝐼/and 𝐼./ are the Stokes and anti-
Stokes excitation intensities, 𝐴/ and 𝐴./ are the Stokes and anti-Stokes absorption, and 𝜂 is the 
up-conversion efficiency. Measurement of the up-conversion efficiency (Figure C4-6) is 
performed such that 𝐼/01 and 𝐼./01 are similar in value. This allows us to re-arrange equation (1) 
and (2) to solve for 𝜂 as follows: 

𝜂 ≈ 	
𝐼/	𝐴/
𝐼./	𝐴./

(3) 

This requires knowing the absorption at the band tail (𝐴./) as a function of detuned energy within 
the bandgap. Due to the limitations of standard spectrophotometers in detecting absorption 
transition at the band tail, we resort to computing absorption using the correlation between the 
absorption coefficient and Urbach energy, as discussed below. 
 
C.2 Urbach Energy 
 
One method for quantifying absorption at the band tail (referred to as anti-Stokes absorption) 
involves determining the Urbach energy using the absorption coefficient 
relations:

𝛼(ℎ𝑣) = 𝛼J	𝑒
3
#-./$0
/1

6 (4) 
where 𝛼 is the absorption coefficient, ℎ𝑣 is the excitation energy, 𝐸01 is the band edge energy, and 
𝐸F is the Urbach energy.  
 
Solving for 𝛼Jat the band edge is as follows: 

𝐼 = 𝐼J𝑒2N* (5) 

𝑙𝑜𝑔8O z
𝐼J
𝐼 { = 𝐴 = 𝛼	𝐿	𝑙𝑜𝑔8O(𝑒)	 (6) 

rearranging equation (6), 

𝛼J =	
𝐴

𝐿	𝑙𝑜𝑔8O(𝑒)
(7) 

where A is the absorption and L is cuvette path length (standard 1 cm). We solve for 𝛼J at the band 
edge. Then rearranging equation (4): 

ln(𝛼(ℎ𝑣)) ∝
1
𝐸F
ℎ𝑣	 (8) 

We see that the Urbach energy can be extracted from the slope of the absorption coefficient as a 
function of excitation energy at the band tail, as shown in Figure C4-6. 



 

 85 

 
By utilizing the Urbach energy in conjunction with the absorption coefficient at the band edge, the 
anti-Stokes absorption can be derived from equation (3). Subsequently, this enables determination 
of the up-conversion efficiency. 
 

 
Figure C1: Elemental analysis. Scanning electron microscopy images with energy-dispersive 
spectroscopy (EDS) quantifying the composition of (a) CsPbCl0.75Br2.25 and (b) CsPbI0.75Br2.25 
perovskite nanocrystal. 
 
 

 
Figure C2: X-Ray Diffraction (XRD) Patterns. Reference XRD Patterns of pure halide 
perovskites in (a) cubic and (b) orthorhombic symmetry. Crystal structure (CIF files) was obtained 
from Materials Project92 while the XRD patterns was computed using Vesta38. 
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Figure C3: Absolute Photoluminescence Quantum Yield (PLQY). PLQY measured using 
integrating sphere for (a) CsPbCl0.75Br2.25 (100% ± 5%), (b) CsPbI0.75Br2.25  (49.4% ± 2%), and 
(c) CsPbCl0.75Br2.25 (93.8% ± 2%). 
 
 

 
Figure C4: Above and below gap photoluminescence emission and excitation scans. To ensure 
homogenous mixing of iodide and bromide in CsPbI0.75Br2.25 nanocrystals, (a) photoluminescence 
emission scanned with excitation above and below gap reveal band edge emission, further 
confirming the homogenous mixing of the halides. (b) Photoluminescence excitation scan while 
detecting at wavelength above and below gap also results in identical spectra, ensuring 
homogeneity in the mixed halide perovskites. 



 

