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ABSTRACT

Understanding Energy Transfer Kinetics and Mechanism

in Mn—doped Lead Halide Perovskite Nanocrystals

Hyejin Choe
Department of Chemistry
Graduate School of

Sungshin Women’s University

The introduction of Mn into lead halide perovskite provides considerable
opportunities for the improvement of its optoelectronic and magnetic
properties. However, an understanding of the complicated dynamics in
excited states is necessarily required to fully understand the excited
states dynamics within host lattices and competing energy transfer
between exciton and dopant. It is challenging to predict Mn sensitization in
perovskite nanocrystals because of the competing energy transfer
processes, exciton recombination, and Mn recombination, which
complicate the excited interactions. Here, we studied the competing
processes between exciton recombination and exciton—to—Mn energy

transfer dynamics in CsPb(Cli-yBry)s nanocrystals (vice versa) by
|



systematically controlling the Mn concentration and halide composition.
And we created a machine learning—guided model to predict the degree of
Mn sensitization. The K—nearest neighbor (KNN) based machine learning
model and the lifetime using time—correlated single photon counting
(TCSPC) measurements allows for elucidating the competing exciton—to—
energy transfer kinetics in Mn—doped halide perovskites. The
understanding of these competitive energy transfer processes can provide
insights into how to fully utilize the dual emission properties of transition
Mn—doped lead halide perovskite nanocrystals. Also, our machine
learning—based approaches not only facilitates efficient navigation the vast
reaction design space, but also provide us with valuable insight into

complex physical phenomena.
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CHAPTER I

Introduction

Structure and properties of Perovskites

A lot of attention has been paid to metal halide perovskites (MHPs) as
promising materials for the fabrication of solar cells, light—emitting diodes
(LEDs), lasers, photodetectors, and photo—catalysts.>® They have high
efficiency and remarkable optoelectronic properties such as high
photoluminescence quantum yield (PLQY), high color purity and adjustable
emission wavelengths and band gap.®!! MHPs have advanced substantially
over the last decade, both in terms of their fundamental understanding and

12-17

potential applications. The convenience of tuning the emission

wavelength, combined with high PLQY and moisture stability, has led to
extensive studies on perovskite LEDs.!®*?! These studies aim to enhance
performance characteristics such as external quantum efficiency (EQE),

LED lifetime, and overall stability. PeLEDs with red, green, and blue EQEs

achieved peak values of 24.4%%22, 28.1%%, and 13.8%%, respectively. And

particularly, the emission of Mn®" ions around ~600nm can avoid
reabsorption of exciton emission due to the distinct absorption of the
perovskite host. Therefore, it is possible to apply it to solar cells, and Mn?*

doped CsPbCls NC solar cells have been successfully manufactured.??°

1



Moreover, extensive researches have led to an improvement in power

conversion efficiency of perovskite solar cell from 3.8% to 25%.27%®

The general formula of three—dimensional (3D) perovskites is ABXs,
where A is a monovalent cation, such as methylammonium (CH3NHs"),
formamidinium (NH2CHNH:"). B is metal cation, typically Pb*" or Sn®" and
X is halide (Cl7, Br™, 17).29%° (Figure 1.1) At the B site, six nearest
neighboring anion X sites are located, while the A sites are located within
the structure composed of corner—sharing BXs octahedra. The structure—
property relationships are affected by the ability to adjust numerous
elements in combinations.?! Unlike other semiconductor materials, MHPs
have strong ionic bonding properties, which enable the formation of highly
crystalline nanocrystals (NCs).??®3 Moreover, MHPs can easily adjust
their bandgap, size and dimension by changing halide composition,

synthesis temperature, and controlling ligands.?%%33

‘ A*: Monovalent cation

Q B2*: Metal cation

. X-: Halide

Figure L.1. Illustration of crystal structure of three—dimensional (3D) perovskites
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Doping and Characteristic of Mn Emission

Doping is the process of introducing additives into a semiconductor
lattice.** While it can give the semiconductor unique chemical and physical
properties, the core structure of the host lattice and its fundamental
properties remain unchanged.***Y The doping process adds small amounts

of additives to a semiconductor, which is different from alloying.

For II—VI semiconductors, transition metal doping with elements like
Mn?*, Cu?*, Ni?*, Bi®*, K, and lanthanides has been widely studied to
change their electrical, magnetic, and optical properties.'****" The doping
of such transition metals has led to impressive change in optical properties,
such as the increase in PLQY, enhanced stability, and the emergence of
new emissions, which are beneficial for the enhancing the performance of
optoelectronic devices.*>*® In particular, Mn doping has been extensively
researched among transition metals. Since the Mn emission with a long
lifetime, increased PLQY, and reduced defect state density are
advantageous for optoelectronic device applications.?**%*® Manganese ion
(Mn**) is a transition metal which the atomic number is 25. The common
oxidation states of manganese ion can be varied from +2, +3, +4, +6, and

+7, with the +2 state being the most thermodynamically stable.*’

When Mn®* is doped into quantum dots, a new orange—red emission
arises in the wavelength range of 580—600nm."° The electronic states of

d® ions can be shown as Tanabe—Sugano diagrams. (Figure 1.2) °



70
‘E(D)
60
‘E(G)
iF ‘A
50 A,

E/B

Figure 1.2. Tanabe—Sugano diagram for d° electronic states in octahedral complex. B is a
Racah parameter. Reprinted with permission from ref °!. Copyright 2021 Elsevier.

The emission properties of Mn?" can be influenced by its coordination
geometry and the surrounding ligand environment. As depicted in the
Tanabe—Sugano diagram, Mn emission can shift from green to red
depending on the strength of the crystal field. When it comes to lead halide
perovskite, Mn®* has an octahedral coordination with halides, which shows
an orange—red emission.’” Many studies have shown that the emission of
Mn?** originates from the transition between the *T; and °A; states, which
are the lowest energy multiplets in the Mn®" ion with crystal field

strength.”®® The transition between the *T: excited state and the °A;
4



ground state produces visible PL for Mn?" ions. °® As a consequence of
spin—forbidden d—d transitions between *T; and A1, Mn®* has an emission
that shows a long—lived decay time.?**°? While the exciton lifetime of the
semiconductor host is short on nanosecond scale, the decay lifetime of Mn
emission 1s much longer on the microsecond to millisecond scales. The d
electrons of the Mn?" ion typically exist in a high—spin state in octahedral
coordination.”® It implies that there are three electrons of parallel spin in
the toy orbitals and two in the e, orbitals.’® Spin selection rules prohibit

transitions between states with different spin multiplicities. In this rule,
transitions are permitted only when the total intrinsic spin (AS) is same.
Therefore, in d—d transitions, when electrons in the tos orbitals move to

the eg orbitals, they must move in such a way that their spin direction is

antiparallel to the electrons in the e, orbitals. Also, parity allowed
transitions must have the different orbital angular momentum, Al==%1.

However, the *T;—°A! transition in Mn?" is both spin— and parity—

forbidden transition, which produce an emission with a long PL lifetime.”’

When the amount of Mn dopant increases or incorporated into hosts with
heavier atoms, the manganese ion PL decay time can be shortened by the

spin—orbit coupling of Mn—Mn pairs or magnetic exchange interaction.”®



Energy transfer in Mn—doped halide perovskites

The Mn photoluminescence in Mn—doped quantum dots is a consequence

of the exchange coupling caused by the wave function overlap between the

d electrons of Mn dopant and the exciton. %% Therefore, the chemical

composition and structure of the Mn—doped samples determine the
strength of the exchange coupling between exciton and Mn dopant.
Especially, the size of nanocrystals and spatial distribution can be

' The quantum confinement

important factor for the exchange coupling.®®
effect in II—VI quantum dots enhances the exchange coupling between the
exciton and Mn dopant, leading to an increased rate of energy transfer

%2 The excitation within the Mn d—state cannot occur

from exciton to Mn. *
directly due to the forbidden transition. It can be only sensitized by the
excitation of the NCs host and energy transfer.®® Thus, the photo—excited
electron and hole pair within the host is most important for Mn—d state
excitation. When the sufficient high—energy photons are absorbed within
the host, electron gets excited to the unoccupied level, then they produce
an electron—hole pair (exciton). As the electron and hole are combined, it
leads to the release of a bandgap emission. However, from the excited
state, some of charge carriers are transferred to Mn through the energy
transfer process, causing a d—d transition of Mn. Within the doped

framework, the energy of the electron—hole pair is transferred to sensitize

the *T, state of the Mn®" ion. (Figure 1.3A)



This energy transfer process occurs quickly within picosecond scale.®*
However, in perovskite nanocrystals, the energy transfer occurs on a

sub—nanosecond scale (~ns), which is notably slower than II—VI

The d—d transition of Mn emission is a spin and parity forbidden transition,
which leads to a very long lifetime in the gs~ms time scale.’®% It is
important to note that the rate of exciton—to—dopant energy transfer is
faster than that of the d—d transition of Mn. If the energy transfer rate
were not fast, the primary pathway would have been excitonic
recombination or non—radiative decay via surface trap states rather than
through the Mn d—d transition. ®® The decay lifetime associated with
surface states typically appears in less than nano seconds, and it is faster
than the bandgap recombination. This is why passivating the surface is

essential to achieve effective band—edge emission.®® (Figure 1.3B)
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Figure 1.3. (A) Schematic of energy diagram of the exciton and recombination
process in Mn—doped quantum dots. Reprinted with permission from ref 1.
Copyright 2011 America Chemical Society. (B)Energy transfer processes in Mn—
doped semiconductor nanocrystals. Reprinted with permission from ref 2.

Copyright 2011 America Chemical Society.

Energy transfer occurs from excited electron—hole pairs in the band gap
to the Mn results in the excited Mn states, but defect states can also
activate Mn d—d transitions.?®%” (Figure 1.4) The radiative decay appears
from the *T; state to the °A; state of the excited Mn?", and this dopant

emission shows a red-—shifted emission compared to the excitonic



emission.’® The energy transfer to the surface trap states competes with
the energy transfer to the exciton—to—Mn. However, since there is also a
possibility of energy transfer from the surface trap state to Mn, the Mn
emission is relatively less sensitive even with higher surface states than
undoped samples.’®"? It means that even the nanocrystals are not fully
passivated and have numerous surface states, they can produce the narrow
dopant emission. In the host of nanocrystal, the excited electron—hole pair
follows a non-—radiative Auger—like recombination process to transfer
energy from the host to Mn?", enabling the Mn?* to be excited from the
6A; ground state to the *A; state.” The Auger recombination process
occurs when an electron wandering in the conduction band collides with
another electron, transferring its lost energy to the collided electron,
which then drops to the valence band and recombines with a hole. The
electron that gained energy transitions to a higher energy level, then loses
energy and drops to the boundary of the conduction band, with the energy

release occurring in a stepwise manner. '*

semiconductor nanocrystals.”’® This discrepancy may be attributed to the

antiferromagnetic coupling of Mn?" ions with stronger coupling observed

in lead halide nanocrystals than in II—-VI quantum dots. 7’
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Figure I.4. Schematic for the decay channels through defect state. Reprinted with

permission from ref . Copyright 2005 America Chemical Society.

Machine Learning for Predicting Material Characteristics

A machine learning is a subset of artificial intelligence in which computers
learn patterns from data and analyze them to improve model
performance.” It is rapidly advancing among scientists in the artificial
intelligence field as well as experts in various other fields who utilize these

tools. Especially, the machine learning is helpful as a tool for scientists to
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find new materials or predicting material properties. For example,
scientists can find efficient solar cell materials, predict shape and size in
organic materials, predict accurate band gap of inorganic materials using

machine learning.”*%!

The first step to start machine learning is to obtain and select the proper
data. (Figure 1.5) For this procedure, the researcher must consider the
type, quality, and format of the data to acquire good results.® After data
selection, it is essential to extract features of the data related to the target.
In cases with abundant data characteristics, feature selection with manual
can be difficult. Using deep learning tool can be helpful to overcome these
issues.®® Machine learning is categorized into supervised learning,
unsupervised learning, and semi—supervised learning.®* Supervised
learning is a method of machine learning that deduces a function from
training data. ®® The training data typically includes properties of the input
objects in vector form, and each vector is labeled with the desired outcome.
A supervised learning requires an understanding of the relationship
between an input variable X and an output variable Y. This relationship is
then used to predict outputs for data that has not been observed before.
Supervised learning is important in machine learning and has significant
relevance in multidata processing.®® Supervised learning is divided into
classification and regression. Classification is an algorithm that categorizes

given data based on specific categories. On the other hand, regression

predicts continuous values based on the features of certain data. This is

11



primarily used to predict trends of the data. Unlike supervised learning,
this is a learning method that predicts the future by clustering similar data
without providing the correct results. Unsupervised learning is sometimes
used as a preprocessing technique to identify appropriate features in
supervised learning.®® In this study, we used supervised learning with
regression to predict the trend of the energy transfer in Mn—doped

perovskite nanocrystals.

Database 1

Database 2

o - Raw data - Fm » Modeling - Validating -
engineering
.

