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Introduction
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Introduction Chaptes 1

Overview

This chapter provides a brief introduction on semiconductor materials and the effect of
guantum confinement on their band structures. Subsequent discussion is restricted to a
particular type of semiconductors, the perovskites, which are the subject matter of this
thesis. Important characteristic properties of the perovskites such as crystal structure, their
formability criteria, exciton fine structure, composition dependent bandgap, surface
properties and optical properties are discussed. A brief introduction on doped perovskites
highlighting their importance is presented. Finally, discussion on charge (electron/hole)

transfer processes in semiconductors is presented briefly.
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1.1. Motivation

We cannot think of our day-to-day activities without mobile phones, computers and other
electronic gadgets, which all consist of semiconductors. Besides, the semiconductor
materials find application in solar cells as well. Energy crisis is one of the major concerns
and promoting the use of renewable energy is a priority. Particularly, considering the
rapidly growing population of India, the demand of energy is expected to be sky high in
near future. With limited resources of non-renewable energy, one must look for
alternative renewable energy sources like sunlight, wind, water etc. Based on the
geological location of India and availability of abundant solar radiation throughout the
year, utilizing solar energy can be advantageous. Though silicon solar cells have been
commercialized, they are still quite expensive for large scale production and use in
developing economics like India. In this context, the perovskite solar cells are expected to
be cheap due to their ease of fabrication and they are already on the way towards
commercialization. The last few years have witnessed tremendous progresses in
perovskite-based solar cells and their efficiency has reached as high as >25%.! In this
regard, photophysical investigations on these materials are crucial for device development
and thus emerges the important role of spectroscopic tools. The major focus of the thesis
revolves around the photophysics of this emerging class of materials, perovskites. The
primary goal of the works described in this thesis is to study the optical responses of these
materials using sophisticated spectroscopic techniques and gain insights that may be

beneficial for their better utilization in photovoltaic and optoelectronic applications.

1.2. Semicondctors: From Bulk to NCs

Among solids, electrical conductivity of a semiconductor material falls between a metal
and an insulator.? This variation in conductivity is based on their characteristic bandgap
energies and band structures. For the transition of electrons from VB to CB, it requires a
definite amount of energy equal or greater than the bandgap. By applying an ionizing
radiation, one can excite an electron from VB to CB, leaving a hole behind in the VB. For

semiconductors, which are of interest in photovoltaics, ionization is generally achieved
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through optical excitation. Since conductivity depends on the mass of the photogenerated
charge carriers (electron and hole), considering different kinds of interactions (such as
coulombic interaction, spin-orbit coupling, relativistic effect etc.) experienced by the
charge carriers, their rest masses are replaced with their effective masses,® as the latter
determine the mobilities of the carriers within the crystal. The minimum amount of

energy (E) required to produce an electron-hole pair is expressed as below?

E= Eg + E¢in + Enin

e kin

Where Ejy is the bandgap of the material, Eexin and Enkin represent the kinetic energy of the
photogenerated electron and hole, respectively. Not to mention that along with the energy
conservation, momentum conservation also holds (i.e. fikeg = fikve + fkphoton). Under the
approximation of negligible momentum of photon, vertical transition criterion is satisfied
i.e. fikcs = fikve.

Under Coulomb potential, the photogenerated electron and hole form an electrically

neutral quasi-particle called ‘exciton’ whose energy (Eexciton) IS given by*

R hk?

E..ion = E ——y+7—)* -
exciton g n2 2 me+mh

Ry represents Rydberg energy, n is an integer, # is the reduced Planck’s constant and me”
and my” represent effective masses of electron and hole, respectively. Another important

parameter to consider in this context is the exciton Bohr radius (ao), which is expressed as

(11
% e {m m

€

below*

Exciton Bohr radius is a function of the dielectric constant of the material (¢) and
effective masses of electron and hole. It is an important parameter in determining the

extent of confinement that a material possesses (discussed later).
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The nanocrystalline forms of the semiconductor materials are quite interesting due to
their unique properties compared to their bulk counterpart. Those properties arise due to
‘quantum confined’ nature of the excitons.® Henceforth by ‘confinement’ it is meant
confinement of excitonic wavefunction. Whether a system is quantum confined or not is
determined by considering the exciton Bohr radius and the size of the system.® Thus
quantum confinement is a size dependent property, where the change in NCs diameter
leads to change of electronic and optical properties. The dimensionality and size of a
system has direct consequence on its band structure. Figure 1.1A shows schematic
representation of a bulk (3D), two-dimensional (2D), one-dimensional (1D), and zero-
dimensional (0D) nanostructures. The effect of confinement on their band structure is also
shown. Increased confinement results in an increase of the bandgaps of the system. The
general expression which defines the bandgap energy of such quantum confined system is

as follows® ©

W’ h’z?  1.786e°

E,(QD) =E_ (Bulk) + —— + ———— —0.248E,
o (QD) = E, (Bulk) 2m;R* 2m'R? R ®
1(m, m)
where, E;y=13605.8—( 0 4+ 2]
& e mh

E((QD) and Eg4(Bulk) represent the bandgap of the confined and bulk system,
respectively. The second and the third terms arise due to the confinement energy
associated with electron and hole, respectively. The fourth term represents the Coulombic
attraction energy between the electron and hole. The final term corresponds to exciton
Rydberg energy, which arises due to spatial correlation between electron and hole. The
final term, which is generally neglected, becomes important for materials with very low
dielectric constant. Here, under the effective-mass approximation, both electron and hole
are described with spherical effective masses.> ® Considering the system as spherical
dots, in addition to spherically symmetric confining potentials, attractive Coulomb
interaction is also included. There are two limiting scenarios depending on the ratio
between the radius of the quantum dot, R, and the effective Bohr radius of the bulk

exciton, ap. For R/ap » 1, the exciton can be considered as a bound quasi-particle with
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negligible confinement energy. Such systems are considered as weak confinement
regime.® Whereas, for R/ag « 1, the confinement energy dominates and the electron and
hole are considered as individual particles with only little spatial correlation between
them. Such systems are said to be in the strongly confinement regime.® It is to be noted

that the boundary of the strong-confinement regime remains valid up to about R = 2a,.°
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Figure 1.1. (A) Effect of quantum confinement on the bandgap and density of states of
systems. Adapted with permission from ref. 7. Copyright (2019) American Chemical
Society. (B) Size dependent bandgap variation and PL tunability of CdSe QDs of varying
diameters. Adapted with permission from ref. 8. Copyright (2010) American Chemical
Society.

A real example of this effect is highlighted in Figure 1.1B, where size dependent
tunability of the bandgap of CdSe NCs is shown. A decrease in diameter of the NCs from
20 nm to 1.8 nm leads to increased confinements of the systems; consequently the PL

varies over the total visible window of the electromagnetic spectrum.®

1.3. Perovskites
1.3.1. Background

Even though caesium lead halide perovskite NCs have been in the limelight from the last

few years, its bulk counterpart of various compositions like CsPbXs, CssPbXes, CsPb2Xs
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etc. (X represent halides) were first reported long back in 1893.° Perovskites being ionic
in nature, studies of photoconductivity involving those materials was one of the major
focuses.’® M Later in 2009, following the pioneering report by Miyasaka and co-
workers,*? utilization of metal halide perovskites as solar energy harvesters took a giant
leap and it became a new sensation in photovoltaic research community. Till date a PCE
of >25% is reported with perovskites.! The applicability of the perovskites is not limited
only to the solar cells. Another milestone was established in 2015, when Kovalenko and
co-workers first reported that colloidal CsPbX; in their nanocrystalline form exhibiting
high PLQY (50-90)%.% High PL of these material makes them potential candidates in
display devices like LEDs.** Ease of preparation of these colloidal NCs attracted
tremendous attention from synthetic material scientists and till date abundant literature is
available highlighting various aspects of synthetic methodologies.'®> Unique properties
such as defect-tolerant nature, high luminescence efficiency, high color purity, ease of
bandgap tunability, large absorption coefficient and long carrier mobility make this

material a front runner in various potential applications.+*’

1.3.2. Crystal Structure

By definition, a perovskite crystal lattice is described as a corner sharing BXs* octahedral
unit with ABX; (or equivalent) stoichiometry (Figure 1.2A).18 However, a deviation from
ABX; stoichiometry (while maintaining the charge neutrality) can be observed for several
other type of perovskites namely vacancy-ordered, double or quadruple perovskites etc.®
Here our focus will be on the ABX; type (where A= CH(NH2)," [FA™], CHsNH3z* [MAT],
Cs* etc., B = Pb?*, Sn?*, etc. and X= CI-, Br or I") since these are the systems for all our
studies described in the thesis. Figure 1.2A depicts a typical cubic ABX; perovskite
structure. In a unit cell of cubic perovskites, the ‘A’ cation occupies the corner position of
the unit cell and the B cation resides at the body-centered position. While ‘X’ anion
resides on the face-centered position of the cubes. It is important to note that with

variation of the size of X (CI, Br or 1) the crystal structure does not remain as perfect
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cubic; crystal distortion is introduced in the structure.’® ‘A’ cation residing at the

octahedral void plays a crucial role in perovskite formability. Larger ‘A’ cation especially
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Figure 1.2. (A) Schematic representation of a cubic perovskite structure. Adapted with
permission from ref. 18. Copyright (2020) American Chemical Society. (B) Formability
of 3D halide perovskites as a function of A-site cation and halide anion radii. The
boundaries for tolerance and octahedral factors are marked with solid and dashed lines,
respectively. Adapted with permission from ref. 16. Copyright (2020) American
Chemical Society.

long chain organic cation can disrupt the 3D network of the perovskite structure and leads
to formation of layered perovskites.? The crystal stability of the perovskite structure is
generally defined by the Goldschmidt tolerance factor (t) and octahedral factor (u) and

expressed as follows

ry, +ry ) Iy

() T

t=

Where, ra, rs and rx represent the ionic radii of A, B and X, respectively. Generally, 0.81
<t< 1.0 and 0.44 < u < 0.9 values denote a favorable perovskite structure.'® 2 Their
formability can be predicted using the chart given in Figure 1.2B. If favored, they will fall

under the shaded region; otherwise not.
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1.3.3. Exciton Fine Structure

In lead-halide perovskites (APbXs type), the CB is formed mainly by the Pb-6p orbitals
and the VB by the Pb-6s and halide-np orbitals, giving an overall p-like and s-like
symmetry, respectively.?? Thus the ‘A’ site has no direct influence on the band structure.
It is to be noted that the unlike the conventional semiconductor materials (like CdSe,
GaAs etc.), the non-bonding and anti-bonding orbitals lie within the VB and CB of
perovskites (Figure 1.3A).% This particular property makes them defect tolerant material
(?) with an exceptional PL behavior (discussed later). The band structure of perovskites
possesses finer characteristics called “exciton fine structure”. Presence of a heavy atom
(lead) introduces spin-orbit interaction between the orbitals and spin motions of the
electrons, resulting into splitting of the 6-fold degenerate CB into doubly-degenerate (J. =
1/2, m; = £1/2) and 4-fold degenerate (Je = 3/2, m; = £3/2, £1/2) states.?> 24 2 Further

splitting occurs due to the electron-hole exchange interaction which leads to a singlet
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Figure 1.3. (A) Schematic representation of electronic band structure of perovskites
showing their defect-intolerant tolerant nature as compared to other semiconductors.
Adapted with permission from ref. 23 Copyright (2018) Springer Nature. (B) Excitonic
fine structure of perovskites (Energy levels are not according to scale).

state (Jex = 0) and a triply-degenerate state (Jex= 1, m; = 0, £1).2% 2 Thus we have three
optically allowed bright, spin-allowed) transition from the Jex = 1 state and one optically
passive (dark, spin-forbidden) transition from Je = O state.?? However, the exact

positioning of the dark state in such system is of highly debated and is beyond the scope
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of this thesis. Interested readers may refer to reference.?? However, in most of the studies
including those described in this thesis, simply a transition from CBM to VBM s
considered. This is because, most of the studies are carried out at RT and the singlet-
triplet energy separation is much lower than the thermal energy available at RT.% Thus

observing separate transitions at RT is not possible.