 87 

 
Figure C5: Below gap photoexcitation of CsPbCl0.75Br2.25 nanocrystals. (a) Photoexcitations 
with energies detuned within the band gap exhibit a distinct band edge emission. (b) The plot of 
laser intensity to band edge emission ratio reveals an exponential trend that is modeled with 
Arrhenius equation. Inset, shown on a logarithmic scale, confirm the exponential trend. The 
goodness of fit is R2 = 0.98784. (c) The calculated up-conversion efficiency as a function of 
detuned energies within the bandgap. (d) Absorption coefficient is plotted, and the band tail is 
fitted to extract the Urbach energy required for calculating the up-conversion efficiency. 
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Figure C6: Below gap photoexcitation of CsPbI0.75Br2.25 nanocrystals. (a) Photoexcitations 
with energies detuned within the band gap exhibit a distinct band edge emission. (b) The plot of 
laser intensity to band edge emission ratio reveals an exponential trend that is modeled with 
Arrhenius equation. Inset, shown on a logarithmic scale, confirm the exponential trend. The 
goodness of fit is R2 = 0.9581. (c) The calculated up-conversion efficiency as a function of detuned 
energies within the bandgap. (d) Absorption coefficient is plotted, and the band tail is fitted to 
extract the Urbach energy required for calculating the up-conversion efficiency. 
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Figure C7: Below gap photoexcitation of CsPbBr0.75I2.25 nanocrystals. (a) Photoexcitations 
with energies detuned within the band gap exhibit a distinct band edge emission. (b) The plot of 
laser intensity to band edge emission ratio reveals an exponential trend that is modeled with 
Arrhenius equation. Inset, shown on a logarithmic scale, confirm the exponential trend. The 
goodness of fit is R2 = 0.9440. (c) The calculated up-conversion efficiency as a function of detuned 
energies within the bandgap. (d) Absorption coefficient is plotted, and the band tail is fitted to 
extract the Urbach energy required for calculating the up-conversion efficiency. 
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Figure C8: Below gap photoexcitation of strongly confined CsPbI0.75Br2.25 nanocrystals. (a) 
Photoexcitations with energies detuned within the band gap exhibit a distinct band edge emission. 
(b) The plot of laser intensity to band edge emission ratio reveals an exponential trend that is 
modeled with Arrhenius equation. Inset, shown on a logarithmic scale, confirm the exponential 
trend. The goodness of fit is R2 = 0.9703. (c) The calculated up-conversion efficiency as a function 
of detuned energies within the bandgap. (d) Absorption coefficient is plotted, and the band tail is 
fitted to extract the Urbach energy required for calculating the up-conversion efficiency. 
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Figure C9: Below gap photoexcitation of intermediately confined CsPbI0.75Br2.25 
nanocrystals. (a) Photoexcitations with energies detuned within the band gap exhibit a distinct 
band edge emission. (b) The plot of laser intensity to band edge emission ratio reveals an 
exponential trend that is modeled with Arrhenius equation. Inset, shown on a logarithmic scale, 
confirm the exponential trend. The goodness of fit is R2 = 0.9432. (c) The calculated up-conversion 
efficiency as a function of detuned energies within the bandgap. (d) Absorption coefficient is 
plotted, and the band tail is fitted to extract the Urbach energy required for calculating the up-
conversion efficiency. 
 

 
Figure C10: CsPbI0.75Br2.25 nanocrystals with varying sizes. Transmission electron microscopy 
(TEM) images and their corresponding Fast Fourier Transform (FFT) pattern, displaying 
monodispersed cubic nanocrystals of mixed CsPbI0.75Br2.25 perovskites with (a) strongly confined 
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sized at 6.16 ± 0.87	𝑛𝑚 and (b) intermediately confined nanocrystals sized at 6.78 ± 0.93	𝑛𝑚. 
Scale bars: main TEM – 50	𝑛𝑚, main FFT – 1	𝑛𝑚28. 
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Appendix D 
 
 

 
Figure D1: Transmission electron microscopy (TEM) characterization of CsPbBr3 
nanocrystals. a,b,c, TEM images of three selected nanocrystals sizes in (a) strong, (b) 
intermediate, and (c) weak quantum confinement regime with their corresponding Fast Fourier 
Transform (FFT). 
 
 

 
Figure D2: Time-resolved photoluminescence (TRPL) characterization. a,b,c, depict TRPL 
decays, deconvoluted with instrument response function (IRF), with the initial two decades fitted 
to a monoexponenital function for nanocrystal sizes within (a) strong, (b) intermediate, and (c) 
weak quantum confinement regime. Each plot includes the residuals showing the goodness of the 
fit. 
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Figure D3: Size-dependent radiative lifetimes and rates of CsPbBr3 nanocrystals. a,b, 
Varying nanocrystals spanning further in the weak confinement regime illustrating extended (a) 
radiative lifetimes and reduced (b) radiative rates. 
 
 

 
Figure D4: Cubic vs orthorhombic CsPbBr3 structure. a,b, Probability distribution of X-X-X 
angles in ideal (a) cubic and (b) orthorhombic CsPbBr3 structure. In the cubic symmetry, the 60º 
angle is distinctly prominent, while 160º angle occurs only in the orthorhombic symmetry. 
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Figure D5: Order parameter. a,b, Comparison of order parameter for CsPbBr3 and CsPbI3 
nanocrystals with varying sizes at (a) 0 K and (b) 300 K. Both perovskites initially exhibit cubic 
symmetry in smaller sizes, then transition into orthorhombic symmetry as the nanocrystal size 
increases. 
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Figure D6: Size Dependent Radiative Lifetime Across Different Temperatures. a,b,c,d,e, 
Radiative lifetimes of halide perovskites as a function of temperature calculated at (a) 50 K, (b) 70 
K, (c) 100 K, (d) 200, and (e) 300 K, demonstrating a transition from an exponential trend observed 
for low temperatures to a non-monotonic trend for higher temperatures, indicating that the dim 
states became thermally accessible. 
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Figure D7: Size-dependent radiative lifetimes calculation of wurtzite CdSe nanocrystals. a,b, 
(a) calculated radiative lifetimes as a function of CdSe nanocrystal size, revealing a decreasing 
trend with increasing nanocrystal size due to mixing of bright states with thermally accessible dim 
states plotted in (b) for different sizes within 3𝜅7𝑇. We also see the inflection point as we approach 
the intermediate quantum confinement regime (CdSe Bohr radius is 5.6 nm). This trend was 
computationally observed in CdSe nanocrystals previously70. 
 

 
Figure D8: Size-dependent radiative lifetimes calculation of zincblende InP nanocrystals. 
a,b, (a) calculated radiative lifetimes as a function of InP nanocrystal size, revealing a decreasing 
trend with increasing nanocrystal size due to mixing of bright states with thermally accessible dim 
states plotted in (b) for different sizes within 3𝜅7𝑇. Bohr radius of InP is 10 nm. 
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