Select Unify
format

Database n

f 82

Figure 1.5. Workflow of machine learning. Reprinted with permission from re

Copyright 2019 John Wiley and Sons.
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CHAPTER II

Exciton Recombination versus Energy Transfer: Mapping
Competing Excited—State Dynamics in Various Mn—Doped

CsPb (Cli-yBry) 3 Perovskite Nanocrystals *

II.1 EXPERIMENTAL

Materials

Cesium carbonate (Cs2CO3, 99.9%, Alfa Aesar), lead chloride (PbCly,
99%, Alfa Aesar), lead bromide (PbBrs, 98.5%, Alfa Aesar), manganese (I)
chloride tetrahydrate (MnCl2-4H20, 98+ %, Sigma—Aldrich), oleic acid (OA,
90%, Sigma—Aldrich), oleylamine (OLAm, 70%, Sigma—aldrich), 1—
octadecene (ODE, 90%, Sigma—Aldrich), hexane (Samchun Chemicals,
96%). All chemicals were used without any further purification after

received from manufacturers.
Preparation of Cesium oleate (Cs—0A)

The preparation of Cs—oleate adapts the previously reported

literatures.® Briefly, Cs2C0O3 (0.4 g), OA (1.25 mL), and ODE (15 mL) were

* Reprinted with permission from “Exciton Recombination versus Energy Transfer: Mapping
Competing Excited—State Dynamics in Various Mn—Doped CsPb(CliyBry)s Perovskite Nanocrystals
for Achieving White Light Emission” by H.Choe, H.Jin, S.J.Lee, J.Cho., ACS Appl. Nano Mater. 2022,
5,12, 18385-18395. (©2022 American Chemical Society. All rights reserved.
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mixed into a 20 mL vial under heating at 150 °C using a hot plate for 1 hr
until the solid inside was dissolved to make a clear solution. The yellowish
solution was stored at room temperature and used for the synthesis of
CsPbCl; or Mn—doped CsPbCls nanocrystals. Before use of the Cs—0A, if
the solution turned into cloudy, it was gently heated at 120 °C to make a

transparent solution.

Synthesis of undoped CsPbCls and Mn—doped CsPbCls nanocrystals.

Synthesis of undoped versus Mn—doped CsPbCls nanocrystals is
illustrated in Figure II.1. For the synthesis of CsPbCls nanocrystals, briefly,
a PbClz (0.2 mmol; 0.0556 g), OA (0.5 mL), OLAm (0.5 mL), and ODE (5
mL) were loaded into a 50 mL 3—neck round bottom flask, heated at 105 °C
under vigorous stirring, and degassed under for 30 min. The reaction
mixture was further heated to 185 °C under N3z flow. Once the temperature
reaches at 185 °C, as—prepared Cs—oleate (0.45 mL) solution was swiftly
injected into the flask. After 10 sec, the reaction was quickly quenched by
putting the flask into an ice—water bath. For the synthesis of Mn—doped
CsPbCls with different Mn concentration, the mole fraction of Mn defined
as x in the precursor stoichiometry of Mn/(Mn+Pb) was systematically
varied in the range of x = 0—0.8. As a representative example, for x =
0.44, a PbClz (0.111 mmol; 0.0309 g), MnClz4H20 (0.089 mmol; 0.0176
g), OA (0.5 mL), OLAm (0.5 mL) and ODE (5 mL) were added into a 50
mL 3—neck round bottom flask. The other remaining synthetic process for

the Mn doping was identical with the synthesis of undoped CsPbCls
14



nanocrystals. For the purification of the synthesized nanocrystals, the
reaction solution was spun down at 4000 rpm for 10 min. The precipitates
were taken while the supernatant solution was thrown away. The

precipitates were further resuspended in 3 mL of hexanes (corresponding

to CsPbCl; 66 nM with € = 4.5%10° M tcm 1) for further reactions and

characterizations.

Anion exchange reaction for Mn—doped CsPb (Cli-yBry) s.

First, a 0.05 M lead bromide (PbBr2) precursor solution were prepared
by dissolving a PbBr2 (0.4 mmol; 0.147 g) into a mixed solution including
OA (0.5 mL), OLAm (0.5 mL) and ODE (7 mL) in a 20 mL vial. The
reaction mixture was further heated at 150°C to make a transparent
bromide precursor solution. For the anion exchange reaction, a 0.5 mL of
Mn—doped CsPbCls nanocrystals (66 nM) were loaded into a 5mL vial in
which lead bromide solution (0.05 M) was added under vigorous stirring.
Depending on the amount of added bromide source, the stoichiometric ratio
of CI/Br in the resulting nanocrystals of CsPb(Cli-yBry) s were determined.
When the anion exchange was complete, the nanocrystals were purified by
adding ethyl acetates 6 mL and centrifuged at 4000 rpm. The precipitates

were taken and redispersed in hexanes for further characterizations.
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Characterizations

UV-—vis absorption spectra were acquired using a Cary 60 UV-—vis
spectrophotometer system (Agilent Technology) in the spectral range of
300—800nm with a scan rate of 4800 nm/min. The Photoluminescence (PL)
emission spectra were obtained using Ocean Optics Spectrometer using a
365 nm excitation diode laser and Ocean HDX (FM—-OH100) as a
photodetector. The PL lifetime was collected using a fluorescence lifetime
spectrometer (Fluorolog—QM, Horiba) and PL decay traces were further
fitted with multiexponential functions. The PL quantum yield (QY) of
nanocrystals dispersed in hexanes solution were acquired using an
absolute PL quantum yield spectrometer (C13534, Hamamatsu) with 365
nm excitation wavelength. The transmission electron microscopy (TEM)
images were taken using a JEM—2100F (HR) (JEOL LTD) at an operating

voltage at 200kV.

Determination of recombination rate constants of exciton and Mn using PL

QY

Corersponding PL QY meausred from absolute PL QY instrument can be
further expressed using two different competing PL decay terms mainly
including radiative and non-—radiative recombinations (k. and k.. for

exciton and Mn emission, respectively, as seen in the following equation

(1.

k)lj]xaton

PL QYM™ = (1)

kMn M

PL QYExciton —

kfxc1t0n+kﬁ1)5c1ton ’
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where the radiative and non-—radiative recombination rate constants of
exciton were expressed as k. " and kn, BX" whereas those of Mn?" ions

as kM and k", respectively.

Undoped CsPbCl,

(N, 8
+MnCl,-4H,0 ,ﬁ: .

Mn-doped CsPbCl,

Figure II.1. Schematic illustration of synthesis for undoped vs Mn—doped CsPbCl3

nanocrystals.
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I1.2 RESULTS AND DISCUSSION

Mn—concentration—dependent Energy transfer in Mn—doped CsPbCls

nanocrystals
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Figure I1.2. (A) UV-—vis absorption and (B) photoluminescence (PL) emission spectra
recorded for undoped and Mn—doped CsPbCls with various Mn mole fraction (x) in the
precursor solution from x = 0—0.80. (C) Corresponding integrated PL area emission
intensity of Mn/exciton by integrating PL emission arising from Mn versus exciton
observed in the panel B of PL spectrum. (D) PL quantum yield (QY) measurements for
undoped and Mn—doped CsPbCls with varying the Mn concentration from x = 0—0.80.
Inset to panel B represents the digital photograph taken under the 365 nm UV lamp

excitation with different Mn fraction (x).
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Mn—doped CsPbCls nanocrystals are stabilized by tuning the feeding mole
fraction of Mn since the excessive Mn relative to Pb in the precursor
solution act as thermodynamic driving forces to overcome the barrier for

the doping process, arising from ionic size mismatch between dopant Mn?*

ions (97 pm) and host lattice Pb?* ions (133 pm).#79" Figures II.2A exhibits

the UV —vis absorption spectra for the Mn—doped CsPbCl3 nanocrystals as
a function of adjusting the Mn mole fraction (x = 0—0.80). The undoped
CsPbCls nanocrystals (x = 0) as a reference exhibit the excitonic band—
edge absorption peak at 400 nm. With increasing the concentration of Mn
in the feedstock solution, the band—edge absorption apparently blue—
shifted from 400 nm (x = 0) to 370 nm (x = 0.80) owing to alloying with
Mn (Figure II.2A). As the dopant concentration of Mn incorporated into
CsPbCls nanocrystals was well-reported by previous literature
precedence, there is a linear correlation of blue—shifting in the excitonic

peak as a function of concentration of Mn determined by inductively

coupled plasma atomic emission spectroscopy (ICP—AES).’587.92 More

manganese ions are doped in the nanocrystals, the excitonic peaks of
CsPbCls nanocrystals with band—edge absorption of 400 nm are shifted to

the shorter wavelength due to lattice contraction that is resulted from the

alloying of Pb with smaller Mn.?3?* It is also worth noting that above x =

0.60 a significant blue—shifting of excitonic band—edge absorption is

mainly due to band gap change through alloying Pb/Mn. It has been
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reported that CsMnCls has a direct band gap of 4.08 eV and through

alloying Mn and Pb the bandgap can be tuned in the range of 4.08—2.19

eV.% Increasing the Mn fraction (x) can somewhat improve the final doping

concentration of Mn in the host lattices while it is not very effective above
the certain limit of dopant concentration (>x = 0.65) since PL emission
from Mn is saturated (Figure II.2B). Both slow cationic kinetic diffusion
rate and high activation energy for cation vacancy formation hinder the

doping of cation in halide perovskite lattices as compared to relative facile

halide ion exchange.%°7

Figure II.2B shows the corresponding relative PL emission spectra at
different concentration of Mn; Figure A.1 of Supplementary Figures plots
unnormalized PL spectra for further details. For comparison between
exciton and Mn emission intensity, excitonic peak at 405 nm in PL spectra
is set to 1. The inset of panel 1B shows a digital photograph taken under
365 nm excitation. Important to note that above the certain Mn fraction (x
> 0.30), distinctive orange emission centered at 600 nm as a result of Mn
d—d transition (*T: — °®A;) evolved, suggesting the efficient energy

transfer from host CsPbCls crystals to dopant Mn ions that is also highly

Mn—concentration dependent.*®® The changes in coloration as a function

of Mn concentration reflect that increasing Mn concentration leads to
darker orange emission. At the higher Mn dopant concentration (e.g. x =

0.8), the Mn emission peak shifted to even longer wavelength of 630 nm

20



whereas the excitonic emission remain in similar emission wavelength of
405 nm regardless of the dopant Mn concentration (Figure A.1B of
Supplementary Figures). The red—shift of Mn emission can be ascribed to
increased Mn—Mn interaction as a result of reducing the interatomic
distance of Mn within the host lattices with the same size. These

phenomena have been observed in bulk samples before when Mn dopant

concentration was very high.?® The Mn—Mn emission with a lower

efficiency is somewhat different from the single Mn emission from the *T,

to °A; transition that has a lower energy transition probability.100101

To understand the power—dependent Mn emission intensity as a result of
energy transfer, we have measured the PL for slightly Mn—doped CsPbCls
with x = 0.44 as a representative example. (Figures A.2A,B of Supporting
Information). Since the emission features from band—edge CsPbCls and
dopant Mn emission are spectrally well—resolved and deconvoluted, the
integrated PL emission of Mn/exciton can be further calculated by
integrating the spectral ranges corresponding to exciton (380—450 nm)
and Mn emission (500—750 nm). Important to note that the relative PL

intensity between Mn and exciton is variable with laser excitation power

(1.3-19.6 mW/cm?® in consistent with earlier reports.’®? Weaker

excitation influence with a decreased charge carrier concentration in the
unit volume of nanocrystals is more efficient for energy transfer to Mn

(Figures S2C,D of Supplementary Figures). The increased charge carrier
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concentration in nanocrystals leads to another unwanted decay pathway
mediated through multiple excitons like Auger recombination. This
process can suppress relative Mn emission compared to exciton

emission.”? To minimize the excitation power dependence on the ET

efficiency, we have used the excitation power at 1.3 mW/cm? for further

study.

Figure II.2C plots the Mn concentration effect on the integrated PL
emission of Mn/exciton. Up to x = 0.65, increased feeding Mn fraction
resulted in increased dopant concentration within CsPbCls nanocrystals as
depicted with excitonic peak shift in Figure A.1B. The increased dopant
concentration of Mn indeed leads to the increased Mn emission while the
integrated PL emission intensity decreased above x > 0.65. We have
further recorded the corresponding PL QY of the undoped and Mn—doped
CsPbCls nanocrystals with x = 0, 0.44, 0.55, 0.70, and 0.80, respectively.
Figure II.2D depicts the change in PL QY of the total, exciton, and Mn,

respectively, versus the Mn mole fractions. Each PL QY for exciton and

Mn can be further obtained through following the previous report.'®

Overall, the total PL QY was improved upon raising the dopant Mn fraction
up to around x = 0.70 but decreased above x = 0.70. Also, the majority of
PL QY arises from the Mn emission rather than exciton emission due to
efficient exciton—to—Mn energy transfer with x > 0.44. This trend is

consistent with the integrated PL emission intensity as depicted in Figure
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II.2C. It has been reported that the radiative recombination process in

dopant Mn was promoted once the forbidden d—d electronic transition was

activated through efficient exciton—to—dopant energy transfer.63103

However, the total and Mn PL QY declined abruptly above x > 0.70 as a

result of more enhanced Mn—Mn antiferromagnetic interactions at the

elevated Mn concentration as reported earlier.'9" Stronger interaction of

interatomic Mn ions with shorter dopant distance can indeed facilitate the
nonradiative relaxation of Mn (PL decay study will be discussed later in

Figure I1.3).