1.3.4. Surface Properties and Colloidal Stability

Nanoscale analog of the perovskites i.e. the NCs are generally passivated with long alkyl
chain ligands which play a crucial role in maintaining the structural integrity of the
NCs.™ 26 presence of long hydrocarbon chain in these ligands inhibits individual NC to
come close to each other in colloidal dispersion and thus aggregation is avoided. These
ligands also help to passivate the surface traps which arise due to the dangling orbitals in
the NCs (discussed later).?® Perovskite NCs are conventionally passivated with two
capping ligands, oleic acid and oleylamine.?® Theoretical calculations and experimental
data provide insight on their binding nature.?’ It is suggested that oleylammonium ions
substitute some of the Cs-ions from the surface of the NCs and stabilize the NCs by
forming hydrogen bonds between the —NHs" moiety of oleylammonium and the surface
Br of the NCs.?” However, dynamic nature of binding of these ligands sometimes is
detrimental for the NCs stability (Figure 1.4A).% 26 2 Thus recent studies emphasize on
finding alternating capping ligands having much stronger binding affinity for the NCs
surface. Zwitterionic ligands in this regard are found to be helpful.?® % Growing a
protective shell on the surface of the NCs and incorporating the NCs into a polymer
matrix are the recently developed strategies to deal with the stability issue of the

perovskites NCs.%

Figure 1.4B depicts the surface stoichiometry of the NCs as a function of the diameter of
the NCs.3* There are two possibilities of the surface termination; [CsX] or [PbXj].
However, as the NCs are capped with ligands, in realistic model the [PbX] terminated
surfaces of the CsPbX; are represented as [CsPbXs](PbX2)(AX'), where the capping
ligand is represented by AX'.3!
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Figure 1.4. (A) Schematic illustration showing disruption of structural integrity of the
NCs upon loosing weakly bound surface ligands. Adapted with permission from ref. 23.
Copyright (2018) Springer Nature. (B) Models describing surface stoichiometry of typical
CsPbX3 type perovskite NCs. Adapted with permission from ref 31. Copyright (2019)
American Chemical Society.

Here, A can be a monovalent cation such as alkylammonium and/or Cs* and X' is
monovalent anion such as halide and/or oleate. We will see in later sections that halide-

rich surface is crucial for improved PL properties of the system.
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1.3.4. Optical Properties

Though the optical transition in perovskites is not as straightforward as it seems (as
described in section 1.3.3), for simplicity we will consider it as an optical transition from
CBM to VBM.

For CsPbXs; NCs, depending on the participating halide, the bandgap changes.’* On
replacing the halide from chloride to bromide to iodide the bandgap decreases
progressively.*® This enables excellent opportunity to tune the PL wavelength of the
CsPbXs perovskite NCs as well. Moreover, this exchange of halides can easily be
performed at RT,%® which provides great ease to have materials to cover the entire visible
PL window (Figure 1.5). The PLQY of these NCs varies from 1-100 %.* Conventionally,
CsPbCls NCs, which are the highest bandgap materials for this series possess the lowest
PLQY of ~1%, whereas, the PLQY of CsPbBr; and CsPbls can reach up to near unity.
Such large variation in PLQY is due to the variation in the number/density of the trap
states in them (discussed later). However, methods are now available to have near-unity
PLQY for all blue-green-red emitting NCs (APbX5 type).%0 3233

(B)
CsPbX, (X=ClI, Br, 1) nanocrystals CsPb(CI/Br), CsPb(1/Br),
CsPbCl, CsPbBr, CsPbl,
| .
FWHM
T 12nm-42nm
E
[}
P4

400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 1.5. (A) Digital image of colloidal solution of CsPbX3 NCs under UV radiation.
(B) PL spectra of NCs with varying halide composition. Adapted with permission from
ref. 13. Copyright (2015) American Chemical Society.

1.3.5. Trap States in Perovskites

Even though the perovskites are expected to be defect tolerant, they often exhibit sub-
unity PLQY. It is true however that compared to the conventional semiconductor

materials (such as PbSe, CdSe etc.) the perovskites are much more tolerant towards
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defects. The defects in perovskites can arise for many reasons. Here we will mainly focus
on its nanoscale analogue i.e. the NCs since they are of our interest. The NCs are in
general protected by capping ligands, which provide the colloidal stability and passivate
uncoordinated orbitals of them. For perovskite NCs, the binding of the ligands are
generally weak and dynamic in nature.?® Due to weak binding, the surface of the NCs
frequently gets exposed and introduces trap states.?® 2 Moreover, low defect formation
energy favors the introduction of point defects in their crystal structures.? Specifically,
the halide vacancies plays a major role in forming trap states and thus have a detrimental
effect on the PL efficiency of the system.?® For example, CsPbCl; NCs with halide vacant
crystal structure possess PLQY in the range of 1-5%, whereas simply by adopting the
halide rich synthetic protocol it can reach as high as 65%.% lons occupying interstitial or
antisite position also leads to the formation of trap states.? Hot-injection synthesis

protocol often leads to the formation of lead nano-particle, residing on the surface of the
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Figure 1.6. Different kinds of possible point defects in perovskites with increasing

formation energy. Adapted with permission from ref. 23. Copyright (2018) Springer
Nature.

synthesized NCs, that also lowers the PLQY of the system.?® 3 Moreover, perovskites

being a soft ionic crystal, dynamic lattice disorder also plays a major role in formation of
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the trap states. Since the sizes of each constituent is crucial for an optimized crystal
structure, introduction of any larger or smaller size ion may result in distortion in the
system.® For example, CsPbls, because of the presence of larger size iodide, experiences
a tilting of the octahedral unit (called ‘octahedral tilting’).X® Such distortion often leads to
formation of traps within the bandgap. Dynamic disorder may also result in self-trapping
of the charge carriers. Perovskites possess active phonons (due to their soft crystal
structure) which interact with the photo-generated charge carriers and form a quasi-
particle called ‘polaron’.3* * Anharmonic X-Pb-X bending coupled with the rotating
dipoles of organic cations also may lead to the formation of polaron.3* % Detrimental role

of polarons in the optical properties of the NCs has been suggested very recently.®

1.3.6. Doped Perovskites

Incorporation of small amount of impurity/foreign ions (dopants) in trace quantities is an
excellent strategy to tune the PL properties of the host NCs.!" *" Incorporation of small
amount of other halides or A cation, different from that present in the host NCs, not only
improves the PL of the NCs but also their stability. Here we will focus mainly on the B-
cation doping as it is one of the major themes of the thesis work. B-cation doping is
attractive in the sense that it can introduce new optical, electronic and magnetic properties
in the host.'” 3" Besides, B-site substitution of Pb with other non-toxic metal ions reduces
the overall toxicity of the material. Till now various homo- and hetero-valent dopants
have been incorporated into the B-site of various host NCs for specific purposes (Figure
1.7).17.37
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Figure 1.7. Different dopants used in perovskites to introduce new properties. Adapted
with permission from ref. 17. Copyright (2018) American Chemical Society.

Sb}Te I|Xe

o] a1
I

The strategies adopted for the exchange of B-cation in perovskite NCs are quite
straightforward. These exchanges are generally performed in two ways: (i) during the
synthesis of the host NCs and (ii) through post-synthetic cation exchange.® During the
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Figure 1.8. Schematic showing replacement of Pb?* with a dopant B in the octahedral
site of the perovskite crystal. Adapted with permission from ref. 38. Copyright (2017)
American Chemical Society.
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hot injection synthesis of the NCs, addition of metal-salt of a desired dopant ion generally
leads to the incorporation of it in the resulting NCs provided certain conditions are
fulfilled. However, one should keep it in mind that the ionic radii of the guest cation
should be such that it does not introduce too much strain in the crystal structure;
otherwise the NCs will collapse.® Since the guest cation is going to replace Pb?, it will
ultimately make bonds with the halides forming the octahedral unit. Thus, the bond
energy of the guest cation and halide should favor the formability of the crystal structure.
As discussed earlier, perovskite crystal structure being very soft and ionic, it provides an

opportunity to exchange the B-cation in post-synthetic manner at RT as well.3®

Among various dopants, Mn?* in particular is the most attractive and extensively studied
one because of its color-centered nature (due to transition from “T; to 8A;) with a long PL

lifetime.®® 4% The excitation energy is stored in this Mn-centers through Dexter-type

CsPbCl:Mn

__J/t CsPbCl,

300 400 500 600 700 800
Wavelength (nm)

Undoped Doped

Intensity

Figure 1.9. PL spectra of undoped and Mn-doped CsPbClz; NCs. Digital images of the
colloidal dispersion of the NCs under UV radiation is also shown. Adapted with
permission from ref. 41. Copyright (2016) American Chemical Society.

energy transfer process.® 4% This long-lived centers thus act as an energy reservoir, which
is beneficial particularly for photovoltaic applications.* Moreover, Mn?* being

paramagnetic provides additional benefits for their potential use in spintronics.*®

The beauty of Mn-doping has long been realized and extensive studies have been carried

out with metal chalcogenide QDs as a host material.** “° Mn-doping in perovskites was
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first reported by Klimov and co-workers in 2016.* Among all CsPbX5; NCs, CsPbCls
provides the ideal bandgap to have efficient emission from Mn.*! %4 The “T; state of Mn
lies way above the conduction band edge of CsPbls inhibiting the energy transfer process
from host lattice.** Whereas in case of CsPbBrs, back energy transfer from Mn centers
limits the Mn PL efficiency.* With CsPbCls as a host NC, Mn PLQY generally ranges
from 25 to 50%.%" ** Low quantum efficiency is due to other non-radiative exciton
relaxation processes (such as carrier trapping), which competes with the energy transfer
process, as revealed from studies investigating the carrier dynamics of such systems.*5 46
Suppressing these undesired non-radiative channels can enhance the exciton to dopant
energy transfer efficiency and thus the Mn PLQY. This is indeed the case. Very recently,
using a modified CsPbCl; host with suppressed carrier trapping process, a near-unity
PLQY from the Mn is reported.*” Apart from Mn, lanthanides are the other PL active
dopants which have been investigated.*® Incorporation of some dopants such as Cd?",
Ni2*, Mg?", Cu?", Zn?* etc. leads to enhancement of PLQY and stability of the host

materials.2®

1.3.7. Charge Transfer Processes

Understanding the charge transfer processes from any semiconductor material of interest
in photovoltaics is crucial for their better utilization. The charge carriers (electron and
hole), generated upon photoexcitation, must be transferred to energy selective layers
before they recombine among themselves. In most of the cases molecular adsorbates are
used as model carrier acceptors. When their LUMO level lies below the CB of the energy
harvester, electron transfer is a possibility.* Whereas, when the HOMO level lies above
the VB of the material, hole transfer can take place.* (Figure 1.10) For a luminescent
material, one of the easiest ways to check whether charge transfer is happing or not, is to
monitor its PL in absence and presence of the carrier acceptor. Successful charge transfer
(electron/hole) leads to PL quenching. With addition to the molecular acceptors, several
wide bandgap materials (such as TiO2, ZnO, NiO) as well as some quantum dots are also

used as carrier acceptors.®® 5! It is to be noted that, apart from the electron and hole
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transfer processes, energy transfer can also leads to PL quenching;®? thus one must be

careful in assigning the actual process responsible for PL quenching.

*QD--A —> QD*--A" *QD---D —> QD™--D*

Figure 1.10. Schematic presentation of (a) electron and (b) hole transfer processes from a
photoexcited QD to a molecular acceptor. Adapted with permission from ref. 49.
Copyright (2014) Elsevier.

The feasibility of the charge transfer process is majorly governed by the free energy
change associated with it. The free energy charge (AG) associated with an electron

transfer process, for example, is expressed as the following®

e2

AG =eE —eE —eE,,———m—
D+/D Al A- 0-0 475D

Where, Eoo corresponds to 0-0 transition of the photoexcited species, ¢ is the vacuum
permittivity, & is the dielectric constant of the medium and D denotes the distance

between the donor and acceptor.