To evaluate any change in size and crystal structure during the doping
processes, we have taken the transmission electron microscopy (TEM)
images by comparing the undoped (x = 0) and doped samples (x = 0.44
and 0.80). Figures A.3A—C (Supplementary Figures) show the low—
magnification TEM images corresponding to undoped and Mn—doped
CsPbCls nanocrystals, respectively. Both undoped and doped CsPbCls (x
= 0.44) samples show similar cubic—shaped nanocrystals with similar
sizes of 9 nm albeit with somewhat the electron beam—induced concurrent

PbY dot formation marked as a black dot adjacent to the corner of

nanocubes.'®15 At the elevated Mn fraction (x = 0.80), the nanocrystal

maintained nanocubes with a truncated shape. High—magnification HR—
TEM images are further collected for all samples (Figures A.3D—F of

Supplementary Figures), revealing that the undoped and doped (x = 0.44)
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CsPbCls exhibits similar d—spacing parameters of 0.40 nm along with (101)
crystallographic planes that are matched well with orthorhombic CsPbCls.
At the higher fraction of Mn (x = 0.80), the d—spacing value along the
same (101) crystallographic planes was determined as 0.395nm, smaller
than the value of 0.40 nm with undoped CsPbCls nanocrystals, confirming
that the more inclusion of Mn leads to the contraction of lattice constant of
doped CsPbCls nanocrystals (smaller ionic radii of Mn®" as compared to

that of Pb?*). It seems like the lattice contraction of Mn with more inclusion

of dopants leads to stabilizing of CsMnCls nanocrystals.9

Roles of Mn concentrations in Energy Transfers
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Figure I1.3. (A) Schematic illustration of radiative recombination observed in Mn—doped
CsPbCl3 nanocrystals. (B,C) PL decay traces and corresponding kinetic fitting using
multiexponential fits monitoring the exciton emission at 405 nm (B) and Mn emission at

585 nm (C). Biexponential fits were used for kinetic fitting and detailed fitting

parameters are presented in Table A.1 of Supporting Information.

Figure II.3A depicts the schematic illustration of dual emission from the

Mn?*—doped CsPbCls perovskite nanocrystals owing exciton—to—dopant
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energy transfer. We have further recorded the time—correlated single—
photon counting (TCSPC) of Mn?" doped CsPbCl; nanocrystals to
understand the complex charge carrier and energy transfer dynamics
between exciton and Mn states including radiative, non-—radiative, and
energy transfer processes. Figures I1.3B,C plot the PL decay traces for
exciton observed at 405 nm (Figure II.B) and for Mn emission at 585 nm
(Figure I1.3C), respectively, with various Mn mole fractions of x = 0—0.80.
The PL decay curves can be fitted using a bi—exponential function with a
faster component (1) and a slower component (t2) and their corresponding

amplitudes (A; and Az) as shown in equation (3).
I=1y+Ajexp (— %) + A,exp (— é) 3

Each component calculated from the PL decay kinetic fittings is listed in
Table A.1. The average lifetime (1.v¢) can be further calculated using the

following equation (4).

Al‘rf +A2‘r§
Tapg = 7" (4)
A1T1+A,T,

With increasing x from 0—0.80, the average lifetime of exciton was
decreased from 1.34 ns (x = 0) to 0.44 ns (x =0.80) (Figure II.3B and
Table A.1), which is consistent with previously reported experimental
results.””'%” The difference in average lifetime between undoped and Mn—

doped samples mainly arises from the additional decay path of enerty

transfer. Specifically, the portion of faster component (A1) corresponding
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to radiative decay of exciton becomes smaller from 0.93 (x = 0) to 0.79
(x = 0.80) as a function of increasing x, reflecting that Mn*" doping creates
a new energy transfer channel from exciton to Mn®" ions that is distinct
from the existing two channels (radiative and non-—radiative
recombinations). On the other hand, the portion of slower component (As)
increases from 0.07 (x = 0.00) to 0.21 (x = 0.80). Upon doping, the
formation of additional energy acceptor states opens up an energy transfer
pathway for exciton occurring in the nanosecond timescale (~ns), leading
to reduced radiative decay and enhanced non—radiative decay

simultaneously.108109

It has been reported that the dynamic energy transfer (ET) and
corresponding ET efficiency are strongly influenced by electronic coupling
between energy donor and acceptor that is also dependent on the spatial

location and concentration of dopant across the host lattice of

nanocrystals.?2"01"" When the excitons of the nanocrystals serve as energy

donor and the energy state of Mn act as energy acceptor, the relative radial

distance and number of acceptor per unit volumes of the nanocrystals

affects the exciton dynamics and energy transfer kinetics.%392

The energy transfer efficiency (®gt) is, thus, computed using the average
PL lifetime (tavg) of exciton either in the presence or absence of Mn

dopants using the equation (5)
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TavgExciton with Mn
Qpr=1-— = - (5)
TavgExciton
where Tayg Xaton Wit M g nd 1, are the exciton lifetime of Mn*"—doped

and undoped CsPbCls nanocrystals, respectively (Table A.1 and A.2 of

Supporting Information).

As seen in PL QY and PL emission spectra with Mn fraction from x = 0—
0.80 (Figure II.2), the energy transfer efficiency generally increased with
the increased dopant Mn concentration up to x = 0.65. As the number of
energy acceptors of atomic Mn doped in host lattices increased, energy
transfer to Mn is more promoted owing to the increased number of
acceptors relative to the fixed number of energy donors corresponding to
the excitons in the CsPbCls nanocrystal.’®!'? If there is any change in the
average lifetime of nanocrystals upon doping, the changes in lifetime are
mainly ascribed to the energy transfer process from exciton to dopant.
The value of @grincreased from 36.3% (for x = 0.44) to 66.7% (for x =
0.80), suggesting that increased dopant concentrations allow for efficient

ET (Table A.2 of Supporting Information).

Using the ©@gr determined from equation 5, the energy transfer rate

constant (kgr) can be further computed as per the following equation (6)

@ET — k]:[/( krExciton+ kanXCiton'i' kFI) (6)
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where kX" and  k,,BX" represent the radiative and nonradiative
recombination rate constant of excitons, respectively, which were already

determined from the PL QY (equation 1).

The corresponding energy transfer rate constant (kgt) increases from
0.67 ns™! (for x = 0.44) to 4.52 ns™! (for x = 0.80), indicating that
increased dopant concentration induces faster energy transfer rate, which
1s in good agreement with the accelerated decay processes as a result of

exciton—to—Mn energy transfer.

This trend can be also observed when monitoring the decay of Mn emission
at 585 nm with different Mn?* concentrations (Figure IL.3C). Considering
that the energy transfer timescale occurs in the nanosecond timescale
(~ns) that is much shorter than the Mn emission with the millisecond
timescale (~ms), the Mn emission decay corresponds to d—d transition of
Mn*" state that is activated by exciton—to—dopant energy transfer
process.'!! The average lifetime of Mn emission decreases from 1574 xus
to 758 us as dopant concentration increases from x = 0.44—0.80 (Table
A.1 of Supplementary Figures). At x = 0.44, Mn PL decay curves seem
like a monoexponential decay with a majority of longer component (Aj:
96%). However, at the elevated Mn concentration, the portion of the
shorter component of (A;) was amplified which is closely related to
promoted non-—radiative recombination. Again, the increased Mn—Mn
interatomic antiferromagnetic interaction ascribed to ferromagnetic

characters of Mn®' ions leads to favorable nonradiative recombination
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owing to the shorter distance between Mn components. As a result of
increased Interatomic interactions, Mn emission intensity decreases
(Figure I1.2B), leading to faster Mn emission decay at the heavily —doped
Mn regime (Figure I1.3C). These Mn—concentration dependent behaviors
have been also observed previously in Mn?" doped I1—VI nanocrystals and

dopant—activated phosphors.!*?
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Role of Halide Composition
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Figure I1.4. (A) UV—vis absorption and (B) PL emission changes occurred during halide
exchange reaction with accumulative addition of PbBrz solution (0.05 M) from 0—10 x«L
into 66 nM of Mn—doped CsPbCls with x =0.44. (C) Relative PL spectra by normalizing
the excitonic peak as set to be 1 shown in panel B. (D) Corresponding CIE color diagram

changes when adding PbBr2 solution as shown in panel B

To understand the halide composition effects on the ET efficiency, we
have precisely modulated the halide ion composition (Cl/Br) through a
bromide exchange reaction for Mn—doped CsPbCls to form mixed halides
of Cl/Br. First, we have performed a bromide ion exchange reaction using
undoped CsPbCls as illustrated in Figures A.4A—C of Supplementary

Figures. As more Br sources were added to the fixed concentration of
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CsPbCl3; nanocrystals, the band—edge absorption gradually shifted from
398 nm to 490 nm, and corresponding PL emission was also changed from
405 nm to 503 nm. The bandgap (eV) and exact composition of mixed

halide CsPb(Cl;-yBry)s was further determined using the Tauc plots and

Vegard laws as illustrated in Figures A.5A,B."41"5 Based on the observation

from TEM images and similar nanocrystal size for doped and undoped
nanocrystals, the red—shifting in band—edge absorption and change in
bandgap are mainly resulted from halide ion exchange from Cl to Br by
adding Br sources. Halide exchanges were repeated for other Mn—doped

CsPbCls nanocrystals with the identical method.

Figure II.4 A shows the modulation of band—edge absorption as a function
of varying the halide composition (Cl — Br) for Mn—doped nanocrystals
with x = 0.44. UV—vis absorption, PL emission, and relative PL spectra
for other Mn fractions (for x = 0.30, 0.55, 0.60, 0.70, and 0.80) are also
plotted in Supporting Information of Figures A.6—10. As more Br ions are
provided to replace the Cl, the band—edge absorption continuously red—
shifted from 396 nm to 487 nm for x = 0.44. Corresponding PL emission
spectra were also taken as depicted in Figure II.4B. To compare the
relative PL intensity arising from exciton and Mn emission, the PL
emission spectra were adjusted by normalizing the spectrum to exciton
peak as set to be 1. The exciton PL peak shifted from 406—500 nm after
treating 20 pul. of PbBr2 (0.05 M). The Mn emission peak initially rises but

falls after the addition of 2 pul. of PbBr solution corresponding to Mn—doped
31



CsPb(Cli-,Bry,)s with y = 0.13 at the excitonic peak of 406 nm
(corresponding bandgap of 2.95 eV) determined from Tauc plots (Figure
A.5). The relative PL emission spectra more apparently depict such trends
that Mn emission initially increased up to the addition of Br 0.5 ulL and
decreased afterward (Figure 11.4C). These phenomena can be explained
by the decreased exciton decay rate with Br substitution. After a small
portion of Cl was substituted with Br around 0.2 min, the integrated PL

intensity showed the strongest Mn/exciton emission

This observation is also monitored in—situ after the initial dumping of 20
pul. of PbBrz (0.05 M) into the same concentration of Mn—doped CsPbCl3
with x = 0.44 over the period of time for 10 min (Figures A.11A-C).
Reaction time—dependent changes in the absorption and PL illustrates that

a reduced exciton binding energy with Br substitution (exciton binding
energy of CsPbBr3 with 40—60 meV vs CsPbCls with 75 meV) "6 leads
to longer—lived exciton as compared to that of Cl, allowing for facilitating
the competent exciton—to—Mn energy transfer (Figures A.11A-C) 5212
As calculated above, the energy transfer occurs in sub—nanosecond
timescale (~ns) which is much slower than II-VI semiconductor
nanocrystals in sub—picosecond timescale (~ps).”®”® Weaker coupling
interaction between exciton and Mn observed in the ionic halide perovskite
nanocrystal as compared to more covalent nanocrystals brings about 2—3

orders of magnitude longer energy transfer time (~ns).”” However, at the

32



elevated Br composition, the Mn/exciton PL emission intensity declined
rapidly. This can be understood with competent forward and backward
energy transfer between exciton and Mn states. Upon reducing bandgap
from Cl to Br, Mn—to—exciton backward energy transfer is more facilitated
in Br—rich perovskites since the energy barrier corresponding to the

energy difference between band—edge and Mn energy states is reduced

upon Br exchanges.?” As the lifetime of Mn emission is in the millisecond

timescale (~ms) due to spin— and parity —forbidden transition, the reduced
bandgap upon exchanging with Br ions can effectively allow for back—
transfer to excitonic state, which leads to the reduction of Mn emission.
The backward Mn—to—exciton energy transfer is a thermally—activated
process with an energy barrier corresponding to the energy separation

between the Mn state (*T;) and the conduction band—edge of

eXCitOl’l 87,110,118

Based on dual emissive features of Mn—doped mixed halide nanocrystals
with x = 0.44, white light emission can be generated by precisely adjusting
the exciton (Cl/Br) and Mn emission ratios. The corresponding color
coordination and temperature in CIE diagram can be tracked and plotted in
Figure 11.4D. Upon substituting to Br—rich perovskites, the corresponding
color point (x, y) shifted from (0.54, 0.42) for O uLL (Cl perovskites) to
(0.09, 0.48) for 20 ul. (Br perovskites). At the addition of 3—4 uL of Br

sources with exciton peak around 460 nm, reddish— or bluish—white
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emission features corresponding to (0.37, 0.25)-(0.30, 0.20) can be

realized depending upon the dual emissive features of exciton vs Mn

- —_
A 3y B:

S | s IRF & |

*  (a)y=0.00

2 s (0)y=0.33 2

7] s (c)y=0.50 7]

c s (d)y=0.71 =

2 2

c c

: . : 0.1

[+ o

T L g s

& I & o (@)y=000

= = s (b)y=0.33

g g @ (c)y=0.50

£ E s (d)y=071

©0.01 : . T ©0.01 , = N

Z 0 5 10 15 20 Z 0 500 1000 1500

i Decay time
Decay time (ns) Y (us)PL integrated rat

c = D (Mn/exciton)

8 50 41.80

T —u— (@) x=0.30

x —eo— (b) x=0.44

L | —a— (¢) x=0.55 04 334

c —v— (d) x=0.60 =

= | —+— (&) x=0.70

"m" o —a— () x=0.80 g 25.08

D25 ‘3

o ©

- It 0.2 16.72

£ b =

- 8.360

[o)]

B / \‘\::\'\'-

.E pl= - 3 "'.- e 0.0 0.000

5 0 0.2 04 0-6 03 04 05 06 07 08

Br contents (v)

Mn fraction (x)

Figure I1.5. (A,B) PL decay traces and corresponding kinetic fitting using biexponential
fits monitoring the exciton emission (A) at 405 (a), 450 (b), 470 (¢), and 490 nm (d),
respectively, and Mn emission at 585 nm (B) using Mn—doped CsPb(Cli-yBry)s with x =
0.44. (C) Integrated PL emission intensity of Mn/exciton with different Mn fraction of x
=0-0.80 along with different Br of y = 0—0.6 when adding lead bromide (0.05 M) solution
into Mn—doped CsPbCls nanocrystals. (D) 2D Mapping for Mn/exciton PL emission
intensity as a function of varying the dopant Mn fraction (x) and Br (y) in Mn—doped
CsPb(Cli-yBry) 3 nanocrystals. Biexponential fits were used for kinetic fitting and detailed

fitting parameters are presented in Table S3 of Supporting Information.

emissions.
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Figures II.5A,B show the PL decay traces for exciton (Figure II.5A) and
Mn emission (Figure II.5B) with various Br contents with x = 0.44,
respectively. Kinetic fitting parameters are summarized in Table A.3 of
Supplementary Figures. As a control experiment, we have also performed
halide ion exchange using the undoped (x = 0.00) samples and analyzed
the PL decay dynamics (Figure A.12 and Table A.4 of Supplementary
Figures). As Br fraction increases in the host nanocrystals, the average

lifetime of band—edge exciton increased from 0.85 ns (y = 0) to 9.54 ns

(y = 0.71). A similar trend was observed in a previous study.'2"9 As

reported from the previous study that the density of trap states within the
bandgap and exciton binding energy decreases significantly in narrower
bandgap perovskite, the non—radiative recombination through trap states

is, thus, significantly suppressed in the mixed CsPb (Cl;-,Bry) 3 nanocrystal

with higher Br content, extending exciton lifetime.’ On the contrary, the

Mn emission lifetime apparently decreased from 1574 ps (y = 0) to 114
us (y = 0.71) even with the same Mn concentration (x = 0.44).
Interestingly, the shorter lifetime component (A;) becomes one of the
major decay paths seen in Mn emission with increasing Br content from y
= 0 — 0.70. The significantly reduced lifetime seen in Mn emission reflects
the faster relaxation process occurring within Mn?* state including the
increased portion of backward energy transfer (BET) from Mn to exciton
occurring in a faster timescale (~ns) than a forbidden transition in Mn

states (~ms). This is also evidenced when calculating the energy transfer
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efficiency (®gr) for these halide—exchanged samples. The value of ®gr
gradually decreased from 0.53 (for y = 0) to 0.06 (for y = 0.33), to 0.04
(for y = 0.50), and to 0.01 (for y = 0.71). This strongly suggests that the
forward energy transfer (or backward energy transfer) become negligible
(more dominant) upon reducing the bandgap of the mixed CsPb(Cl;-yBry) s

nanocrystal by increasing the portion of bromide.

Figure II.5C summarizes the integrated PL emission ratio Mn/exciton as a
proxy to illustrate the resulting competition between the two
recombination processes (exciton and Mn) including the forward
(exciton—to—Mn) and backward (Mn—to—exciton) energy transfers as a
function of varying different x (Mn content) and y (Br content)
simultaneously. With a lightly —doped Mn regime with smaller x = 0.44—
0.55, the strongest Mn/exciton emission was observed with a little Br
substituted in the CsPbCls nanocrystals (around y = 0.13—0.20). In stark
contrast, at the elevated Mn—doped regime, the strongest Mn/exciton
emission was detected at the CsPbCls nanocrystals with y = O, the highest
Cl concentration. These suggest that the number of energy acceptors (Mn)
can alter the excited state dynamics between exciton and Mn. Figures
II.5D and A.13 (Supplementary Figures) further depict the 2D color
mapping for the integrated PL emission of Mn/exciton; the hotter spot
indicates the efficient exciton—to—Mn energy transfer regimes whereas
the colder spot designates less efficient energy transfer. As discussed

above, the overall results arising from the complex concentration— and
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halide composition—dependent exciton—to—Mn energy transfer (and
reverse) can be vividly captured. First off, when Br content (y) is larger
than y = 0.4 in Mn—doped CsPb(Cli-yBry)3s nanocrystals, Mn emission
intensities significantly quenched regardless of the dopant concentration
as a result of more favorable backward energy transfer with a reduced
bandgap (Figure A.11). Albeit with the retarded exciton recombination and
longer—lived exciton upon Br exchange relative to Cl—based perovskites
that can promote the forward energy transfer to Mn, thermally —activated
backward Mn—to—exciton transfer upon reducing the bandgap become also
dominant excited state decay pathway (~ns), making exciton

recombination more efficient, consistent with the observation of halide—

composition—dependent PL decays shown in Figure II.5B.8711018 When Br

content is smaller than y = 0.4, there are two distinctive Mn concentration
(lightly— vs heavily—doped) regimes (Figure II.5D). In the first lightly —
doped regime with Mn mole fraction lower < x = 0.55, the mixed halide
composition Cl/Br with y = 0.13 shows the strongest Mn emission due to
efficient energy transfer. In this concentration regime, the halide
composition plays a major role in dictating the energy transfer efficiency.
Change in exciton binding energy, exciton recombination kinetics, and
electronic overlap between band structure of exciton and Mn states as a
function of halide composition directly governs the competing forward and
backward energy transfer kinetics (Figure II.6A). Apparently, the hottest

spot illustrating the strongest Mn emission in 2D color maps shifted to
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lower Br content (y) upon further increasing Mn fraction (x). There is a
clear linear correlation between the Mn content and Br content as denoted
with a dotted line in Figure II1.5D. Clearly different behavior as a function
of varying Mn concentration (or acceptor density and distribution across
the host lattices) and simultaneously control over the halide host
compositions indeed determines competing exciton recombination,
forward exciton—to—dopant energy transfer, and backward dopant—to—

exciton energy transfer rates.

In the second heavily—doped Mn regimes (x> 0.65), the forward exciton—

to—Mn energy transfer efficiently occurs at the higher Cl composition due

0
0
—0

Energy
Excitation

CsPbCl, '©sPbBr,
Br~ exchange

Figure I1.6. (A) Schematic illustration demarcating the competing excited state
dynamics and energy transfer shown in Mn—doped mixed halide perovskite
nanocrystals. (B) Application toward white light emitting diodes and corresponding CIE
color diagram. Insets to panel B show the proto—type UV—LEDs modules and solution

emission under 365 nm excitation.
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to the increased acceptor density of Mn dopants albeit with the shorter
exciton lifetime in the Cl—based perovskites. While the ET is not very
efficient in the lightly—doped regime for CsPbCls (100% Cl) as compared
to slightly mixed halides due to a large energy barrier, increased
concentration of Mn in the heavily—doped regimes can indeed promote the
efficient ET at the pure Cl—based perovskites. Strikingly differently, in
this heavily—doped concentration regimes, the backward energy transfer
upon exchanging with Br becomes a major decay pathway. Therefore, Cl—
based perovskite with a high energy barrier shows the strongest
Mn/exciton emission since the backward Mn—to—exciton transfer is more
activated upon Br substitution. The decrease in exciton binding energy,
retarded exciton recombination rate, and increased electronic overlap upon
Br substitution can allow for efficient backward transfer (~ns) that rapidly
quench the Mn emission (~ms) at the elevated Br contents in the heavily —
doped regime. In other words, the backward energy transfer becomes
dominant excited state decay pathway of Mn emission even though the
competing forward energy transfer happens rapidly from exciton to Mn
states at the heavily —doped Mn concentration with a noticeably decreased

Mn lifetime.

Figure II.6B illustrates the CIE diagram and proto—type of UV—LEDs
activated by depositing the Mn—doped CsPb(Cl;-yBry)s nanocrystals. By
changing either Mn concentrations or halide compositions, we can finely

tune the color points and temperatures. The insets to Figure II.6B show
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digital photographs taken under the operation of a UV—LEDs chip and Mn—
doped CsPb(Cli-yBry)s with x = 0.44-0.70 and different halide
composition of y = 0—0.70, respectively. The color points of Mn—doped
mixed halide perovskites suggest that the color temperatures can be
controlled by modulating the dual emissive features of exciton and Mn.
However, intrinsic dual emission does not allow for perfect white light
emission with (0.33, 0.33) due to a lack of combination of three different
colors properly mixing blue, green, and red within this emitter at the same

time.
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CHAPTER III

Machine Learning—Directed Predictive Models: Deciphering
Complex Energy Transfer in Mn—Doped CsPb(Cli—yBry) 3

Perovskite Nanocrystals®

III.1 EXPERIMENTAL

Materials.

Cesium carbonate (Cs2COs, 99.9%, Alfa Aesar), lead chloride (PbCly,
99%, Alfa Aesar), lead bromide (PbBrs, 98.5%, Alfa Aesar), manganese
(II) chloride tetrahydrate (MnCl2-4H20, 98+ %, Sigma—Aldrich), oleic acid
(OA, 90%, Sigma—Aldrich), oleylamine (OLAm, 70%, Sigma—Aldrich), 1—
octadecene (1-0ODE, 90%, Sigma—Aldrich), hexanes (Samchun Chemicals,
96%). After receiving from the manufacturer, all chemicals were used

without purification.
Preparation of Cesium oleate (Cs—0QA).

Cs—O0A is prepared according to previously reported literature.®”?'In a

20 mL vial, Cs2CO3 (0.4 g), OA (1.25 mL), and ODE (15 mL) were mixed

*
* Reprinted with permission from “Machine Learning—Directed Predictive Models: Deciphering

Complex Energy Transfer in Mn—Doped CsPb(Cli yBry)s Perovskite Nanocrystals” by H.Choe, H.Jin,
S.J.Lee, J.Cho., Chem. Mater. 2023, 35, 14, 5401-5411. (©2023 American Chemical Society. All rights
reserved.
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and heated at 150 °C for 1 hr until the solids in vial are fully dissolved.
Before usage of the Cs—O0A, it had been gently heated again to make

transparent solution.

Synthesis of undoped and Mn—doped CsPbCls nanocrystals.

For information, the synthetic procedure of undoped and Mn-—doped
CsPbCls; nanocrystals are identical except the initial metal precursors used.
First, for the synthesis of undoped CsPbCls nanocrystals, a PbCls (0.2
mmol; 0.0556g), OA (0.5 mL), OLAm (0.5 mL), and ODE (5 mL) were
loaded a 50 mL 3—neck round bottom flask and heated to 105 °C under
vigorous stirring. The mixture solution was degassed at the temperature
for 30 minutes and further heated to 185 °C under the flow of N2. Cs—0OA
(0.45 mL) solution was swiftly injected into the flask when the
temperature reached at 185 °C. After 10 seconds, the reaction flask was
taken and put in the ice bath. For the synthesis of Mn—doped CsPbCl3 with
different Mn concentrations, initial Mn fraction (x = Mn/(Mn+Pb)) in the
feed stock of precursor solutions was varied in the range of x = 0—0.8.
Actually, doped Mn concentration in host lattices was determined using
inductively coupled plasma atomic emission spectroscopy (ICP—AES). For
example, synthesizing a sample with x = 0.6, a PbClz (0.08 mmol; 0.022
g), MnClz-4H20 (0.12 mmol; 0.024 g), OA (0.5 mL), OLAm (0.5 mL) and
ODE (b mL) were used. Other remaining steps for the synthesis of doped
samples are the same with those of undoped CsPbCl; nanocrystals. After

synthesis, the reaction solution was spun down for 10 min at 4000 rpm to
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purify the nanocrystals. The supernatant was discarded, precipitates were

taken, and re—dispersed in 3 mL of hexanes for further characterizations.

Anion exchange reaction for Mn—doped CsPb (Cl;-yBry) 3.