As far as the perovskites NCs are concerned, from their first report,® till now, several
charge transfer studies have been carried out.>* While most the charge transfer studies
involving perovskites are focused on carrier extraction from the band edge states, limited
work has been done in harvesting the hot carriers.>® Understanding hot carrier extraction
dynamics is crucial for minimizing the energy loss when the perovskites are used as solar

harvester.% In this thesis, we discuss some work related to hot hole and cold hole
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extraction from the perovskite NCs using different molecular acceptors. With the help of
ultrafast TA and PL UC measurements, these processes are probed, and a complete

picture of the charge transfer processes is obtained.

1.3.9. Chapter-Wise Organization of the Thesis

This thesis is divided into seven chapters. Chapter 1 starts with a brief introduction on
semiconductor materials. Then important characteristic properties of the perovskites such
as crystal structure, formability criteria, exciton fine structure, composition dependent
bandgap, surface properties and optical properties are discussed. We highlight the
importance of doped perovskites and finally, a brief idea of charge (electron/hole) transfer
processes semiconductors are also provided. In chapter 2, the methodologies for
preparation of the perovskites of different compositions (which have been used in the
present studies), purification, characterization and methodologies for various optical
measurements are described. The instruments used for steady-state absorption and
emission measurements, basic working principles of several time-resolved techniques,
highlighting essential components such as oscillator, regenerative amplifier, and optical
parametric amplifier of the femtosecond-picosecond setups are discussed. Besides, a brief
idea of other characterization techniques (such as TEM, FESEM, FTIR, PXRD etc.) is
also provided. The working chapters start with chapter 3, in which the carrier dynamics
of Mn-doped CsPbCl; NCs of varying Mn concentrations are investigated. Chapter 4
deals with Cu-doped CsPbCl; system in which a new methodology for enhancing the
PLQY of violet and blue emitting perovskites is reported. In chapter 5, we investigate the
cold hole transfer dynamics from CsPbBr; and CsPbls systems. In chapter 6 hot hole
transfer from perovskites using a simple molecular acceptor is demonstrated. In the last
chapter (chapter 7), we summarize the findings of the entire thesis work and point out

possible directions for further investigations based on our findings.
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Overview

The methodologies for preparation, purification and characterization of the perovskites of
different compositions (which have been used in the present studies), and various optical
measurements are described in this chapter. The instruments used for steady-state
absorption and emission measurements and basic working principles of different time-
resolved techniques, highlighting the essential components, such as oscillator,
regenerative amplifier, and optical parametric amplifier are discussed. The optical layout
of the TA and PL UC setups are also presented. Besides, instrumental details for other
measurements (such as TEM, FESEM, FTIR and PXRD etc.) for characterizing the NCs
are also provided.
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2.1. Materials

Cs2CO3 (99.995%, trace metal), formamidinium acetate (99%), PbCl, (99.998%, trace
metal), PbBr, (> 98%), MnCl, (anhydrous beads, 99.99%), Cu-acetate (98%),
CuCl,.2H,0 (trace metal basis, >99.995%), octadecene (ODE, 90%), oleic acid (OA,
90%), oleylamine (OLA, 70%), trioctylphosphine (TOP), benzoyl bromide (97%), 1-
aminopyrene (AMP), 4-mercaptophenol (MTH) and methyl acetate (anhydrous,
99.5%) were procured from Sigma-Aldrich. Pbl, (99%) was purchased from Alfa Aesar
and methylamine (7% in tetrahydrofuran (THF), 2 mol/L) from TCI Chemicals. These
chemicals were used as received. The solvents, methanol, chloroform and toluene were
purchased from Merck, and purified following standard procedures before their use.t

HPLC grade hexane, bought from Finar Chemicals, was used as received.

2.2 Methods
2.2.1. Preparation of the NCs
2.2.1.1. CsPbX3 (X=CI, Brand I) NCs

CsPbXs NCs were prepared by following a reported procedure.? In brief, 0.16 g of
Cs,COs3, 6 mL of ODE, and 0.5 mL of OA were mixed in a 50 mL double-necked RB and
was heated at 120°C for an hour under vacuum. It was then transferred under nitrogen
atmosphere until all Cs,CO; reacted with OA to form a transparent solution of Cs-oleate
complex. For its later use, this solution was maintained at temperature >100°C to avoid
precipitation. In another 50 mL double-necked RB, 0.052 g PbCl; (for CsPbCls) or 0.069
g of PbBr; (for CsPbBr3) or 0.084 g Pbl, (for CsPbls) along with 5 mL of ODE, 0.5 mL of
OA and 0.5 mL of OLA were mixed and heated under vacuum at 120°C for an hour. For
CsPbCl; additional 1 mL of TOP was added for the complete dissolution of PbCl,. The
temperature was then increased to 165°C (185°C for CsPbCls) and 0.45 mL of pre-heated
Cs-oleate solution was injected swiftly followed by immediate cooling (1 min for

CsPbCls) of the solution in ice-cold water. The NCs were obtained by collecting the
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precipitate upon centrifuging the whole dispersion at ~6500 rpm and dispersing it in

toluene/hexane for further studies.

B B
(N ().
Cooled in
ice bath
ﬁ
PbX,, ODE, OLA, OA, Cs-oleate CsPbX; NCs
TOP (For CsPbCls)
@165-185°C

Figure 2.1. Schematic representation of the general methodology for the preparation of
CsPbX3 NCs.

2.2.1.2. FAPbBr3 NCs

FAPbBrs NCs were prepared by following a reported procedure.® First, formamidinium
acetate (0.130 g) was loaded into a 50 mL RB along with 5 mL OA and degassed for 10
minutes at RT. It was then heated under nitrogen atmosphere at 130°C until the solution
becomes transparent and then it was dried under vacuum for 30 min at 50°C. In another
50 mL 2-necked RB, 0.069 g of PbBr;, 1 mL OA and 0.5 mL OLA were mixed and
heated at 120°C under vacuum condition. After complete solubilization of PbBr,, the
temperature was raised to 165°C and then 2.5 mL of pre-prepared (kept at 100 °C) FA-
oleate solution was quickly injected and the reaction mixture was cooled in ice-cold water
after ~bs. The NCs were obtained by collecting the precipitate upon centrifuging the

whole dispersion at ~7000 rpm and dispersed in hexane for further measurements.
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2.2.1.3. MAPDbBrs NCs

MAPDBr; NCs were synthesized by following a reported procedure.* Briefly, 5 mL ODE,
0.069 g PbBr, 0.8 mL of OA and 0.2 mL of OLA were mixed together into a 50 mL 2-
necked RB and heated to 120°C under vacuum. The temperature was then increased to
170°C and once reached, methylamine solution (170 puL of 2M solution in THF and 0.7
mL of OA) was rapidly injected into it. Then it was quenched immediately in ice-cold
water. The NCs were obtained by collecting the precipitate upon centrifuging the whole
dispersion at ~8000 rpm and was dispersed in hexane for further measurements.

2.2.1.4. Mn-doped CsPbClz NCs

For the preparation of Mn-doped CsPbCl; NCs,® a varying amount of MnCl, was added
in an RB consisting of 0.052 g PbCl,, 5 mL of ODE, 0.5 mL OA and 0.5 mL of OLA.
The mixture was then heated under vacuum at 120°C for 1 hour. For the complete
dissolution of the reactants, 1 mL of TOP under a N, atmosphere was added. Then the
reaction temperature was raised to 185°C, and 0.45 mL of Cs-oleate (prepared by
following a method described in Section 2.2.1.1.) was swiftly injected into it. The whole
solution was quenched in ice water after 1 minute. The resulting solution was then
centrifuged at ~6800 rpm and the supernatant liquid was discarded. The precipitated NCs

were then dispersed in toluene for further studies.

2.2.1.5. Cu-doped CsPbClz NCs

For the preparation of Cu-doped CsPbCl; NCs,® an additional amount of CuCl,-2H,0
(0.22 mmol) was added to the reaction mixture consisting of 0.188 mmol PbCl,, 5 mL of
ODE, 0.7 mL OA and 0.7 mL of OLA. The mixture was then heated under vacuum at
120°C for 45 min. The blue solution turned colorless upon the addition of 1 mL of TOP
under N, atmosphere. After raising the temperature to 185°C, 0.45 mL of Cs-oleate
(prepared by following a method described in Section 2.2.1.1.) was swiftly injected into
it; then, after a minute, the mixture was quenched in ice water. The resulting solution was
then centrifuged at ~6800 rpm and the supernatant liquid was discarded. The precipitated
NCs were dissolved in toluene and then washed with methyl acetate before further

studies.
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2.2.2. Purification of the Solvents

Solvents were purified prior to their use following standard procedures.* For each solvent,
a specific method was followed for this purpose.! For example, dried toluene was
obtained by refluxing the crude toluene first with metallic sodium and benzophenone,
followed by distillation under moisture free condition. Whereas chloroform was just
stirred with CaCl; for overnight and collected by distillation. All the solvents were kept in
a reagent bottle with molecular sieves in it. Acetone was refluxed at ~70°C without any

drying agent and collected through distillation.

2.2.3. Measurement of PLQY

The relative PLQY of the synthesized NCs were calculated using appropriate molecular
dyes. For violet-blue emitting NCs [CsPbCls or CsPb(Br/Cl)s], either quinine sulphate
(PLQY =0.546 in 1.0 N agueous H,SO4 solution) or 9,10-diphenylanthracene (PLQY =
0.93 in hexane solution) was used.” Ethanolic solution of coumarin 153 (PLQY = 0.55)
was used for green-emitting CsPbBr; and for red-emitting CsPbls NCs,® rhodamine 6G
(PLQY = 0.95 in aqueous medium) was used.® The relative PLQY was calculated using

the following equation:
QYs=QYrx (Is/lr) x (ODr/ODs) x (ns? nr?)

Where, integrated area of the PL spectrum is denoted by I, OD denotes the optical density
at theexcitation wavelength and m represents the refracive index of the respective

solvents. The subscripts “S” and “R” denote “sample” and “reference”, respectively.

2.2.4. Standard Error Limits

Standard error limits for various experimentally determined parameters are listed
below:

Amax (@bsorption/emission): £ 2 nm
PLQY: + 3%

PL lifetime: £ 4%
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NCs edge length: + 3%
EDX composition: + 8%

The error limits associated with the different parameters obtained in TA and PL UC
measurements are given in the respective chapters. The error values provided there were

directly obtained from the analysis using standard software (IGOR Pro/Origin).

2.3. Optical Measurements and Instrumentation

2.3.1. Steady-State Measurements

Steady-state absorptions were measured with a dual-lamp UV-Vis spectrophotometer
(Cary 100, Varian) which consisted of a tungsten and a deuterium lamp which served as
visible and UV-light sources, respectively. A PMT served as detector. Before measuring
the true absorbance of the sample, baseline correction was made (to eliminate any
contribution from solvents or cuvettes) by measuring the absorbance while placing two
cuvettes in the double compartment filled with the solvent. Then, the sample absorbance
was recorded by replacing the solvent from one cuvette with the sample solution. We

used 3 mL quartz cuvettes with 1 cm path length for all measurements.

Steady-state emission spectra were recorded using a fluorescence spectrometer
(FluoroLog-3, Horiba Jobin Yvon). Here a high-pressure xenon arc lamp was used as
excitation source which covered a wide illumination range (250 nm to infrared). A
monochromator was used for the selection of excitation wavelength. The sample
fluorescence was collected at the right angled position with respect to the incident beam.
The fluorescence signal was passed through a motorized monochromator which scanned a
pre-selected wavelength range and finally, the fluorescence was detected by a

photomultiplier.
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2.3.2. TCSPC Technique

TCSPC is commonly used for recording the fluorescence decay profile of a photoexcited
sample.’® The sample is excited with a short laser pulse (J-pulse) and then sample’s
fluorescence response is recorded as a function of time. After deconvolution of the decay
profile, parameters characterizing the d-pulse response are obtained.

TCSPC measurements rely on the concept that the probability distribution for emission of
a single photon following pulse-excitation yields the actual intensity against the time
distribution of all the photons emitted.'® The probability distribution is constructed by
sampling these single photon emission after a large number of excitations. Thus to
maintain precision, it requires a laser source with relatively high repetition rate (generally

> kHz) such that large number of events within a short time window is recorded.