A 0.05 M PbBr2 stock solution for the halide exchange reaction was
prepared in a 20 mL vial by dissolving 0.4 mmol of PbBrs (0.4 mmol; 0.147
g) in a mixture of OA (0.5 mL), OLAm (0.5 mL) and ODE (7 mL). The
mixtures were heated at 150 °C until they become transparent in solution.
The anion exchange reaction was performed using Mn—doped CsPbCls
nanocrystals by adding 0.05M PbBr2 stock solution at room temperature
under vigorous stirring. When the reaction had been completed, the
nanocrystals were separated by centrifugation at 4000 rpm and the
precipitates were taken and redispersed in hexane for further
characterizations. The halide composition of Cl/Br in the CsPb(Cli-yBry) 3

nanocrystals was determined using Vegard’s law (See section 2.6).

In—situ Anion exchange reaction for 2D PL.

For in—situ 2D PL measurement throughout bromide exchange reaction,
Mn—doped CsPbCls nanocrystals dispersed in 3 mL of hexanes were used
with absorption 0.1 (22nM). A 5 puL of 0.05M PbBr2 stock solution was
added and in—situ anion exchange reaction were performed. During the
anion exchange, in—situ 2D PL measurements were recorded at a scan

speed of 20000 nm/min with 8 seconds time interval for 1500 seconds.
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Determine the Br composition () in CsPb(Cl;-yBry) 3.

To determine the Br composition () in mixed CsPb(Cli-yBry)s

nanocrystals, Tauc plot and Vegard’s law were used.'??'?* Undoped

CsPbCl3; nanocrystals is initially used as a reference for determination of
content of bromide in the mixed halide upon bromide exchange reaction.
The calculated bandgap and Br composition () of mixed halide
perovskites upon the addition volumetric amount of PbBr2 (0.05 M) stock

solution are shown in Figure A.16.

Characterizations.

The transmission electron microscopy (TEM) images were taken using
a JEM—2100F (HR) (JEOL LTD) at an operating voltage at 200kV. ICP—
AES measurements were conducted using Shimadzu ICPE—-9000
inductively coupled plasma—atomic emission spectrometer. For sample
preparation for ICP—AES, Mn—doped nanocrystals were digested using a
1% HNOs3 solution. Mn concentration in nanocrystals was determined by
the atomic ratio of Mn versus total divalent metals of (Pb+Mn). UV —vis

absorption spectra were taken with a Cary 60 UV —vis spectrophotometer

system (Agilent Technology) in the spectral range of 300-800nm with a

scan speed of 4800 nm/min. The Photoluminescence (PL) emission
spectra were recorded using an Ocean Optics Spectrometer with 365 nm
excitation diode along with an Ocean HDX (FM—0OH100) photodetector.

Time—resolved PL decays were collected using a time correlated single

44



photon counting (TCSPC) system made by Horiba Jobin Yvon. A nanoLED
laser with 375 nm was used as excitation source whereas IBH DataStation
Hub was used for detecting timing. Instrument response function (or IRF)
was measured with hexanes itself for solution measurements. PL decay
traces were fitted using bi—exponential functions (equation 1) to calculate

the average carrier lifetime (equation 2).

I =1Iy+ Ajexp (—%)+A2exp (—é) (1)
_ Alr§+AZT§
Tavg = Yo, +a50, (@)
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Machine learning modeling.

Scikit learn software package was used in Python for construction of
regression models. Six different regression models were built and
examined. The initial dataset of 86 samples was used for contructing
machine learning models. Before beginning the modeling, initial dataset
was split into train data (80 %) and test data (20 %). Grid search with
cross—validations was carried out to find optimal hyperparameters of each
model until the subset of the hyperparameters of the algorithm is
exhaustively examined to figure out the best hyperparameters. In
particular, five—fold cross—validations were employed wherein train
dataset was divided into five different number of groups that were used
for learning and validating each fold set repeatedly up to five times. Such
k—fold cross validation (dataset is split into k number of folds) can prevent
the overfitting, allowing for optimization through tuning hyperparameters
based on evaluation results of dataset. A regression that is commonly used
in statistical modeling to estimate the correlation between independent
variable (input) and dependent variable (output) was performed. A linear
regression and non—linear regression were examined: linear algorithm and
five different non—linear machine learning algorithms including support
vector (SVR), k—nearest neighbor (KNN), random forest (RFR), gradient
boosting (GBR), and extra tree regressors (ETR). The optimal
hyperparameters for each predictive model were found through grid

search with five—fold cross validations. To create the best performing
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models, grid search enables to finds the the best values through
exhaustively testing all possible combinations of hyperparameters values
for given values. The models are validated using the same train dataset
when performing grid search. Once the optimal hyperparameters are
obtained, the performance of machine learning models is evaluated using
the following evaluation metircs: mean absolute error (MAE), mean
squared error (MSE), and the root—mean—square error (RMSE), standard
deviation (SD), and the coefficient of determination (R* for linear fits.
Root—mean—square error (RMSE) was used as an representative

evaluation criterion.
Kinetic Modeling of Carrier Dynamics.

We quantify the populations of exciton state in perovskite nanocrystals
and Mn—ion states in terms of average per—nanocrystal occupancies.'?>126
The evolution of nx (band—edge exciton) and nu, (excited Mn state) in the
low pump level regime can be described by the following rate equations

(3 _4) 102

d
% = —kynx — ketnx + KBTiMvin (3)

dTan
dt

= —Kkvin/Mn — KBTING T KBTI (4)

where k¢, kwn, ker and kpr are the decay rate constant of exciton, Mn,
forward energy transfer from exciton to Mn, and backward energy transfer
from Mn to exciton, respectively. By solving these equations, each
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population can be derived using biexponential decay with the two different
rate constants ks (slow) and A (fast) expressed as follows (equations 5—

6).

n = As exp(—kst) + Ar exp(—kid) (5)

min = Bs exp(—kst) + B exp(—kid) (6)

where the two rate constants can be further expressed as follows.

k(G (+),s(=)) % (kx + ket + Kivin + KT +

(kx + kg — kpn — kpr)? + 4kgrkgr)  (7)

Based on the assumption Awn << kx and Apr << Agr, the decay rate for the
slow and the fast channels including &s and 4 can be simply approximated

using the following equations (8—9).

1
1+ky/KgT

ks = kvin + (1 - ) kit (8)

ki = ky + kgt 9)

Based on the initial condition at = 0, As + Ar = mo (10 is the total number
of originally injected excitations at the zero time) and Bs + B = 0, we can
obtain As ~ 0 and A: ~ no. By substituting equations (5—6) with equations
(3—4), finally, the population of each state (1 and mm) as a function of

time can be calculated (vide infra).
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III1.2 RESULTS AND DISCUSSION

Exploring Multidimensional Design Spaces in Mn—doped Perovskites.

Mn—doped CsPbCls perovskites nanocrystals with varying Mn dopant
concentration are stabilized through adjusting initial divalent metal
stoichiometric ratio (mole fraction of Mn) in the precursor solution. Halide
composition (Cli—yBry) of the Mn—doped perovskite nanocrystals is
further tuned through the post—synthetic halide ion exchange reactions.
Upon altering the nominal initial mole fraction of Mn (x) and bromide
concentration () in halide composition enable to control the Mn
concentration at the different host lattice of perovskite CsPb(Cli-yBry)3

nanocrystals.

Figure III.1A represents the absorption spectra changes upon increasing
the Mn fraction (x) from the range of x = 0—0.8. The increased Mn
concentration (actually doped dopant concentration) bring about the blue—
shifting of the band—edge absorption peak of CsPbCls nanocrystals from
400—370 nm. Inductively coupled plasma atomic emission spectroscopy
(ICP—AES) directly confirmed actually doped Mn concentration in the host
crystals (Figure A.14). The concentration of Mn gradually increased from

0.0 atom% ({for x = 0) to 27.5 atom% (for x = 0.80). Transmission
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Figure III.1. (A) Absorption and (B) corresponding photoluminescence (PL) emission
spectra recorded for Mn—doped CsPbCls with different Mn fraction (x) ranging from x
= 0—-0.80. (C) arepresentative PL emission spectrum demarcating the energy transfer
from exciton—to—Mn. (D) Absorption spectra for Mn—doped CsPb(Cli-yBry)3 with x =
0.60. (E) PL emission spectra during anion exchanges to illustrate the energy transfer.
(F) In—situ monitoring the 2D PL emission during the anion exchange using Mn—doped
CsPb(Cli-yBry) 3 with x = 0.60 for 1500 sec. The wavelength of 365 nm was selected
to record the PL emission spectra. Time—dependent 2D color PLL mapping was recorded
with step size of 8 sec. (G) Schematic illustration to tune reaction parameters including
Mn concentration and bromide concentration in the Mn—doped mixed halide perovskites.
(H) An initial scattering dataset derived from PL emission band ratio of Mn/exciton (2)
for Mn—doped CsPb(Cli-yBry)3 nanocrystals as a function of nominal Mn fraction (x)

and bromide concentration (y)



Mn of x = 0, 0.44, and 0.80, indicating that there was no significant change
in sizes throughout doping (Figures A.15). Corresponding
photoluminescent (PL) emission spectra are further recorded as shown in
Figure III.1B. Two different emission features (or dual emissions) can be
seen, ascribed to exciton (~400 nm) and Mn emission peaks (~595 nm),
respectively. With increasing x up to 0.60, the Mn emission intensity 1s
enhanced owing to efficient exciton—to—dopant energy transfer (Figure
I11.1C). Interestingly, the sample with x = 0.80 exhibits more red—shifted
Mn emission feature at ~620 nm due mainly to dimerized Mn?*—Mn?®*

species with a reduced electronic transition energy, consistent with earlier
report.’”? The relative PL emission band ratio of Mn/exciton, shown in
following equation 3, is readily obtained by integrating exciton and Mn PL
emission bands, respectively, that are further primarily utilized as a main

probe to evaluate the degree of energy transfer (Figure II[.1C) 63102

PL band ratio = PL pana (Mn)/PL band (exciton)

Figures III.1D,E illustrates the changes of absorption and emission
features for Mn—doped CsPbCls with x = 0.60 upon replacing chloride with
bromide throughout halide ion exchange. As a reference, we performed
bromide exchange reaction using the undoped CsPbCls nanocrystals as
well (Figure A.16A). Converted Tauc plot analysis allows for determining
the bandgap of the mixed halide perovskites (Figures A.16B,C).

Corresponding bromide concentration (y) can be further deduced from the
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determined bandgap and summarized in Figure A.16D, following Vegard’s
law. The band—edge absorption corresponding to transition from valence
band to conduction band shifted to longer wavelength from 400—480 nm,
indicative of reduced bandgap for Br—substituted perovskites (Figure
III.1D). The band—edge emission from CsPb(Cli-yBry)s appeared in the

range of 400—510 nm whereas the Mn emission is constantly observed at

~600 nm (owing to fixed d—d transition of Mn?") 8798107128 The absolute Mn

emission intensity rises upon initial exchanges to bromide (yy = 0.58) but
decreased upon further exchanging fully to 100% of bromide at the end of
reaction (yy = 1.00) (Figure III.1E). To understand such complex energy
transfer (forward versus backward) dictated by Mn concentration and
halide compositions (and bandgap), we have mapped out 2D PL emission
throughout in—situ bromide ion exchange by dumping 5 ul. of 0.05M PbBr2
into Mn—doped CsPbCls nanocrystals with x = 0.60 (Figure III.1F). The
2D PL color map vividly captures the energy transfer process as a function
of controlling the bandgap of the perovskites, directly affecting the

electronic coupling between exciton and Mn energy states.

Here, we aim to explore multivariate design spaces in Mn—doped
CsPb(Cli-yBry)s halide perovskite nanocrystals with varying reaction
parameters of Mn fraction (x) (or actually doped Mn concentration
determined by ICP—AES) and halide compositions in particular with
bromide concentration (y) in mixed halide perovskites and understand how

these two reaction parameters affect the degree as well as kinetics of
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exciton—to—dopant energy transfer (Figure III.1G). 3" These two

different complex reaction parameters influence the competitive forward

and backward energy transfer and resulting exciton and Mn relaxation

dynamics.8392121

Figure III.1H shows the scattered initial dataset as a function of nominal
Mn fraction (x) and bromide concentration (3) in Mn—doped CsPb(Cl;-
yBry)s nanocrystals obtained through bromide exchange reaction as
depicted in Figures A.17A—E and Figure III.1D (absorption) and Figures
A.18A—F and Figure A.19A—F (emission). The PL emission band ratio of
Mn/exciton (z) are mainly utilized as a proxy to evaluate the energy
transfer efficiency. In each reaction space (x, y), the PL emission band
ratios (2) are summarized in Table A.5. With aid of machine learning
models, we can decipher the competing energy transfer (completive
forward exciton—to—Mn and backward Mn—to—exciton) given this

uncompleted dataset (86 samples).
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Machine Learning—Directed Predictive Models

Data Preparation Machine Learning Modeling Predicting Energy Transfer
N [ - N N\
(A Selected Features Data Preprocessing c
B Train Data ‘/ \.‘ Tost Data
@ Mn fraction (x) I NE _/’
glesl, 3l b, Cross Validation E
ﬁt’f- -—ﬁﬁg; Target ‘Tl.j;ﬁ\ w %
.& T *?F 1 Energy Transfer \___;/. g =
Po=405nm s8snm 3| -ndw—l - l 9 a
|- esfﬂ'ﬁi‘éﬂﬁem Training Model o3
| N ./I"i‘\ 5
F { (Q ) — ()
p—. / N
crcl, e B New Data Beﬁ{M\odel Preg\q:n
— T 7N
o ((J) = (7)) = [
\__bromide exchange y, L N/ o/ = ) L )

Figure III.2. (A—C) Schematic illustration of building the machine learning guided
predictive models to understand and predict the energy transfer occurring Mn—doped
CsPb(Cli-yBry)s nanocrystals: (A) data preparation with feature selection and target,
(B) machine learning guided modeling procedure, and (C) understanding and predicting

energy transfer occurring in Mn—doped CsPb(Cli-yBry) 3 nanocrystals

Figures III.2ZA—C demonstrate the detailed procedure for machine
learning—guided models to predict the complex energy transfer seen in
mixed Mn—doped CsPb(Cli yBry)s nanocrystals. The initial dataset was
input for creating the machine learning—guided models. The first important
step in machine learning directed modeling is to select the appropriate

features that can effectively describe the data (Figure III.2A)."32'3 Herein,

we choose the Mn fraction (x) and bromide concentration (y) as selected

feature descriptors, affecting the target energy transfer.3

Detailed procedure for machine learning—guided modeling has been
demonstrated in Figure III.2B. Figures A.20A—F show the changes in

RMSE using six different machine learning algorithm models over five—
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fold iterations. Notably, most of algorithms except supporter vector
machine (SVR) demonstrate there are not considerable changes in RMSE,
meaning that there is no considerable overfitting after fifth iterations. Such
machine learning—guided models were further trained again using the train
dataset with the best hyperparameters found in grid search. This
eventually evaluates the test dataset to find the best model. The best

hyperparameters searched for each model are found in Table A.6.