The basic components of a typical TCSPC setup are shown in Figure 2.2. The working
principle of a TCSPC is like a stop-watch, where a START signal is triggered either by the
photons from excitation pulse or by the photons coming from the fluorescence of the
sample. Depending on the triggering process the functioning method can be categorized
as forward (when START signal is triggered by excitation pulse) or reverse mode (when
fluorescence triggers the START signal). The process is illustrated in Figure 2.2 using a
reverse mode of triggering, which is done though an electrical pulse associated with the
optical signal and it passes through CFD1 to trigger the TAC. The photons associated
with the fluorescence signal passes through a monochromator and then reaches CFD2.
This START pulse initiates the charging of the capacitor in the TAC and it continues
charging until STOP pulse comes. The excitation pulse, which acts as STOP signal
reaches the TAC (after passing through CFD) after a certain delay and then the capacitor
discharges. The final voltage of the TAC output is proportional to the time delay between
the START and STOP pulse. The final output is then amplified through PGA and
converted to digital signal by ADC. The height analysis of this output is performed by
MCA.
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Figure 2.2. Schematic illustration of the working principle of a typical TCSPC set-up (in
reverse mode).

It is important to keep the fluorescence intensity low such that the number of fluorescence
photons is smaller than the number of excitation pulse; this ensures low probability of
detecting two fluorescence photons coming from the sample upon each excitation.
Otherwise ‘pileup effect’ will arise where the detector will be able to detect only one

fluorescence photon, which comes first and the counting statistics will be erroneous.°

Our TCSPC setup (5000, Horiba Jobin Yvon IBH) utilized a PicoBrite laser diodes as
excitation sources (375, 405, 481 nm) operating at a repetition rate of 1 MHz. The pulse
width of the laser outputs was measured by recording the pulse response with a dilute
aqueous solution of Ludox scatter and it varied between 60-100 ps depending on the laser
diode used. A MCP photomultiplier (Hamamatsu R3809U-50) was used as a detector.
Once the data was recorded, it was fitted with a non-linear least-squares iterative method
using IBH DAS6 (Version 2.2) software. We kept a note of the % value to ensure the
quality of the fit. For a typical n™" order multiexponential decay, the J-pulse response is

given as-

I(t) = iai exp(—t/z;)
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where, ai, 7i represent the amplitude and lifetime of the i component, respectively.

2.3.3. Femtosecond Transient Absorption Measurement

Principle

TA spectroscopy, which is also known as pump-probe spectroscopy, is one of the most
useful techniques for ultrafast-time-resolved studies.!*? In this technique, the system is
photo-excited with a (pump) laser pulse of a given wavelength to generate the transient
species, which is then investigated by a broad band probe pulse, which comes after a
certain delay (Figure 2.3).* By varying the pump-probe delay one can capture the

spectral and temporal evolution of the transient species.*

Laser Sample p’Obe

v

Dete Cloy

Figure 2.3. Basic schematic outline of TA measurement technique.

When pump is in play, the probe records the absorbance of the photoexcited sample and
to record the absorbance of unexcited sample, pump beam is blocked by an external

chopper. The transmitted intensity of the probe beam is used to calculate the differential
absorbance (AA) i.e. absorbance of the excited minus unexcited sample. Then, by
adjusting the pump-probe delay one can record the time evolution of AA. Mathematically,

AA is defined as follows™

AA= (;{‘!t) = Apump—on - Apump—off = A\ex (ﬂ“’t) - Ags (ﬂ“)

_ IO,ex(ﬂ’) _ IO,gs(/l) _ Igs(/l)
M(l’t)_'c’g(lexu,t)j 'Og{ 1, () }"Ogilex(z,t)J
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Where, Aex and Ag are the respective absorbance of the excited state and ground state
species. lo and I represent the intensity of the incident and transmitted light, respectively.

A typical TA spectrum can consist of several features as shown in Scheme 2.4. The main
characteristic signals are generally associated with ground state bleach, excited state

absorption and stimulated emission.*

(i) GSB: GSB signal appears as a negative signal in TA spectra in the region where the
system has ground state absorption. Here, the pump pulse promotes a fraction of
population of the sample to the excited state, the probe experiences a lower population in
the ground state. Hence, more light is transmitted for the excited sample compared to the
unexcited one explaining a negative AA value in the spectral region of the ground-state

absorption (Figure 2.4).

(ii) SE: Upon photoexcitation by a pump pulse, when the probe pulse passes through the
excited sample, it can depopulate some of the excited molecules to the ground state. As
these emitted photons travel in the same direction as the probe pulse hits the detector,
more transmitted light is detected under this condition (as compared to the unexcited
sample). Hence, AA appears as a negative signal in this case too (Figure 2.4). It is to be
noted that, in such cases where the Stokes shift is very small, spectral distinction between
GSB signal and SE emission can be difficult and the overall feature appears as a broad

negative signal.

(iii) ESA: After generation of excited state population, the broad-band probe pulse can
promote some of them to higher lying optically allowed states. In such scenario, the
transmitted intensity associated with that wavelength of the probe pulse will be lowered
for the excited molecule as compared to the unexcited one. Lowering in transmittance is
reflected in increase in absorbance and thus AA appears as a positive signal (Figure 2.4).
Upon generation of a new transient species due to photoexcitation and if it has any
characteristic absorption feature, that will also appear as a positive signal in the TA

measurement.
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Figure 2.4. Schematic illustration of investigating a molecular system by pump-probe
technique. Right panel represents different signal features associated with the
measurement.

It is noteworthy that in cases where all or some of the above described signals overlap
with each other, deconvolution is needed to understand the dynamics associated with each
processes which is generally performed by a global analysis (multiple wavelength kinetic

analysis).

Components and Optical Layout of Our TA Setup

The TA setup of the School of Chemistry, University of Hyderabad, which we used for
all our studies, consisted of the following major components: (i) Ti:sapphire oscillator
(MaiTai HP, Spectra-Physics, USA) (ii) nanosecond pump laser (Empower 30,
Spectra-Physics, USA) (iii) regenerative amplifier (Spitfire ACE, Spectra-Physics,
USA) (iv) optical parametric amplifier with optical frequency mixer (TOPAS-Prime,
Spectra-Physics, USA) (V) spectrometer (CDP systems, Russia). The optical layout

of the different components in the whole setup is shown below.
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Figure 2.5. Schematic illustration of the optical layout of the TA setup of the School of
Chemistry, University of Hyderabad, used for our measurements.

(i) Ti:sapphire oscillator (MaiTai HP):

The femtosecond Ti:sapphire oscillator, which is also called MaiTai, operates at a
repetition rate of 80 MHz with 800 nm center wavelength. The actual lasing medium is
Ti**-doped sapphire (Al,Os crystal), which is a four level lasing system (Figure 2.6A).%°
The broad absorption feature in the visible region (410 to 600 nm) of the Ti:sapphire
makes it a suitable active medium as it can be pumped with desired choice of visible laser
(Figure 2.6B). Moreover, the broad emission window (690 to 1040 nm) also makes it a
tunable laser t00.® Another advantage of using Ti:sapphire is the large Stokes shift,

which minimizes the reabsorption loss during operating condition.
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Figure 2.6. Electronic energy level diagram (A) and absorption and emission spectra (B)
of Ti:sapphire. Adapted from ref. 15. (C) Outline of the operation sequence for the
excitation of the Ti:sapphire.

In our system, Ti:sapphire was pumped by a second-harmonic output of Nd**:YVO, (532
nm) laser. Nd**:YVO, was pumped with two integrated diode lasers, which were operated

through electrical power. The entire process is schematically presented in Figure 2.6C.

(if) Regenerative amplifier (Spitfire ACE): The average power output of the MaiTai
laser was several nJ and this needed to be amplified to achieve an excitation wavelength
covering a wide range and also to generate a broadband probe. This amplification of laser
pulse was performed in Spitfire ACE by adopting a method called chirped pulse
amplification.!® The basic idea of this method was to first stretch the input pulse (with
reduced peak power), then amplify its power and finally, the amplified pulse was
compressed again back to its short temporal resolution (Figure 2.7A). Pulse stretching
was needed before amplification as direct amplification of ultrashort pulse (with high

peak power) can damage its optical components.
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Figure 2.7. (A) Sequencial stapes involved in chirped pulse amplification process.
Adopted from ref. 17. (B) Outline of the operation for the amplification process. The
electronic communications between components are made through TDG and TCU.

The basic operating components involved in the amplification process in shown in Figure
2.7B. The MaiTai laser output (seed pulse) was directed into Spitfire ACE where a
grating pair with positive dispersion stretches the pulse. After stretching it was then
passed through a Ti:sapphire crystal, which was continuously pumped by Empower
output (discussed later) and both pump and seed lasers were focused onto the crystal
maintaining a strong overlap between them. Finally, the amplified output was passed
through a grating pair of negative dispersion (compressor), which compresses the
amplified pulse. The output of Spitfire ACE was 800 nm but with increased energy of

~4.2 mJ. The repetition rate of the resulting pulse was 1 kHz.




Materials, Methhods and ... Chapter 2

(iii) Empower: The empower system (Empower 30 in our case) is intercavity-doubled,
Q-switched, diode pumped Nd:YLF laser which produces 527 nm output. The diode
lasers pump the neodymium doped YLF crystal which emit at 1053 nm. This was then
frequency-doubled by passing through a LBO crystal to generate the high-energy Q-
switched pulse with 527 nm output. This high energy pulse was used for pumping the
Ti:sapphire crystal in the Spitfire ACE system.

(iv) OPA with optical frequency mixer (TOPAS): OPA is one of the most complex as
well as important components in the whole ultrafast TA setup. Our OPA unit (TOPAS-
Prime) can generate any excitation wavelength between 280-2600 nm. TOPAS consisted
of many optical parts. A portion of the (~80%) amplifier output (of 800 nm pulse) was
directed to TOPAS, ~20% of which was passed through a sapphire plate for the
generation of white light. A fraction of the white light was mixed with the rest of the
pump light (~20%) in a BBO (BBO1) crystal to generate a signal and an idler. Any
desired wavelength could be achieved by controlling the phase matching angle of the
BBO crystal with respect to the seed beam. SFS could be obtained by mixing the signal
output with the pump pulse in a BBO (BBO2) crystal. To generate second or fourth
harmonic signal/idler, the signal and idler beam were passed through the frequency

mixers and their orientation was adjusted according to the need of the pump wavelength.

(V) Spectrometer and Detection: Depending on the requirement of excitation
wavelength, the TOPAS was adjusted and the beam was directed towards the rotating
sample cell using a few reflectance mirrors (Figure 2.8). It is to be noted that before
letting it pass through the sample, the pump was chopped with a mechanical chopper
(repetition rate of 1 kHz). A portion (~20%) of the amplifier output was passed through
an optical delay line (~ 4 ns) and then through a rotating CaF crystal to generate a broad-
band white light (350-850 nm) (Figure 2.8). This white light was then divided into two
parts and focused on the rotating sample cell. One of them was used as a reference beam
and another was spatially and temporally overlapped with the pump beam. For better
overlap with the pump and probe beam, an angle <5° was maintained between them. Both
the transmitted signal and the reference beam were directed towards two separate optical

fibers and directed towards the detector (photodiode array) after passing through
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polychromator. The detection was done as a differential absorption and data accusation
was controlled through Excipro software (CDP system, Russia). Here it is important to
note that during the measurements the intensity of the probe pulse was maintained low
with respect to the pump, so that multiphoton processes can be avoided. Also, the beam
diameter of the pump pulse was larger than that of probe. All measurements reported in
this thesis were performed with a magic angle polarization using colloidal sample
solutions. The sample solution was sandwiched between two quartz glass plates

maintaining a path length of 1 mm.
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Figure 2.8. Optical layout of different components of the spectrometer of the pump-probe
setup used for this study.
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2.3.4. Femtosecond Fluorescence Upconversion Measurement

Principle

Fluorescence upconversion measurement is one of the few photon counting based
techniques which provides best temporal resolution available till date.’® In our case, the
fluorescent sample was excited with the second harmonic (400 nm) of the MaiTai output
and the resulting laser induced fluorescence signal was specially and temporally
overlapped with gate pulse (800 nm) to produce a sum frequency signal (Figure 2.9). The
efficiency of the sum frequency signal output depends on the phase matching angle
between the gate and fluorescence beam, thus can be tuned by minute adjustment of the
sum frequency crystal orientation. The temporal resolution of the measurement was
governed by GVD introduced due to non-linear optical processes involved in the

measurements, which in our case was ~200 fs.