After finding the best hyperparameters of each model, five—fold cross—
validation with six different algorithms were performed using the train
dataset of 68 samples (80% of total dataset of 86 samples). Corresponding
cross—validation results including RMSE along with SD as representative
performances are plotted in Figure A.21. In terms of evaluating the
performance of each model, LR shows highest RMSE+SD value of 9.4+1.8
than others. This indicates that the ability of LR based model is not capable
of giving an accurate prediction of the PL band ratio value (degree of
energy transfer). In stark contrast, KNN and ETR models show much
improved performances with decreased RMSE£SD of 4.0+2.3 and 3.6£2.1,
suggesting that these two models allow for giving more accurate prediction
abilities. Next, we have further repeated such five—fold cross—validations
using much less dataset of 22 samples (80% of total dataset of 28 samples)
by filtering out the PL band ratio smaller than 10 whether there is any
significant improvement in performances of each model; this is because LR

significantly overfitted below PL band ratio = 10 (Figure III.3A). Figure
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A.21B summarizes the performances of RMSE+SD using the data with PL
band ratio >10 that there are no significant differences between each
model. This is probably due to limited number of given samples for training

(22 samples) that is less than 50, thus not allowing for capturing and

modeling the nonlinear trend.
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Figure III.3. (A—F) Regression results for comparison of predicted and observed
energy transfer in Mn—doped CsPb(Cli-yBry) s nanocrystals using different regression

models: (A) linear regression (R? = 0.556), (B) support vector regression (R? =

0.927), (C) k-—nearest neighbor regression (R?> = 0.980), (D) random forest

regression (R? = 0.970), (E) gradient boosting regression (R? = 0.974), and (F) extra

tree regression (R? = 0.980).

Figures III.3A—F depicts parity plots using six different regressor for
comparing the observed value of PLL band ratio value against predicted one.
All performance metrics of trained and tested ML models are summarized
in Table A.7. The LR model is not effective in its ability to predict the

output target with the largest RMSE of 7.5 and lowest R? value of 0.556,
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suggesting that such model severely overestimates the output below PL
band ratio = 10 whereas underestimates the output above PL band ratio =
10 (Figure III.3A). Classification—based two different algorithm such as

SVR and KNN were examined next wherein data are treated based upon

distances—based classification.'®3¢ Such algorithms show significantly

improved performances, more accurately predicting target with reduced
RMSE of 3.0 (SVR) and 1.6 (KNN), respectively (Figures III.3B,C). Also,
the R? value was determined to be 0.927 (for SVR) and 0.980 (for KNN),
demonstrating that these models allow for predicting the energy transfer
without significant under— or over—estimation in the entire range of PL
band ratio = 0—40. Decision tree—based algorithms were further tested
using RFR, GBR, and ETR algorithms, respectively. All three tree—based
models performed better than LR with decreased RMSE in the range of
1.6—1.9. In particular, random forest regressions are known as one of the
most accurate learning algorithms since a large number of trees give more
robust model. Such algorithm use ensemble learning method for regression
in which multiple machine learning algorithms are applied for prediction.
However, in our study, RFR regressions exhibit the lower R* of 0.970 than

other two since this model have inherent weakness owing to less
interpretability and longer computing times (Figure III1.3D)."3” Figures
II1.3E,F shows the results from GBR and ETR with improved R? value of

0.974 and 0.980, respectively, along with reasonable RMSE of 1.8 and 1.6,

respectively. Both models work very well to give an accurate prediction of
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the output target. In particular, this is probably because GBR aggregate
the result along the way of process, improving and overcoming the

deficiency and error of the previously built trees during the process of

creating decision tree additively (each decision tree is made at a time),."®

Importantly, ETR works similar to RFR but the former builds multiple

decision tress with random split nodes without bootstrap replicas.’?

Overall, KNN and ETR models outperform other tested regression models
with highest R? values of 0.980. Even training and testing dataset with PL
band ratio >10, KNN gives very accurate prediction of R? value with 0.984
(Figure A.22A—F and Table A.8), outperforming the others. To further
examine the robustness of the built machine learning models, we
additionally input five different new data (Figure S10) into each model to
examine the performances. Corresponding performance metrics are
summarized in Table A.23. As expected from the performance metrics,
KNN most effectively predict the energy transfer with lowest RMSE of
0.4+0.2 and highest R? values of 0.978, indicating that KNN models are the
most robust predictive model that is less disturbed by externally added

new dataset.

Figures III.4A—F illustrates 3D contour color mapping created by using
the machine learning predictive models to understand the energy transfer
in Mn—doped CsPb (Cl;-yBry) s nanocrystals. As learned from performance

metrics, LR model is not capable of efficiently predicting the energy
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Figure 4. 3D contour color mapping for predicting the energy transfer seen in Mn—doped

CsPb(Cli-yBry)s nanocrystals using six different regression models:

(A) linear
regression, (B) supporter vector regression, (C) k—nearest neighbor regression, (D)
random forest regression,

(E) gradient boosting regression, and (F) extra tree
regression.

transfer as a function of variable x and y that are severely susceptible to
under— and over—estimation. Other models can somewhat predict and find
the correlations how Mn and bromide concentrations indeed influence the
energy transfer. The reddish spots in the 3D plots depict the most efficient
energy transfer zone while the bluish spots indicate that there is not

efficient energy transfer from exciton to Mn. In general, all models except

LR predicts that Mn—doped CsPb (Cl;-yBry) s nanocrystals with around x =

with PL band ratio

0.6 and slightly bromide —exchanged y = 0.1 show the highest Mn emission

40 or larger. However, as seen from the cross—

validation performance of each model such as SVR, RFR, and GBR, these
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models were not very effective for prediction of target output due to higher
cross—validation RMSE larger than 5. In particular, SVR was more prone
to overestimating at the hottest spot whereas RFR and GBR does not
effectively capture the landscape of energy transfer with abrupt PL band
ratio changes across data points. Both KNN and ETR models can rather

describe accurate 3D landscape of the energy transfer more effectively.

Deciphering Competing Carrier Dynamics.

To further decipher the competing forward and backward energy transfer
between exciton and dopant, we have recorded the time—correlated single
photon counting (TCSPC) using two different Mn—doped samples (x =
0.30 and 0.60) upon bromide exchange. As determined from the ICP
analysis (Figure A.14), Mn concentration was determined as around 5
atom% for x = 0.30 (referred to as lightly —doped regime) and 12.5 atom%
for x = 0.60 (referred to as heavily—doped regime), respectively. Before
recording PL lifetime of doped samples, we have collected PL lifetime for
undoped samples as a control that is plotted in Figures A.24. The PL decay
kinetic traces for undoped CsPb(Cli-yBry)s nanocrystals were further
fitted using biexponential fits involving the faster component (t1) and
slower component (t2) as described in equations 1—2. The details of the
kinetic fittings can be found in Table A.10. The calculated average carrier

lifetime was determined to be 0.58 ns (yy = 0) for pure Cl but increased
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up to 6.24 ns (y = 1) for pure Br perovskites. The increased carrier

lifetime reflects that charge carrier recombination 1is apparently

suppressed with bromide substitution, consistent with earlier reports.’’

Upon increasing bromide concentration, the decreased exciton binding
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Figure II1.5. (A—D) PL decay traces and kinetic fittings by monitoring the exciton peak
(A,B) and Mn emission peak (C,D) using Mn—doped CsPb(Cli-yBry) 3 nanocrystals with
x = 0.30 (A,C) and 0.60 (B,D), respectively. Kinetic fitting curves are fitted using
biexponential functions and fitting parameter details are summarized in Tables A.11,

A.12 of Supporting Information.

energy dependent on halide composition along with reduced bandgap for

CsPbBrs; nanocrystals favors the long—lived exciton in the excited

states 112,119
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Figures III.BA—D plot the PL decay traces and kinetic fittings by
monitoring the excitonic peak (405—510 nm for 7A,B) versus Mn emission
peak (~ 595 nm for 7C,D) for x = 0.30 and x = 0.60, respectively, during
the course of bromide exchange reactions. We first closely investigated
the change in exciton recombination dynamics by comparing the average
carrier lifetime for x = 0, x = 0.30, and 0.60 samples (Figures III.5A,B
and Figure A.24). The average carrier lifetime decreased upon increasing
Mn content (x) from 0.58 ns (x = 0) to 0.51 ns (x = 0.30), and to 0.50 ns
(x = 0.60). The introduction of dopant into the host lattices indeed created
a new decay pathway, that is an energy transfer from exciton to dopant,

occurring in the same nanosecond timescale, thus accelerating the exciton

PL decay.'®1% [t is also important to note that increased dopant

concentration across the host lattices at the certain Cl/Br composition
promote the faster energy transfer. In consideration of energy transfer
taking place as a result of donor (exciton) and acceptor (Mn) interaction,
the forward energy transfer and competing back energy transfer rate
occurring between exciton and Mn are heavily dependent on concentration
and spatial distribution of Mn dopants and bandgap affecting the degree of
electronic coupling between energy donor and acceptors as illustrated in
Figure III.1G. The increased number of Mn atoms in a single nanocrystal
results in increased Mn population near center of nanocrystals, which

improves wavefunction overlap between exciton and Mn, giving rising to

stronger electronic coupling and resulting faster energy transfer.3792108 The
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energy transfer efficiency that can be expressed in terms of difference of
exciton lifetime before and after addition of Mn reveals the degree or

efficiency of energy transfer.

Interestingly, as more Br is replaced with Cl in the mixed halide perovskite
CsPb(Cli-yBry) 3, the average carrier lifetime increased from 0.51 to 5.31
(for x =0.30) and from 0.50 to 1.75 ns (for x = 0.60). These mirror the
observation from the results of x = 0 (Figure A.24). The average exciton
lifetimes in the heavily —doped regime are much shorter than those in the
lightly—doped regime mainly due to the more promoted forward energy

transfer that is strongly dependent on Mn concentration.

More importantly, sensitization of the forbidden d—d transition and Mn
recombination is not only affected by forward exciton—to—dopant energy
transfer but also by competing backward dopant—to—exciton energy

transfer, which leads to the thermal equilibrium between two excited

states of exciton and Mn.3”818 By analyzing the Mn decays as displayed in

Figures III.5C,D at the different Mn concentration regimes (lightly—
versus heavily—doped regime), we can find that Mn decays rapidly upon
increasing Br concentration for both x = 0.30 (lightly—doped regime) and
x = 0.60 (heavily—doped regime). The Mn lifetime decreased from 1757
to 31 us (for x = 0.30) and from 1445 to 219 ps (for x = 0.60),
respectively. Apparently, it seems like that Mn decay significantly gets

more accelerated in the lightly —doped regime than in the heavily —doped
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regime even though replacing with the same bromide at the certain mixed
Br/Cl composition (at the same y value). Consdiering the acceleated Mn
decay arises from the backward energy transfer from Mn to exciton that
1s mainly depednent on energy gap difference between exciton and Mn
energy state, in the lighly—doped regimes, smaller energy difference
between two states (due to not significant impact as a result of Mn—
alloying induced increased bandgap) indeed prmotes the rapid backward

energy transfer.

To take account how the forward and backward energy transfers impact
on the PL decay dyanmics and how two synthetic parameters (x and y)
can govern the competing energy transfer kinetics, we created a kinetic
model describing dynamics of the band edge excitons and the excited Mn
state. We quantified the populations of exciton state in perovskite
nanocrystals (i) and Mn ion states (mw.) in terms of average per—
nanocrystal occupancies (see the detail in Experimental section). In our
study, there is at least six orders of magnitude difference between the
decay rate constant of the exciton (k) and Mn (kwn), and it turns out that
the forward (kgr) and backward energy transfer rate constant (kgr) have

three orders of magnitude difference. Based on the assumptions A, <<

k28140 and kst << kg7® and the initial conditions at ¢ = O, we can derive the

population of each state as a function of time (equations 10—11)

ny = no exp(— (ke + kgr) 0) (10)
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min = mo/ (1 + kd/ker) (exp (— (ki + (1 — 1/ (1 + kd/ker) ksr) ) — exp(— (kk +

ket) D) (11)
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Figure II1.6. (A,B) Comparison of the experimental and calculated average lifetime (¢
ave) Of the exciton emissions from Mn—doped CsPb(Cli-yBry) 3 nanocrystals with (A) x
= (0.3 and (B) x = 0.6 upon changing Br concentration from y = 0—1.00. (C) backward
energy transfer rate (ksr) of Mn—doped CsPb(Cli-yBry)3 nanocrystals with x = 0.3
(black) and x = 0.6 (red) as a function of the energy gap (J£E) between the exciton

state and Mn—ion state

Here A« and kwn can be experimentally determined from the excitonic PL
decay of undoped CsPb(Cli-yBry)s nanocrystals upon changing Br
concentration from y = 0—1.00 (Figure A.24 and Table A.10) and from
the Mn emission decay of Mn—doped CsPbCls nanocrystals where the
decay dynamics of Mn emission becomes close to the intrinsic kv (Tables

A.11 and A.12), respectively.

We used these equations to fit the PL decay data as plotted in Figure III.6A.
First, we applied nx to estimate kg7 from the exciton PL decay dynamics
as shown in Figure 7AB. For x = 0.3 sample with different Br

concentration (y), we can obtain the best fitting as compared to the
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experimental data when applying Azt = 0.03 ns~' (Figure III.6A). Upper

I respectively, are

and lower boundary condition of ket = 0.1 and 0.01 ns~
also plotted for comparison. However, the boundary condition with smaller
or larger Agrt does not fully account for the experimental results. We have
repeated for x = 0.6 sample upon varying the y values. It turns out that
the best fit to the experimental result as shown in Figure 7B with Agr =
0.4 ns™! (Figure III.6B). This manifests that the energy transfer gets
accelerated in the heavily—doped regime with one order of magnitude as
compared to the slightly —doped regime with increased rate constant of Agr
= 0.4 ns”' (x = 0.60) versus ket = 0.03 ns™! (x = 0.30). The forward
energy transfer rate constant (kgt) is mainly dictated by Mn concentration
(x) rather than Br concentration—dependent bandgap. The increased
number of Mn atoms in a single nanocrystal results in increased Mn
population (energy acceptor) near center of nanocrystals (energy donor),
which in turn enhance wavefunction overlapping of exciton with Mn, giving
rising to stronger electronic coupling with faster energy transfer to Mn.
The bandgap controlled with bromide composition (y) does not play a

crucial role in controlling kst in our experimental conditions.

Second, we applied mm to estimate Apr from the Mn emission decay
dynamics as demonstrated in Figure III.6C. It turns out that Asr strongly
depends on the energy difference gap between exciton and Mn state (AF).
For both x = 0.3 and x = 0.6, the rate constant of kgt falls in the similar

values as a function of modulating AZ, dictating negligible effect of x values
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on kpr.( Figure I111.6C). Here AE can be experimentally determined from
the Tauc plots of Figure A.16 for x = 0.3 and Figure III.1D for x = 0.6,
respectively, as a function of Br concentration (). The blue shift in AE for
x = 0.6 compared to that for x = 0.3 in every y value is due to the Mn
incorporation induced alloying as we observed in Figure III.1A. Therefore,
y 1s the main parameter which controls the AE and its corresponding Ast.
When decreasing AE (or substituting with bromide), it accelerated the
backward energy transfer from Mn to exciton in halide perovskite due to
reduced energy barrier. The backward energy transfer i1s an up-—hill
process that needs to overcome the energy barrier. The energy gain for
the up—hill energy transfer comes from the thermal energy. Thermal
population of the excited Mn state is getting more feasible, accelerating
the backward transfer as decreasing AE at our measurement condition of

room temperature (KT = 26 meV).
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Elucidating Energy Transfer Mechanism.
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Figure IIL.7. (A) 3D visualization of the degree of energy transfer predicted by k—
nearest neighbor regressor (kNN) model at the different Mn concentration and halide
composition. (B,C) In—situ monitoring of the 2D PL emission during the anion exchange

using Mn—doped CsPb(Cli-yBry)3 with x = 0.30 (B) and x = 0.60 (C) for the first 650

sec.

In the lightly doped regime (x = 0.30), as seen from the PL emission
intensity of Mn (Figure III.7A predicted using KNN), the maximum Mn
intensity or hottest spot is found with slightly mixed halide perovskites
with Br (at y = 0.13 or CsPb(Clos7Bro13)3s. This is directly ascribed to the
increased energy transfer efficiency in the mixed halide perovskites owing
to increased exciton lifetime and reduced bandgap upon bromide
substitution. However, upon further increasing Br concentration, the

competing process of backward Mn—to—exciton energy transfer 1is
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switched back on as a result of more reduced bandgap, activating the

backward transfer from Mn to exciton owing to more decreased energy

barrier.’”8718 In the PL decay lifetime measurement, the Mn lifetime

rapidly declined upon bromide substitution above y = 0.20, facilitating the
Mn emission quenching as a result of more pronounced backward transfer.
In this lightly—doped regime, excitonic emission is majorly observed
throughout halide exchange, resulting in lower PL band ratio < 5 as can be

seen in the color map of Figure III.7A.

However, in the heavily—doped regime (x = 0.60), different behavior can
be seen that the highest PL band ratio of Mn emission already reached the
maximum intensity at y = 0 and maintained to some extent up to higher
bromide concentration of y = 0.40—0.50. Despite the shorter exciton
lifetime of pure Cl—based perovskites, the faster energy transfer rate to
Mn occurs with increased order of magnitude energy transferee kinetic
rate constant. Upon increasing the portion of Br concentration, a similar
phenomenon is observed that reduced bandgap facilitates the backward
energy transfer, reflecting the decreased Mn emission (Figure III.7A).
However, considering the competing kinetics between forward exciton—
to—Mn (107'=1072 ns™!) and backward Mn—to—exciton energy transfer
(107°—10"% ns™") as well as the number of energy donor and acceptor, the
increased number of Mn atoms at x = 0.60, initially serving as energy
acceptor (for forward energy transfer) yet later serving as energy donor

(for backward transfer), overall favor carrier accumulation in Mn state at
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the equilibrium of the excited state. From our kinetic analysis, it was
revealed that the improved electronic coupling as a result of increased Mn
concentration within nanocrystals leads to the even faster forward energy
transfer from 0.03 ns™! (x = 0.3) to 0.4 ns™! (x = 0.6) at given bromide
concentration (y) while the backward energy transfer rate constants (kgt)
are not much affected by Mn concentration (x). In this scenario, the
increased number of Mn populations serve as an efficient energy acceptor
and increased difference between forward and backward energy transfer
kinetic rate constants, result in accumulation of carrier in Mn state. The
change in Mn lifetime recorded at the same bromide concentration (at the
fixed y) throughout Br exchange further contrasts the Mn concentration

effect.

By monitoring the in—situ PL for both evolution of exciton (400 nm) and
Mn (=600 nm) emission peaks for x = 0.30 and x = 0.60 during the course
of Br exchange reaction for the first 650 sec, we can double—confirm that
two different Mn regimes behave differently that the Mn concentration
affects the forward energy transfer kinetics and resulting Mn emission due
to carrier accumulation in the Mn states (Figures IIL.7B,C and Figures
A.25A—-D). Increased Mn concentration for x =0.60, significant Mn
emission is observed even with the 100% Cl—based perovskites and Mn
emission is maintained throughout entire Br substitution even owing to the
reduced energy different gap acting as an energy barrier for backward

energy transfer (up to 650 sec). (Figures A.25 and A.26).
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IV. Dissertation Summary and Conclusions

To summarize, we have explored the excited—state behavior in Mn—
doped CsPb(Cl; yBry)s based on adjusting in Mn concentration and halide
composition. These behaviors were examined by fine—tuning the Mn
concentration through its feedstock fraction and changing the Br content
through Br exchange. In addition, our research has enabled us to predict
the exciton—to—energy transfer degree (z) using machine learning. The
energy transfer efficiency is determined by the excited—state dynamics,
which include exciton recombination and the competition between forward
and backward energy transfer. These two energy transfer processes are
influenced by the Mn concentrations and band gap. With low concentration
of Mn, the slightly mixed halide nanocrystals CsPb(Cl; (By)s exhibit
efficient exciton—to—Mn energy transfer. This is attributed to the delayed
exciton recombination and accelerated energy transfer rate. On the other
hand, with a higher concentration of Mn, the increased Mn acceptors
promote efficient energy transfer. Meanwhile, as the substitution moves
from CI to Br in mixed halide perovskite nanocrystals, the reduced band
gap with increased electronic overlapping stimulate the backward transfer
from Mn to the exciton. And it is difficult to accurately predict the excited—
state dynamics with such complex forward and backward energy transfer.
Hence, we constructed machine learning models with 86 initial data to

deeper understanding the energy transfer. Our model is based on a KNN
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algorithm combined with regression analysis to predict and understand
energy transfer accurately. Through machine learning modeling, it is
possible to predict and understand the complicated energy transfer
process. Significantly, ML—guided experimental strategies have the
potential to discover of materials with preferable characteristics.
Additionally, it helps revealing the structure—function relationships
underlying physical processes in a broad multi—dimensional reaction
design. By adjusting the concentrations of Mn and halide composition, we
can change the intensities of dual emission of Mn—doped samples. Through
further adjustments to its intensities, we discovered the potential for
white—light emission. (Figure A.27). As a result of this study, we gain a
better understanding of how Mn concentration and halide composition

influences energy transfer in Mn—doped perovskite nanocrystals.
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APPENDIX A

SUPPLEMENTARY FIGURES AND TABLES
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Figure A.1. (A) Unnormalized PL emission spectra recorded for Mn—doped
CsPbCls by altering mole fraction of Mn in the feed stock in the range of x = 0—
0.80. (B) Change in wavelength of exciton (absorption and emission) and Mn

(emission) with varying the Mn mole fraction from 0—0.80.
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Figure A.3. Low—magnification (A—C) and high—magnification (D-F)
transmission electron microscopy images acquired for undoped CsPbCl3 (A,D),
Mn—doped CsPbCls with x = 0.44 (B,E), and Mn—doped CsPbCl3s nanocrystals
with x = 0.80 (C,F). Insets to D—F represent the magnified single nanocrystal

with lattice fringes.
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Table A.l. Kinetic fitting parameters obtained using biexponential fitting with

different Mn fraction x from 0—0.80 in Mn—doped CsPbCls nanocrystals: average

lifetimes (7 ave), its individual lifetimes (71 and 72), and the corresponding

amplitudes (A7 and A») of exciton and Mn emission, respectively.

Mn fraction

Exciton_ PL QY

0 Al m(ns) Ar 1a(NS)  TaePCN(ns) (%)
0.00 0.93 0.53 0.07 3.16 1.34 1.7
0.30 0.92 0.49 0.08 1.99 0.87 0.45
0.44 0.91 0.49 0.09 1.82 0.85 0.65
0.55 0.89 0.41 0.10 0.68 0.45 0.46
0.70 0.80 0.39 0.20 0.58 0.44 0.82
0.80 0.79 0.38 0.21 0.59 0.44 0.70
Mn fraction (x) A1 71 (ps) Az T2 (ps) Tae ""(us)  Mn_PL QY (%)
0.30 0.03 359 0.97 1647 1643 0.45
0.44 0.04 141.3 0.96 1580 1574 6.5
0.55 0.23 146.1 0.77 1033 997 10.5
0.70 0.32 110.6 0.68 999 955 36.2
0.80 0.35 126.3 0.65 812 758 25.8
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Table A.2. Calculated rate constants and energy transfer efficiency from Table A.

1.

Mn fraction (x) L Exciton K Exciten kMn KncM™ ker @kt
0.00 1.27E+07 7.36E+08 - - - -
0.30 3.37E+06 0.74E+09 0.29E+01 6.32E+02 1.15E+09 0.35
0.44 7.58E+06 1.17E+09 4.10E+01 5.94E+02 6.70E+08 0.36
0.55 1.02E+07 2.21E+09 1.06E+02 8.96E+02 4.35E+09 0.66
0.70 1.86E+07 2.23E+09 3.80E+02 6.67E+02 4.52E+09 0.67
0.80 1.57E+07 2.24E+09 3.40E+02 9.79E+02 4.52E+09 0.67
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Table A.3. Kinetic fitting parameters obtained using biexponential fitting for Mn—

doped CsPb(Cli-yBry)3 nanocrystals with x = 0.44 upon changing Br content y

from 0—0.71: average lifetimes (7 av), its individual lifetimes (71 and 7 2), and

the corresponding amplitudes

respectively.