( A) Phase matching
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Figure 2.9. Schematic illustration of the generation of sum-frequency signal (A) and (B)
measurement technique in PL UC. Reprinted with permission from ref 18.

The resulting upconverted sum frequency signal was then detected through a PMT. To
obtain the kinetics, the gate pulse was delayed with respect to the excitation pulse and the
time dependent changes of the sum frequency output was measured (Scheme 2.9). The

intensity of the gate beam being same throughout the measurement, the time dependence
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of the sum frequency output was directly correlated with intensity variation of the PL
signal and thus directly provided the PL decay kinetics associated with the sample

fluorescence.

Components and Optical Layout of Our PL UC Setup

The optical layout of our PL UC setup is shown in Figure 2.10. A part of the 800 nm
Ti:sapphire output was directed towards the UC setup (FOG 100, CDP system, Russia). In
the spectrometer, the beam was first passed through a BBO crystal to generate the second
harmonic signal i.e. 400 nm. A dichroic mirror was used to reflect the 400 nm laser beam

which was used as excitation source for the measurement. The transmitted 800 nm beam,

Q ‘(the pulse‘ -‘ ; y

Gold coated
\Tle

]
Rotating
sample cell

Figure 2.10. Optical layout of spectrometer part of the existing PL UP setup (FOG 100)
in School of Chemistry, University of Hyderabad.

which was called the gate beam, was passed through a mechanical delay line of ~ 4 ns.
Using bereck compensator, all the experiments were carried out under magic angle
excitation condition. The excitation beam was focused on the rotation sample cell and the

transmitted pump was cut off by placing proper filter which only allows the PL from the
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sample. The scattered PL was then collimated and focused on a sum frequency mixing
BBO crystal. The gate beam was also directed towards the BBO crystals and overlapped
with the PL signal. Then the sum frequency output was passed through a monochromator
and directed towards the PMT detector.

2.4. Other Measurements

PXRD: PXRD patterns of the thin-films of the NCs were recorded using a X-ray
diffractometer (Bruker AXS D8) with Cu-Ka X-ray radiation (A = 1.5406 A). The
samples were prepared by drop-casting colloidal dispersion of NCs solutions onto thin

glass plates.

TEM: The morphology and size of the NCs were determined using a transmission
electron microscope (Tecnai G2 FE1 F12) operating at an accelerating voltage of 200 kV.
Samples were prepared by drop-casting a dilute solution of NCs onto carbon-coated Cu-

grids. All the samples were vacuum dried before the measurements.

FESEM: FESEM images were recorded using a Carl Zeiss Ultra 55 microscope. EDX
spectra and elemental mappings were performed with an Oxford Instruments X-MaxN
SDD (50 mm?) system and INCA analysis software. Samples were prepared by drop-
casting a dilute solution of NCs onto carbon-coated Cu-grids/thin glass plate. All samples

were vacuum dried before the measurements.

XPS: XPS measurements were performed in a Thermo Scientific K-Alpha spectrometer
equipped with micro-focused monochromatic X-ray source (Al K, spot size ~ 400 pum)
operating at 70 W. The energy resolution of the spectrometer was set at 0.5 eV at pass
energy of 50 eV and 5x107 torr base pressure was maintained at the analysis chamber.
Low energy electrons from the flood gun were used for charge compensation. XPS
samples were prepared by drop-casting an optimum concentration of the NCs solution

onto a quartz plate.




Materials, Methhods and ... Chapter 2

FTIR: FTIR measurements were performed using Bruker Tensor Il spectrometer. A
dilute solution of the NCs was drop-casted and measurement was performed once the

solvent was evaporated.

ICP-OES: A Varian 720 emission spectrometer was used for ICP-OES measurements.
The samples were mixed with aqua-regia [12 (N) HCI: 17 (N) HNOs (v/v) = 3:1] and kept
overnight for complete digestion of the NCs. The resulting transparent solution was used

for measurements.

EPR: A Jeol JES-FA200 spectrometer was used to record the EPR spectrum and all the
measurements were carried out using colloidal dispersions of the NCs (in

hexane/toluene).
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Overview

Mn-doped perovskite NCs are a new class of materials offering exciting opportunities to
control over their optical and magnetic properties. We report a series of Mn-doped
CsPbCls NCs exhibiting tunable Mn-PL band with PL peak wavelength pushed up to 625
nm and tuned over a range of 40 nm, the largest achieved so far, by only varying the Mn
content. X-band EPR data and Mn PL decay behavior of the NCs reveal that exchange
interaction between Mn2* ions is mainly responsible for large shift of the Mn PL band.
Ultrafast pump-probe measurements show that exciton-dopant energy transfer in these
NCs is slower (~ 50-100 ps) than trapping of the charge carriers (~ 8-10 ps) in host
lattice. The large PL tuning reported here along with the insights provided on the
mechanism of tuning and carrier dynamics are expected to boost the potential of Mn-

doped CsPbCls NCs in light-powered devices.
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3.1. Introduction

Doping of semiconductor NCs by transition metal ions can generate new optical,
electronic and magnetic properties through energy or charge transfer interaction between
the host and dopant.*® Group I11-1V QDs doped with color-centered impurities like Mn?*
introduce dopant emission with long PL lifetime, high PLQY, large Stokes shift
minimizing self-absorption and better colloidal stability over the undoped NCs.”® In
photo-excited Mn-doped NCs, transfer of energy from excitons to the dopant produces a
PL band at ~2.12 eV corresponding to the “T; to 8A; transition in Mn?* with long PL
lifetime (few ms) due to forbidden nature of the transition, thus making the system a

potential candidate for efficient extraction of charge carriers.1%2

Recently, all-inorganic perovskite NCs, CsPbXs; (X= CI, Br, I), have emerged as
promising materials in photovoltaic and optoelectronic applications.’*® A number of
studies is undertaken on doping of all-inorganic perovskite NCs with metal ions,'” 8
especially Mn?*.1%2* It is found that Mn-doped CsPbCls NCs enhance the stability and
efficiency of photovoltaic devices when used as energy downshift layer with the solar
energy harvester.?s Potential application of these doped NCs as display materials requires
tuning of the Mn PL band position. This, however, cannot be achieved like it is done for
excitonic PL by varying the size and shape of the NCs. Attempts to tune the Mn PL peak
position by varying the Mn-content in CsPbCl; NCs were unsuccessful except in one case
where Liu et al could tune it by 18 nm by varying the temperature and Mn-content up to
46%. %

Herein, we demonstrate that peak wavelength of the Mn PL band in doped CsPbCl; NCs
can be tuned by 40 nm (585 to 625 nm), the highest range achieved so far, using an Mn-
content of only up to 15.5 % at fixed reaction temperature. X-band EPR and Mn PL
decay measurements reveal an enhancement of Mn—Mn exchange interaction at higher
Mn-content in these quantum confined NCs. The ultrafast TA measurements reveal fast
carrier trapping (~8-10 ps) in the host lattice and consequent reduction in the number of

excitons participating in energy transfer (~50-100 ps) to the dopant sight.
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3.2. Results and Discussion

3.2.1. Synthesis and characterization of the NCs

Both undoped CsPbCl; and a series of Mn-doped CsPbCl; NCs were synthesized at
185°C by suitable modification of a reported hot-injection method.?® ICP-OES
measurements show that Mn contents in these NCs are 1, 2, 7.5, 12, and 15.5 mole %,
with respect to Pb, for added Mn precursor concentration of 10, 20, 30, 40 and 60%,
respectively (Table Al.1). TEM images show cubic morphology of both undoped and
doped NCs with average edge length of 7.0 £ 0.5 nm (Figure A1.1), which is close to the
Bohr excitonic diameter (~ 5 nm) of the host NCs.?® Estimated Goldschmidt tolerance
factor (t) and octahedral factor () for all Mn-doped NCs fall under the range of stable
perovskite formability (Figure A1.2).2":28
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Scheme 3.1. Schematic representation of the synthesis of Mn-doped CsPbCl; NCs in the
hot-injection method.
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Figure 3.1. PXRD patterns of undoped and Mn-doped CsPbCl; NCs with different Mn
contents. An expanded view of the (200) peak indicating the shift towards a higher angle
is shown in the right panel.

PXRD patterns of the samples match with the standard cubic phase CsPbCl; (JCPDS: 84-
0437, Figure 3.1), indicating intactness of the crystalline nature of NCs upon doping. A
monotonic shift of the XRD peaks to higher angles with increasing Mn-content is
indicative of progressive lattice contraction on substitution of Pb?* (133 pm, CN=6) with
smaller Mn?* (97 pm, CN=6). A positive shift of the 20 value of 0.46° (Figure 3.1, right

panel) for 15.5% Mn content is in agreement with the literature.®

3.2.2. Optical properties

The PL spectra of the undoped NCs exhibit a sharp excitonic PL band with peak at ~406
nm (Figure 3.2). With increase in Mn-content a gradual blue shift of the band-edge

absorption (Figure A1.3) and PL is observed despite negligible variation in size of the
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NCs. For undoped NC, the band gap of 3.05 eV, estimated from the Tauc plot (A1.4) is
found to be consistent with earlier report.?® With increase in dopant content, this band gap
increases due to contraction of the PbCls octahedral unit and consequent enhancement of
interaction between Pb and CIl. As the CBM is dominated by Pb (6p) and CI (3p)
antibonding orbitals, the enhanced interaction results in a shift of the CBM towards
higher energy.* 3

For Mn-doped NCs, in addition to the excitonic band, a broad PL band typical of *T to
®A; electronic transition in Mn?*, is observed at longer wavelength. It is evident that this
band results from the transfer of excitation energy from photo-excited host NCs to Mn as
the excitation spectrum corresponding to this PL band matches with the absorption

spectrum of undoped NC (Figure A1.4).3233

(A) 0% 1% 2%

7.5% 12% 15.5%

PL Intensity
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Figure 3.2. (A) PL spectra showing dual emission of sets of materials having different
Mn contents (in %). (B) Digital images of films of different Mn containing NCs showing
the tunability of Mn PL are highlighted.

The variation of QY of the excitonic and Mn PL on the Mn- content is depicted in Figure
3.3. Low PL QY (<1%) of undoped system is expected to be due to the mid-gap (trap)
states facilitating nonradiative deactivation in wide band gap CsPbCls NCs. On doping,
the Mn PL intensity is expected to increase at the expense of excitonic PL. However, for

very small Mn-content (2%), an increase in excitonic PL intensity is observed, which we
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Figure 3.3. Variations in the exciton and Mn PL QY and shift in the excitonic and Mn
PL maxima for different Mn containing NCs are shown in panels (A) and (B),
respectively

attribute to the removal of pre-existing structural defects (chloride vacancies) in host NCs
by MnCl; used in synthesis.?? Increase in Mn-content (from 2 to 12%) leads to increase
in Mn PL accompanied by a decrease of excitonic emission intensity; a signature of
efficient energy transfer from host to the dopant ion. The highest Mn PL QY of ~27% is
observed for 12% Mn-content, beyond which a drop is noted.?*

Panel B of Figure 3.3 depicts the dependence of PL peak positions on Mn-content for
both exciton and Mn PL band. For excitonic PL, a blue shift (406 to 393 nm) due to
lattice contraction is observed. On the other hand, the Mn PL band shifts towards red with
increase in Mn content in the NCs. A 40 nm shift (from 585 to 625 nm) is observed for
the concentration range studied here. The spectral shift is clearly observable by naked
eye, as illustrated in Figure 3.2. The wavelength tuning range demonstrated here is much
larger than that (18 nm) observed very recently by Liu et al by varying the Mn-content
and reaction temperature. The red shift is presumably due to the lattice contraction
induced change in the crystal field strength in the host lattice thereby influencing the
energy gap between Mn-emissive atomic states.®® * However, we show in the following
section that lattice contraction alone is not responsible for red-shift of the Mn PL band.
The Mn PL is characterized by long (~ms) lifetime (Figure 3.4., Table Al.2) consistent

with spin-forbidden nature of the transition. On doping, the PL decay dynamics becomes




Luminescence Tuning and Exciton ... Chapter 3

faster (from 1.30 to 0.51 ms) though PL intensity is increased. We also observe a change
in the PL decay behavior from single to bi-exponential one for Mn-content >2%. As
single exponential decay behavior is characteristic of a homogenous lattice environment
experienced by Mn?*,2 switching of the decay behavior to bi-exponential one for Mn-
content of >2% indicates a non-uniform distribution of Mn?* in the NCs. Whether this
non-uniformity is restricted to the core or surface of the NCs or at both places is
addressed in the next paragraph.