(A7 and As) of exciton and Mn emission,

Br fraction Ay T1 Ay T2 TaveP*"  Exciton_ PL
) (ns) (ns) (ns) QY (%)
0.00 0.91 0.49 0.09 1.82 0.85 0.6
0.33 0.90 0.90 0.10 12.54 8.09 5.2
0.50 0.82 1.12 0.18 11.50 8.29 8.3
0.71 0.85 2.84 0.16 16.03 9.54 16.1
0.00 0.04 1413 0.96 1580 1574 6.5
0.33 0.20 3524 0.80 848 800 7.5
0.50 0.15 11.8 0.85 474 472 1.9
0.71 0.68 38.4 0.33 153 114 0.6
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Table A.4. Kinetic fitting parameters obtained using biexponential fitting for

undoped CsPb(Cl;-yBry) 3 nanocrystals with x = 0.0 upon changing Br content y

from 0—0.71: average lifetimes (7 av), its individual lifetimes (71 and 7 2), and

the corresponding amplitudes

respectively.

(A7 and As) of exciton and Mn emission,

Br fraction ~ T1 A T TaveP*C"  Exciton_
() (ns) (ns) (ns)  PLQY (%)
0.00 0.95 0.95 0.05 4.9 1.82 0.3
0.33 0.92 0.90 0.08 14.0 8.57 4.4
0.50 0.77 1.45 0.23 11.6 8.67 28.1
0.71 0.76 2.75 0.24 14.0 9.69 53.9
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Figure A.14. Actually —doped Mn concentration (atom %) in lead halide perovskite
nanocrystals determined by induced coupled plasma atomic emission spectra
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The dashed line is a guide line for the eyes.
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Figure A.15. Transmission electron microscope (TEM) images acquired for
undoped (A) CsPbCls and Mn—doped CsPbCls nanocrystals with (B) x=0.44 and

(C) x=0.80, respectively.
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Figure A.16. (A,B) UV—vis absorption (A) and corresponding Tauc plots (B) for

CsPb(Cli-1yBry) 3 nanocrystals stabilized when PbBr2 (0.05M) solution (0—100 g

L) was added to parent CsPbCl3 nanocrystals. (C) Estimated bandgap (eV) and y

(y = 0—1) as a function of 0.05M PbBr» volume (zL) that is determined from

Tauc plot shown in panel B. (D) A table summarizing the added PbBrs volume,

bandgap, and y value, respectively.
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Figure A.17. (A—E) UV-—vis absorption spectra evolution during the course of
anion exchange by adding 0.05M PbBr2 solution from 0—100 gL into Mn—doped
CsPbCls with different Mn concentration: (A) x = 0.15, (B) x = 0.30, (C) x =
0.44, (D) x = 0.55, and (E) x = 0.80, respectively. The y value was determined

from the Tauc plot analysis as illustrated in Figure S3
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Figure A.18. (A—F) PL emission spectra evolution during the course of anion
exchange by adding 0.05M PbBr2 solution from 0—100 gL into Mn—doped
CsPbCl3 with different Mn concentration: (A) x = 0.15, (B) x = 0.30, (C) x =
0.44, (D) x=0.55, (E) x= 0.60, and (F) x = 0.80, respectively. The y value was

determined from the Tauc plot analysis as illustrated in Figure S3
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Figure A.19. (A—F) Normalized PL emission spectra evolution during the course
of anion exchange by adding 0.05M PbBrz solution from 0—100 #L into Mn—
doped CsPbCls with different Mn concentration: (A) x = 0.15, (B) x = 0.30, (C)
x=0.44, (D) x=0.55, (E) x=0.60, and (F) x = 0.80, respectively. The y value

was determined from the Tauc plot analysis as illustrated in Figure S3
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Figure A.20. (A—F) RMSE changes over five iterations during the process five—

fold cross validation using different machine learning algorithms: (A) LR, (B) SVR,

(C) KNN, (D) RFR, (E) GBR, and (F) ETR.
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Figure A.21 (A,B) Five—fold cross—validation root mean square error (RMSE) of
different machine learning algorithm models upon filtering off the energy transfer

value larger than 0 (A) or 10 (B). Six different regression models were used for

prediction of energy transfer.
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Figure A.22. (A—F) Regression results of predicted and observed energy transfer

seen in Mn—doped CsPb(Cli-yBry)s nanocrystals using different regression

models: (A) linear regression (R? = 0.653),

= 0.948), (C) k—nearest neighbor regression ((R?

(B) support vector regression (R?

0.984), (D) random forest

regression (R? = 0.891), (E) gradient boosting regression ((R? = 0.930), and (F)

extra tree regression (R? = 0.955).
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Figure A.23. PL spectra for new 5 samples with different x and y that are

randomly selected by algorithm.
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Figure A.24. PL decay traces and kinetic fittings using undoped CsPbCl3 upon
bromide exchange from y = 0—1 by monitoring the exciton peak of 405 (3 = 0.00),
416 (y = 0.20), 430 (y = 0.42), 440 (y = 0.58), 460 (y = 0.75), 482 (y = 0.84),

and 509 nm (y = 1.0) respectively.
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Figure A.25. 2D PL emission color mapping during the course of anion exchange
for initial 500 sec by dumping 5 #L of 0.05M PbBr into Mn—doped CsPbCls
nanocrystals with different Mn concentration: (A) x=0.15, (B) x=0.30, (C)
x=0.44, (D) x=0.55, (E) x=0.60, and (F) x=0.80, respectively. The point shown

in the color map represent the time corresponding to the maximum peak of Mn.
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Figure A.26. 2D waterfall PL emission plots during the course of the anion

200
exchange for initial 500 sec by dumping 5 ¢L of 0.05M PbBr into Mn—doped

CsPbCl3 nanocrystals with different Mn concentration: (A) x=0.15, (B) x=0.30,
(C) x=0.44, (D) x=0.55, (E) x=0.60, and (F) x=0.80, respectively. 2D waterfall

PL emission plots corresponds to the 2D PL emission color maps shown in Figure
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Figure A.27. CIE coordinate diagrams during the anion exchange by adding 0.05M

PbBro solution from 0—100 gL into Mn—doped CsPbCls with different Mn

concentration: (A) x = 0.15, (B) x=0.30, (C) x= 0.44, (D) x= 0.55, and (E) x

= 0.80, respectively. The curved arrows indicate the color point changes during

anion exchange.
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Table A.5. Initial dataset of 86 samples used for machine learning corresponding
to PL emission band ratio (Mn/exciton) obtained with varying initial feeding Mn
fraction (x) and Br concentration (y). Five new data was randomly selected and

used for validating the finally constructed models.

X
0.00 0.15 0.30 0.44 0.55 0.60 0.80
y
0.00 0.00 0.30 1.05 6.91 2880 | 4021 34.90
0.13 0.00 026 133 10.16 38.60 34.78 32.79
0.20 0.00 0.20 0.69 9.63 33.75 33.090 | 28.08
New
0.28 0.00 0.18 722 19.41 2857 | 2022
data
N
0.33 0.00 0.15 0.44 New 10.94 23.82 ow
data data
New
0.37 0.00 0.30 3.15 8.04 16.48 252
data
0.42 0.00 0.09 0.18 1.87 555 11.74 1.65
0.58 0.00 0.06 0.06 0.52 1.83 3.46 1.01
New
0.65 0.00 0.03 0.04 0.28 176 0.76
data

0.75 0.00 0.01 0.01 0.14 0.64 0.79 043
0.84 0.00 0.00 0.01 0.06 0.42 0.46 024
0.96 0.00 0.00 0.00 0.04 0.10 0.12 0.12
1.00 0.00 0.00 0.00 0.01 0.00 0.05 0.06
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Table A.6. Hyperparameters search space in grid search.

Machine
learning Hyperparameters Search space Best value
algorithms
LR - - -
weights ['uniform’, 'distance’] distance
KNN n_neighbors [2, 50] 2
algorithm ['ball_tree', 'kd_tree', 'brute’]  |ball_tree
max_depth [1,10] 4
RFR
n_estimators [3,50] 9
max_depth [1,10] 3
GBR
n_estimators [5,500] 200
SVR C [1e0,5, 1e1,50, 1e2,5e2,1e3] 500
ETR n_estimators [10,500] 20
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Table A.7. Performance metrics for all machine learning models using dataset of

86 samples with PL band ratio larger than O.

PL band ratio >0 LR SVR KNN RFR GBR ETR
CrossValidation RMSE 9.4 7.3 4.0 6.0 5.3 3.6
CrossValidation SD 1.8 6.4 2.3 33 2.7 21
Train RMSE 8.1 1.8 0.0 1.9 0.3 0.0
Test MSE 56.3 9.2 2.6 38 33 25
Test RMSE 7.5 3.0 1.6 19 1.8 1.6
Test MAE 6.2 1.6 0.7 0.9 1.0 0.8

Test R? 0.556 0.927 0.980 0.970 0.974 0.980
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Table A.8. Performance metrics for all machine learning models using dataset of

28 samples with filtering out the PL band ratio value smaller than 10.

PL band ratio > 10 LR SVR KNN RFR GBR ETR
CrossValidation

RMSE 10.6 9.9 7.3 7.6 7.4 1.7

CrossValidation SD 3.7 6.9 2.7 25 2.2 2.7

Train RMSE 8.5 2.6 0.0 24 1.0 0.0
Test MSE 85.7 12.9 4.0 26.9 17.2 11.0

Test RMSE 9.3 3.6 2.0 5.2 4.2 3.3

Test MAE 8.3 24 1.0 3.8 3.3 2.0
Test R? 0.653 0948 0984 0891 0930  0.955

Table A.9. Performance metrics for all machine learning models using new dataset

of 5 samples with PL band ratio value larger than O.

PL band ratio >0 LR SVR KNN RFR GBR ETR
New data MSE 45.6 2.8 0.1 3.2 0.2 0.6
New data RMSE 6.8 1.7 0.4 1.8 0.5 0.8
New data MAE 6.4 11 0.2 1.2 0.4 0.4

New data R? -6.778 0.517 0.978 0.457 0.963 0.898
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Table A.10. Kinetic fitting parameters obtained using biexponential fitting for

undoped CsPb(Cl;-yBry) 3 nanocrystals upon changing Br content y from 0—1.00 :

average lifetimes

( T aVe) ’

its individual lifetimes

corresponding amplitudes (A7 and As) of exciton.

Br
concentration

v)
0.00

0.20
0.42
0.58
0.75
0.84
1.00

A1

0.95
0.97
0.82
0.74
0.35
0.41
0.57

71 (NS)

0.15
0.15
0.20
0.46
1.00
2.90
3.95

108

A2

0.05
0.03
0.18
0.26
0.65
0.59
0.43

(r1 and

72 (NS)

1.44
1.88
2.90
4.54
5.80
7.81
7.80

r2), and the

TaveExciton(nS)

0.58
0.59
2.25
3.61
5.39
6.79
6.24



Table A.11. Kinetic fitting parameters obtained using biexponential fitting for Mn—

doped CsPb(Cli-yBry)3 nanocrystals with x = 0.30 upon changing Br content y

from 0—1.00 : average lifetimes (7 ave), its individual lifetimes (7 and z2), and

the corresponding amplitudes

respectively.

Br
concentration
v)

0.00
0.20
0.42
0.58
0.75
0.84
1.00
Br
concentration
v)

0.00
0.20
0.42
0.58
0.75
0.84
1.00

A1

0.96
0.95
0.81
0.66
0.40
0.31
0.31

A1

0.22
0.52
0.61
0.68
0.64
0.63
0.93

(A7 and As) of exciton and Mn emission,

71 (NS)

0.17
0.20
0.27
0.42
0.99
1.64
2.62

1 (us)

1701
1071
815
230
240
60
8
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A2

0.04
0.05
0.19
0.34
0.60
0.69
0.69

A2

0.78
0.48
0.39
0.32
0.36
0.37
0.07

72 (NS)

1.49
2.00
2.76
4.03
5.67
5.73
5.84

2 (1s)

1772
1599
1308
881
659
263
70

TaveExciton(nS)

0.51
0.78
2.04
3.42
5.18
5.26
5.31

Tave Mn(us)

1757
1377
1062
648
496
206
31



Table A.12. Kinetic fitting parameters obtained using biexponential fitting for Mn—
doped CsPb(Cli-yBry)3 nanocrystals with x = 0.60 upon changing Br content y
from 0—1.00 : average lifetimes (7 ave), its individual lifetimes (71 and r2), and
the corresponding amplitudes (A; and As) of exciton and Mn emission,

respectively.

Br
concentration A1 71 (NS) A2 T2(NS)  Tave™(ns)
v)
0.00 0.97 0.16 0.03 1.51 0.50
0.20 0.95 0.18 0.05 2.03 0.84
0.42 0.89 0.19 0.11 1.66 0.95
0.58 0.92 0.18 0.08 1.82 0.93
0.75 0.79 0.24 0.21 1.87 1.35
0.84 0.65 0.42 0.35 2.39 1.90
1.00 0.62 0.42 0.38 2.17 1.75
Br
concentration A1 71 (ps) Az T2 (us) Tave M"(us)
v)
0.00 0.19 435 0.81 1512 1445
0.20 0.21 667 0.79 1450 1363
0.42 0.25 536 0.75 1212 1123
0.58 0.26 530 0.74 1144 1059
0.75 0.29 447 0.71 883 807
0.84 0.30 319 0.70 657 599
1.00 0.66 39 0.34 270 219
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