As a knowledge of the distribution of Mn?* ions in the NCs is essential for interpretation
of the above observation, we have studied the room temperature X-band EPR spectra of
Mn-doped samples. The observation of six equally spaced lines of equal intensity (with
hyperfine coupling constant, A = 86 G) for 1 and 2% Mn-doped NCs (Figure 3.4) is in
agreement with a nuclear spin (I) of 5/2 for Mn?*. Close agreement of the measured A
value with that reported for bulk Mn-doped CsPbCl; suggests that Mn resides inside the
NCs.¥
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Figure 3.4. Mn PL (Aexe= 330 nm) decay behavior of the samples monitored at their
respective emission maxima (A), and room temperature X-band EPR spectrum of the
samples (B).

The distribution of Mn?* in doped CsPbCls NCs, as indicated by the EPR spectra, is
uniform up to a Mn-content of 2%. The changes in EPR spectral pattern, especially

merging of individual signals leading to broadening of the spectra, with dopant
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concentration clearly indicates that above 2%, Mn ions are no longer diluted in the NCs
(like in for 1 and 2%) and they interact with each other.®® ** For highest Mn-content
(15.5%) the signal collapses into an almost single broad line due to enhanced exchange
interaction between Mn-pairs. It is important to note that an unchanged A-value even for
highest Mn-content (15.5%) indicates that doped Mn remains inside the NCs rather on the
surface.*

In exchange-coupled Mn?* pairs, splitting of both Mn ground state (°As, | = 5/2) and first
excited state (“Ty1, 1 = 3/2) results in a reduced energy difference between the transition
levels and red-shift of the emission band.** This coupling also partially lifts the selection
rule resulting in a faster decay dynamics of Mn PL.*? Abrupt change in both EPR pattern
and Mn PL decay behavior occurs for same Mn-content (>2%), hence we conclude that
in addition to the crystal field effect, the Mn-Mn exchange interaction also contributes to
the red- shift of the Mn PL band at higher dopant concentrations (>2%).

3.2.3. Investigation of Carrier Dynamics

To further explore the EDET process and to determine the factors that influence it, we
have studied temperature dependence of the PL. A steady decrease in PL intensity of dual
bands in doped NCs (Figure 3.4) with increase in temperature from 268 to 333K is
observed. The decrease of PL intensity of the excitonic band, which is very similar in
both doped and undoped NCs, is mainly due to greater carrier trapping (a thermally
activated process) at higher temperatures. As Mn PL intensity is determined by the rates
of competitive EDET and carrier trapping processes, the observed drop of the PL
intensity must be due to faster carrier trapping at higher temperature (that leaves fewer
excitons to participate in EDET). As no shift of the excitonic PL band is observed with
temperature, the exchange coupling between the exciton and dopant remains unaffected

and plays no role in this regard.*®
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Figure 3.5. Temperature dependent PL behavior of (A) CsPbCl; and (B) Mn:CsPbCls
showing a steady decrease in PL intensity with an increase in temperature.

The competitive carrier trapping and EDET processes are corroborated by femtosecond
TA  measurements on undoped and doped NCs under similar excitation conditions.
These spectra consist of a bleach signal around the excitonic band (~393-405 nm) and a
positive photoinduced absorption band (~ 360-420 nm) (Figure Al.5). As no additional
feature due to doping could be observed in doped NCs, we rely on the bleach recovery
dynamics for the estimation of energy transfer rate. The bleach recovery kinetics recorded
between 0-1 ns time range for all samples are found to be best represented by a bi-
exponential function (as assessed by the fit residuals). In case of undoped NCs, the bleach
recovery is represented by a fast (8.3 ps, 73%) and a relatively slow (160 ps, 27%)
component (Table 3.1). The fast component can arise from carrier trapping or multi-
exciton annihilation. However, we rule out the latter possibility considering that all TA
measurements have been performed with very low excitation fluence (1.3x10%
photons/cm?). The high amplitude of carrier trapping is consistent with low QY (<1%) of
our samples of CsPbCl; NCs. We assign the slow component to the non-radiative
recombination process based on literature.** #° It is to be noted in this context that the
radiative recombination time constant cannot be extracted from this data as it extends

well beyond our experimental time window. For small doping content (up to 2%), the fast
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Figure 3.6. Comparison of bleach recovery kinetics of 0, 2% and 12% Mn-doped

CsPbCls NCs, monitored at their excitonic bleach maxima.

(trapping) component remains almost the same, but the recombination time and its
amplitude (Table 3.1) are increased, which is also evident from the bleach recovery
dynamics presented in Figure 3.6. The observation is clearly a reflection of the removal
of pre-existing structural defects in the host lattice upon incorporation of small Mn-

content, which is consistent with our steady state findings.

Table 3.1. Bleach recovery time constants and the corresponding amplitudes of undoped
and doped NCs of varying Mn-contents.

Recovery Components

Systems
11 (a1)/ ps T2 (a2)/ ps
CsPbCls 8.3+ 0.4 (0.73) 160.8 + 10.0 (0.27)
1% Mn:CsPbCls 10.6 + 1.8 (0.60) 450.0 + 10.2 (0.40)
2% Mn:CsPbCls 9.0 + 1.0 (0.59) 510.0 + 10.0 (0.41)
7.5% Mn:CsPbCls 7.2 +0.8 (0.41) 138.0 + 9.3 (0.59)
12% Mn:CsPbCls 7.0 1.0 (0.43) 78.0 + 8.3 (0.57)
15.5% Mn:CsPbCls 7.5 + 0.5 (0.45) 48.0 + 6.7 (0.55)
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For higher dopant contents (>2%), the bleach recovery becomes faster (Figure 3.6) with
no change in the fast (trapping) component (Table 3.1). Acceleration of the bleach
recovery kinetics with increase in dopant content above 2% indicates additional ultrafast
nonradiative (EDET) process not observable for low Mn-content (<2%) due to opposing
crystal stabilization effect. It is evident that the energy transfer cannot compete with the
fast trapping component rather it affects only the long component. This observation is in
line with the another recent report on Mn-CsPbCls NCs.*® In the present case, we have
estimated the energy transfer time scale from the extent of decrease in longer time
constant and it is found to be ~ 92 and ~ 53 ps for 12 and 15.5% Mn-doped CsPbCl; NCs,
respectively. It is also to note that, after 2% dopant content, as the host become modified
(with increased t2); hence the estimation of the energy transfer (for 12 and 15.5%) is
carried out with respect to 2% rather than 0%.

The above findings seem to suggest that the EDET efficiency can be further improved by
reducing the trap centers in the host lattice. To validate this assignment we have carried
out similar experiments with CsPb(CI/Br)s as a host which offers higher excitonic PL QY
with less trap centers compared to CsPbCls. However, Mn PL QY in Mn:CsPb(CI/Br)s is
found to be much lower than that in Mn:CsPbCls (Figure A1.6). The bleach recovery
dynamics is also not affected by the Mn-content (Figure A1.6) suggesting poor coupling
between the exciton and dopant due to a lower band gap of the host lattice. Hence, the
strength of coupling between the host and the dopant ions is one of the key factors that
determines the efficiency of the EDET process. Before drawing the conclusion, we
attempt to rationalize our findings considering the recent studies, where small/no tuning
of the Mn PL band could be observed.'®2%22\We think the key to achieving large tuning in
our case is the stronger confinement in our NCs (~7 nm) as compared to the others (>10
nm). Close proximity of the Mn?* ions in the confined space gives rise to Mn-Mn
exchange coupling, which modulates the Mn PL energy gap. The other factor
contributing to the shift of Mn PL band is lattice contraction induced by smaller size Mn.
The Mn PL QY of the doped NCs is determined by the net effect of two opposing factors,
EDET and Mn-Mn exchange interaction. Hence, the drop in Mn PL QY at highest Mn

content is due to the dominating Mn-Mn exchange interaction over the EDET process.
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3.3. Summary

In conclusion, we have succeeded in demonstrating the largest tuning of the Mn-doped

PL in perovskite NCs and identified the factors that contribute to it. Further, the exciton

dynamics of these NCs provides insight into the time constants of the photo-induced

processes. We expect these findings will help improving the optical response of these

substances further, thus making them useful in practical applications.
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Overview

Among the lead halide perovskites, PLQY of violet-emitting CsPbCl; NCs is the lowest
(<5%). This is an impediment to the development of perovskite-based materials for
optical applications covering the entire visible region. While PLQY of the green and red-
emitting perovskites of this class has been raised to near-unity, achieving a similar level
for violet- and blue-emitting NCs is still quite challenging. Here we report a novel
method of simultaneously passivating the surface defects and crystal disorder of violet-
emitting CsPbCl; NCs to dramatically enhance (by a factor of ~120) the PLQY and
stability without affecting the peak wavelength (403 nm) and FWHM of the PL band. We
show that addition of right quantity of CuCl, during the hot-injection synthesis of
CsPbCl; NCs leads to doping of Cu* into the NCs, which rectifies octahedral distortion of
the crystal and the CI- passivates the surface; combined influence of the two results in
huge PL enhancement. NCs emitting throughout the blue region (430-460 nm) with near-
unity PLQY (92-98%) can then be obtained by partial halide-exchange of the doped
sample. Femtosecond TA studies suggest suppression of the ultrafast carrier trapping
process in doped NCs. The results help extending the utility of these materials in optical

applications by covering the blue-violet region as well.
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4.1. Introduction

All-inorganic halide perovskites (ABXs-type) have gained tremendous attention in recent
years due to their diverse applications in photovoltaics, LEDs, lasing etc.1® High PLQY
and ease of tunability of the PL band position across the entire visible region make these
materials quite attractive for optical applications. Interestingly, even though high PLQY
(80-95%) in the green-red region is reported for the NCs without any surface
modification,® the violet-emitting CsPbCl; NCs suffer from low PLQY (< 5%).7*2

Several reports describe different methods of enhancing the PLQY of these NCs as high
PLQY in the violet-blue region is essential for the development of white-LEDs 811 1318
PLQY of 60% is achieved for CsPbCl; NCs by room temperature treatment of a colloidal
solution of these NCs with yttrium chloride.® In another study, it is shown that addition of
NiCl, during hot-injection synthesis of CsPbCl; NCs leads to doping of Ni?* and
remarkable enhancement of PLQY (up to 96%).1° We have shown that post-synthetic
treatment of CsPbCl; NCs with CdCl, can enhance the PLQY to near-unity. In a more
recent study, Wang and co-workers have shown that post-synthetic treatment of CsPbCls
NCs with CuCl; enhances the PLQY up to 12%, whereas the bromide salt enhances the
value to ~92.6%, it shifts the PL maximum to 460 nm.* In another recent work, it is
reported that addition of CuBr. during hot-injection synthesis of CsPbCl; NCs leads to
the formation of blue-emitting (peak between 450-460 nm) mixed-halide perovskites
[CsPb(CI/Br)s] NCs with PLQY of ~80%.2° Several metal-nitrate salts have also been
used for increasing the PLQY of CsPbCl; NCs up to ~85% with an emission window of
460-470 nm.*®

It is thus evident that though blue-emitting NCs (Amax = 450-470 nm) with impressive
PLQY have been achieved, obtaining stable violet-emitting NCs (peak <430 nm) with
high PLQY is still a challenging exercise.' The halide vacancies, which create only
shallow trap levels in CsPbBrs, form deep trap states in CsPbCls, which promote non-
radiative relaxation of the carriers and lower the PLQY of the system.?! Besides, local
structural disorder arising from halide vacancies and/or intrinsic distortion of the [PbClg]*
octahedron also contributes to carrier trapping in CsPbCls,'® 22 unlike in CsPbBr; or

CsPb(CI/Br)s, which forms near-perfect crystal structure. Hence, one needs to take care of
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both halide vacancies and structural disorder to achieve a high PLQY for violet-emitting
pure CsPbCls. Herein we show that when an optimum amount of CuCl,.2H,0O is added
during hot-injection synthesis of the CsPbCls NCs, the PLQY of the system is greatly
enhanced without any change in the peak wavelength. An impressive PLQY of doped
mixed-halide NCs emitting in the blue region (430-460 nm) is then achieved. Quantitative
information on the dynamics of the nonradiative trapping processes in doped and
undoped NCs that determine the PLQY of the systems, is also obtained through ultrafast

TA measurements.

4.2. Results and Discussion

4.2.1. Synthesis and characterization of the NCs

While CsPbCls NCs were prepared using a reported hot-injection method,® for the
synthesis of Cu-doped CsPbCls NCs, additionally CuCl..2H,0 (0.22 mmol)* was added
in the reaction mixture consisting of 0.188 mmol PbCl,, 5 ml ODE, 0.7 mL OA and 0.7
mL OLA, and heated under vacuum at 120°C for 45 minutes. The blue solution turned
colorless upon addition of 1 ml TOP under N, atmosphere. After raising the temperature
to 185°C, 0.45 ml of Cs-oleate was swiftly injected into it and then after a minute the
mixture was quenched in ice water. The process is schematically presented in scheme 4.1.
The resulting solution was then centrifuged at 6,800 rpm and the supernatant liquid was
discarded. The precipitated NCs were then washed with methyl acetate before dispersing

them in toluene for further studies.
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Scheme 4.1. Schematic representation of the synthesis of Cu-doped CsPbCl; NCs in the
hot-injection method.

While the TEM images of CsPbCl; NCs show cubic morphology with wide size
distribution and average edge length of 9 + 2.5 nm (Figure 4.1B), the size distribution is
narrower with average edge length of ~7 + 1.0 nm (Figure 4.1A) for Cu-doped CsPbCls.
Such a decrease in NCs size with increased monodispersity upon metal halide
introduction during the synthesis is also noted earlier.2*?* HR-TEM images indicate an
inter-planer distances of 0.57 nm for the (100) crystal planes in both cases.

©)
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Figure 4.1. TEM images of (A) Cu-doped CsPbCls and (B) CsPbCl; NCs. Insets show

respective HRTEM images with the lattice spacing between (100) planes indicated in the
image. (B) PXRD patterns of both NCs, confirming a cubic crystalline structure.
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PXRD patterns show cubic crystalline structure (Figure 4.1C) for both the NCs indicating
no notable influence of CuCl..2HO on the crystal lattice. Elemental mapping of the
FESEM images show homogenous distribution of Cu, Cs, Pb and CI (Figure 4.2B-F)
throughout the NCs. EDX measurements indicate a Cu-content of ~1.03% (i.e. ~5%
substitution of Pb with Cu) (Figure 4.2A) in doped NCs. No shift of the PXRD peaks
towards higher 26 values on Cu-doping is observed in our case. This is perhaps due to

small amount of Cu-incorporated in the NCs.

(A) Element (Atomic %) Spectrum 1
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Figure 4.2. (A) EDX spectrum of Cu-doped CsPbCl; NCs. The chlorine:(lead + copper)
ratio in the NCs is estimated as 3.33. (B) FESEM image of the scanning area of the NCs,
showing distribution of all the elements. (C-F) Elemental mapping of Cs, Pb, Cu, and ClI
in the scanned area of the NCs.

The absence of any signal due to Cu?" in the EPR spectrum of the doped NCs indicates
+1 oxidation state of copper in the NCs (Figure A2.1). This finding explains immediate
color change of the reaction mixture from blue to colorless upon addition of TOP during
the synthesis of the NCs. That TOP indeed acts as a reducing agent is confirmed by the

observation that in the absence of TOP one obtains doped NCs, which exhibit
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characteristic EPR signal due to Cu?* (Figure A2.2) and also a PLQY of ~60% (Figure
A2.3).

XPS of CsPbCl; NCs show two distinct peaks at 138.6 and 143.5 eV corresponding to Pb
4f7, and Pb 4fsp,, respectively (Figure A2.4). Two CI signals corresponding to Cl 2psp
and CI 2py, are also observed at 198.1 and 199.7 eV, respectively. For Cu-doped
CsPbCls, all peaks due to Pb 4f and ClI 2p shift to higher binding energy (Figure A2.4)
indicating a halide-rich chemical environment around [PbCls]* octahedra and stronger
Pb-Cl bond.**?> No XPS signal due to Cu* could, however, be observed because of its
low content or/and limited penetration of the XPS probe (typically up to ~2 nm from the
surface), which is a well-known limitation of this technique.?® A similar issue with XPS
measurement failing to detect the doped metal ions was also reported earlier.*® However,
to ensure the presence of Cu in the NCs, we have performed ICP-OES measurements,
which indicates a Cu content of ~7% in the NCs with respect to Pb, a value consistent
with our EDX data (~5%).

4.2.2. Optical Properties

While the undoped CsPbCl; NCs show a sharp PL band (FWHM = 14 nm) with peak at
403 nm and a PLQY of only ~0.5%, the Cu-doped CsPbCl; NCs exhibit dramatically
higher PLQY (~60%) with unchanged PL peak position and FWHM (Figure 4.3). As
stated earlier, this maximum PLQY is observed for an optimum concentration (0.22
mmol) of CuCl,.2H,0 used during the synthesis. For higher or lower concentrations, the
NCs exhibited lower PLQY values (Figure A2.5). We also examined whether post-
synthetic treatment of the CsPbClz NCs with CuCl,.2H.0 can improve the PL properties
or not. Dropwise addition of CuCl,.2H,0 dissolved in OA, OLA and TOP to a toluene
solution of CsPbCls NCs under stirring condition improves the PLQY increase only up to
~16% (Figure A2.6). This finding is in agreement with recent observation of
enhancement of PLQY of CsPbClz; NCs to 12% upon post-synthetic treatment with
CuCl,.*®
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Figure 4.3. (A) Absorption and PL spectra of CsPbhCl; and Cu-doped CsPbCl; NCs (B)
PL decay dynamics of both the NCs (Aex = 375 nm, Aem = 403 nm). (C) Digital images of
the colloidal solutions of the NCs under UV light (Aex = 365 nm), where bright blue PL is
clearly visible for Cu-doped CsPbCls NCs.

Clearly, our direct hot-injection method of synthesis is much more effective in this
regard. Like the colloidal dispersions (Figure 3C), a film of Cu-doped CsPbCl; NCs also
exhibit strong violet PL (Figure A2.7). When checked the air-stability, the doped NCs
show much more robustness by maintaining ~ 60% of its initial PL after 6 days, whereas
only ~10% PL is retained in the case of undoped NCs during the same period (Figure
A2.8). Unlike the undoped NCs, whose PL decay is too fast to be measured accurately in
our TCSPC setup, which has a time-resolution of ~58 ps, the Cu-doped NCs show much
higher PL lifetime (tavg = 1.43 ns, Figure 4.3B, Table A2.1).

Two factors contribute to high PL of the doped CsPbCls NCs. First, the halide vacancies

are well known trap centers, which facilitate nonradiative deactivation of the charge
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carriers.®1%2 As the undoped CsPbCl; NCs are halide-deficient (evident from the Cl:Pb
ratio of 2.8, Figure A2.9), but the Cu-doped ones are halide-rich CI:(Pb+Cu) ratio of 3.3,
Figure 2A), it is evident that removal of halide-vacancy associated defects in doped NCs
contributes to enhanced PL of the later.!%%% Secondly, it is also documented that
distortion of the [PbCle]* octahedral unit has a deleterious effect on the PL properties of
CsPbCl; NCs and doping of smaller size cations (such as Cd?*, Ni?*) in place of Pb?* (119
pm) enhances short range order in the lattice and also improves the PLQY of the NCs.
101132, 57 Hence, doping of Cu* (ionic radius 77 pm) helps rectification of this structural

defect and also contributes to the improved PL of the NCs.

4.2.3. Investigation of Carrier Dynamics

We have also investigated the role of dopant on the carrier dynamics in the early time-
scale using ultrafast TA technique.®*3! The TA spectra obtained on 350 nm excitation of a
colloidal solution of the undoped and Cu-doped NCs with femtosecond laser pulses of
low pump fluence (0.12x10'® photons per cm?, to avoid contribution from non-linear
processes in the recorded dynamics)®? over a time-scale of up to 500 ps, are characterized
by a sharp negative signal at ~ 402 nm and positive signals on both sides of it (Figure
4.4). The negative signal represents bleach due to ground state absorption of the samples.
Though the spectral features are similar in both cases, careful examination of the data

reveals that bleach recovery is significantly slower in the case of Cu-doped sample.

For example, in 500 ps, the bleach recovery is only 40% for doped system compared to
~86% recovery for undoped system. Analysis of the bleach recovery kinetic traces of
undoped NCs shows two fast components of 3 ps (25%) and 40.1 ps (55%) and a slower
component of >850 ps (20%) (Table 4.1). The fast components are attributed to carrier
trapping and long component to carrier recombination.**® It should be noted here that the
value of the long-time component is an approximate one as it falls beyond the time-

window of the femtosecond TA-setup.

Large contribution of carrier trapping in CsPbCl; (~80%) is indeed a reflection of poor
PLQY of the system.”13034 This is predominantly due to chloride vacancies, which

require little energy for its formation and generate deep trap energy levels.?% In addition,
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Figure 4.4. TA spectra of (A) CsPbCl; and (B) Cu-doped CsPbCI3 NCs; In both cases,
samples were excited at 350 nm using a fs-laser; (C) comparison of the bleach recovery
kinetics of the two samples monitored at their bleach maxima at 402 nm.

Table 4.1. Kinetic parameters of the bleach recovery dynamics of CsPbCl; and Cu-doped
CsPbCls NCs.

System Recovery Components
11 (a1)/ ps 12 (a2)/ ps 13 (a3)/ ps
CsPbCls; 3.0+0.2 (0.25) 40.1+2.7 (0.55) > 850(0.20)
Cu-doped
CsPbCls 3.5+0.2 (0.30) 35.0+4.5 (0.16) > 850 (0.54)

structural disorder and strong electron-phonon interaction also contribute to carrier
trapping in this system.?? Interestingly, in doped NCs, carrier trapping is significantly

suppressed (~46%) and majority of the carrier follows a longer recombination path (Table




Highly Luminescent Violet- and... Chapter 4

4.1) resulting in a long PL lifetime (1.43 ns) and high PLQY as compared to the undoped
sample.

If CuBr; is used in place of CuCl; during hot-injection synthesis of the NCs, doped mixed
halide perovskite NCs are obtained, but controlling precisely the composition and PL
peak position was difficult. However, room temperature halide exchange was found quite
convenient for tuning of the PL band to access the entire blue region. For this purpose,
Cu-doped CsPbCl; NCs were treated with different quantities of benzoyl bromide (as
bromide source) at room temperature to adjust the PL wavelength between 430 and 460
nm.*® The halide-exchanged doped CsPbCl; NCs exhibit a PLQY of ~ 92% (Aem = 430
nm) and 98% (Aem = 460 nm), while halide-exchanged undoped NCs exhibit a PLQY of
only ~8% (Aem = 430 nm) and 22% (Aem = 460 nm) (Figure 4.5A-B). These high values
are quite impressive considering that these NCs are blue emitting. Enhanced PLQY of the
NCs is accompanied by increase in PL lifetime (Figure 4.5A-B Insets, Table A2.2). For
Cu-doped CsPb(CI/Br); NCs emitting at 430 nm, the PL lifetime (4.3 ns) is much higher
than that of the undoped counterpart. The doped CsPb(CI/Br); NCs with PL maxima at
460 nm exhibit a biexponential decay behavior with an average lifetime of 3.6 ns, which

is several fold higher than that of the undoped sample (0.2 ns, Figure 5B Inset).

The TA measurements show much less bleach recovery for doped CsPb(CI/Br)s NCs
compared to the undoped sample within a given time frame (Figure 4.5C, A2.10). For
example, the NCs, which emit at 460 nm, doped sample shows 10% recovery against
~70% recovery for the undoped NCs in 500 ps. The bleach recovery kinetics data shows
that the contribution of the long-lifetime component (> 850 ps) is much higher (~ 84%) in
doped NCs (as against 32% in undoped system) (Table A2.3) thus explaining improved
PLQY of the former. The NCs, which emit at 430 nm, show a similar trend (Figure
A2.10, Table A2.3).
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Figure 4.5. Relative PL of CsPb(CI/Br); and Cu-doped CsPb(CI/Br);s NCs with PL
maxima at (A) 430 nm and (B) 460 nm; PL decay profiles (Aex = 375 nm) of the NCs are
compared in respective insets. Digital images of the colloidal solution of the PL improved
NCs under UV light (Aex = 365 nm) are shown in both cases. (C) TA spectra of Cu-doped
CsPb(CI/Br)s NCs, which exhibit PL. maxima at 460 nm (Aex = 350 nm), Inset shows of
TA spectra of undoped CsPb(CI/Br); NCs emitting at 460 nm. (D) Comparison of bleach
recovery kinetics of the two samples (Aem = 460 Nm) monitored at their bleach maxima at
456 nm.

Even though several metal-halide salts have been used previously for enhancing the PL of
CsPbCls NCs, both mode of function of the salts and extent of PL enhancement differ
from case to case. For example, Mohammed and co-workers’ room temperature post-
treatment with YCls; enhanced the PLQY up to 60% following passivation of the Pb-Cl

ion-pair defect sites by YCls.° Surprisingly, the same metal halide salt, when used during
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hot-injection synthesis, did not produce significant PL enhancement despite doping of Y3*
in the NCs.® There are other instances as well. While addition of solid CdCl, into a
colloidal dispersion of the CsPbCls NCs did not influence the optical properties of the
NCs greatly,® but when these NCs are treated with ethanol/amine solution of the same salt
(CdCl,) the PLQY is enhanced to near-unity.'! This variation is most likely the outcome
of how the metal-halide salts interact with the NCs in two cases. In the first case, the
interaction is restricted to surface, whereas in the latter case, dissolution of the salt in
ethanol/amine allows the metal ion to go inside the NCs, which helps rectification of the
structural disorder in the lattice. We would like to discuss a third interesting case, which
involve NiCl; salt. Its use during hot injection synthesis results in formation of Ni%*-
doped CsPhCl; NCs with ~ 96.5% PLQY, whereas room temperature treatment with this
salt does not improve the PL properties significantly.’®” Very recently, it is shown that
addition of CuBr, during hot-injection synthesis of CsPbCl; produces NCs with PLQY of
80-90%.2° However, because of unavoidable halide exchange, the resulting mixed-halide
NCs emit not in violet, but only in the blue region (Amax = 450-460 nm). A recent post-
synthetic treatment of CsPbCls NCs with CuCl, improved the PLQY only up to 12.7%
PLQY.Y In this context, our approach of using CuCl,, salt in hot-injection method is
much more effective in producing highly luminescent violet-emitting CsPbClz NCs.
Additionally, one can easily get blue-emitting NCs (Amax= 430-460 nm) with high PLQY
(92-98%) from our PL improved NCs by following simple room temperature halide

exchange protocol.

4.3. Summary

In conclusion, it is shown that one can dramatically enhance the PLQY of weakly
emitting CsPbClz NCs by using an appropriate quantity of CuCl, during the hot-injection
synthesis of the NCs. The treatment leads to doping of Cu* into the NCs and passivation
of the surface halide vacancies. Time-resolved PL and ultrafast TA measurements suggest
suppression of the carrier trapping process in doped NCs. Highly luminescent (PLQY of
92-98%) NCs emitting in the blue region (430-460 nm) is also obtained by partial halide
exchange of the doped NCs. The findings are likely to further enhance the potential of

these promising materials in optoelectronic applications.




Highly Luminescent Violet- and... Chapter 4

References

10.

11.

12.

Liang, J.; Wang, C.; Wang, Y.; Xu, Z.; Lu, Z.; Ma, Y.; Zhu, H.; Hu, Y.; Xiao, C,;
Yi, X.; Zhu, G.; Lv, H.; Ma, L.; Chen, T.; Tie, Z.; Jin, Z.; Liu, J., All-Inorganic
Perovskite Solar Cells. J. Am. Chem. Soc. 2016, 138, 15829-15832.

Swarnkar, A.; Marshall, A. R.; Sanehira, E. M.; Chernomordik, B. D.; Moore, D.
T.; Christians, J. A.; Chakrabarti, T.; Luther, J. M., Quantum dot-induced phase
stabilization of a-CsPbls perovskite for high-efficiency photovoltaics. Science
2016, 354, 92-95.

Li, X.; Wu, Y.; Zhang, S.; Cai, B.; Gu, Y.; Song, J.; Zeng, H., CsPbX3 Quantum
Dots for Lighting and Displays: Room-Temperature  Synthesis,
Photoluminescence Superiorities, Underlying Origins and White Light-Emitting
Diodes. Adv. Funct. Mater. 2016, 26, 2435-2445.

Song, J.; Li, J.; Li, X.; Xu, L.; Dong, Y.; Zeng, H., Quantum Dot Light-Emitting
Diodes Based on Inorganic Perovskite Cesium Lead Halides (CsPbXs3). Adv.
Mater. 2015, 27, 7162-7167.

Wang, S.; Bi, C.; Yuan, J.; Zhang, L.; Tian, J., Original Core—Shell Structure of
Cubic CsPbBrs@Amorphous CsPbBry Perovskite Quantum Dots with a High
Blue Photoluminescence Quantum Yield of over 80%. ACS Energy Lett. 2018, 3,
245-251.

Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.; Caputo, R.; Hendon,
C. H.; Yang, R. X.; Walsh, A.; Kovalenko, M. V., Nanocrystals of Cesium Lead
Halide Perovskites (CsPbXs, X = CI, Br, and I): Novel Optoelectronic Materials
Showing Bright Emission with Wide Color Gamut. Nano Lett. 2015, 15, 3692-
3696.

De, A.; Mondal, N.; Samanta, A., Luminescence Tuning and Exciton Dynamics
of Mn-doped CsPbCl; Nanocrystals. Nanoscale 2017, 9, 16722-16727.

Ahmed, T.; Seth, S.; Samanta, A., Boosting the Photoluminescence of CsPbX; (X
= CI, Br, 1) Perovskite Nanocrystals Covering a Wide Wavelength Range by
Postsynthetic Treatment with Tetrafluoroborate Salts. Chem. Mater. 2018, 30,
3633-3637.

Ahmed, G. H.; EI-Demellawi, J. K.; Yin, J.; Pan, J.; Velusamy, D. B.; Hedhili,
M. N.; Alarousu, E.; Bakr, O. M.; Alshareef, H. N.; Mohammed, O. F., Giant
Photoluminescence Enhancement in CsPbCls Perovskite Nanocrystals by
Simultaneous Dual-Surface Passivation. ACS Energy Lett. 2018, 3, 2301-2307.
Yong, Z.-J.; Guo, S.-Q.; Ma, J.-P.; Zhang, J.-Y.; Li, Z.-Y.; Chen, Y.-M.; Zhang,
B.-B.; Zhou, Y.; Shu, J.; Gu, J.-L.; Zheng, L.-R.; Bakr, O. M.; Sun, a. H.-T.,
Doping-Enhanced Short-Range Order of Perovskite Nanocrystals for Near-Unity
Violet Luminescence Quantum Yield. J. Am. Chem. Soc. 2018, 140, 9942-9951.
Mondal, N.; De, A.; Samanta, A., Achieving Near-Unity Photoluminescence
Efficiency for Blue-Violet-Emitting Perovskite Nanocrystals. ACS Energy Lett.
2019, 4, 32-39.

Wu, Y.; Li, X.; Zeng, H., Highly Luminescent and Stable Halide Perovskite
Nanocrystals. ACS Energy Lett. 2019, 4, 673-481.




Highly Luminescent Violet- and... Chapter 4

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Li, F.; Liu, Y.; Wang, H.; Zhan, Q.; Liu, Q.; Xia, Z., Postsynthetic Surface Trap
Removal of CsPbX; (X = CI, Br, or I) Quantum Dots via a ZnX,/Hexane
Solution toward an Enhanced Luminescence Quantum Yield. Chem. Mater. 2018,
30, 8546-8554.

Dutta, A.; Behera, R. K.; Dutta, S. K.; Adhikari, S. D.; Pradhan, N., Annealing
CsPbX; (X = Cl and Br) Perovskite Nanocrystals at High Reaction Temperatures:
Phase Change and Its Prevention. J. Phys. Chem. Lett. 2018, 9, 6599-6604.
Wang, S.; Wang, Y.; Zhang, Y.; Zhang, X.; Shen, X.; Zhuang, X.; Lu, P.; Yu, W.
W.; Kershaw, S. V.; Rogach, A. L., Cesium Lead Chloride/Bromide Perovskite
Quantum Dots with Strong Blue Emission Realized via a Nitrate-Induced
Selective Surface Defect Elimination Process. J. Phys. Chem. Lett. 2019, 10, 90-
96.

Liu, Y.; Li, F.; Liu, Q.; Xia, Z., Synergetic Effect of Postsynthetic Water
Treatment on the Enhanced Photoluminescence and Stability of CsPbXs (X = Cl,
Br, 1) Perovskite Nanocrystals. Chem. Mater. 2018, 30, 6922-6929.

Behera, R. K.; Adhikari, S. D.; Dutta, S. K.; Dutta, A.; Pradhan, N., Blue-
Emitting CsPbCI3 Nanocrystals: Impact of Surface Passivation for
Unprecedented Enhancement and Loss of Optical Emission. J. Phys. Chem. Lett.
2018, 9, 6884-6891.

Dutta, A.; Behera, R. K.; Pal, P.; Baitalik, S.; Pradhan, N., Near-Unity
Photoluminescence Quantum Efficiency for All CsPbX3; (X = CI, Br and 1)
Perovskite Nanocrystals: A Generic Synthesis Approach. Angew. Chem. Int. Ed.
2019, 58, 5552-5556.

Chen, Y.-C.; Chou, H.-L.; Lin, J.-C.; Lee, Y.-C.; Pao, C.-W.; Chen, J.-L.; Chang,
C.-C.; Chi, R.-Y.; Kuo, T.-R.; Lu, C.-W.; Wang, D.-Y., Enhanced Luminescence
and Stability of Cesium Lead Halide Perovskite CsPbX3 Nanocrystals by Cu?*-
Assisted Anion Exchange Reactions. J. Phys. Chem. C 2019, 123, 2353-2360.

Bi, C.; Wang, S.; Li, Q.; Kershaw, S. V.; Tian, J.; Rogach, A. L., Thermally
Stable Copper (1) Doped Cesium Lead Halide Perovskite Quantum Dots with a
Strong Blue Emission. J. Phys. Chem. Lett. 2019, 10, 943-952.

Nenon, D. P.; Pressler, K.; Kang, J.; Koscher, B. A.; Olshansky, J. H.;
Osowiecki, W. T.; Koc, M. A.; Alivisatos, L.-W. W. P., Design Principles for
Trap-Free CsPbXs; Nanocrystals: Enumerating and Eliminating Surface Halide
Vacancies with Softer Lewis Bases. J. Am. Chem. Soc. 2018, 140, 17760-17772.
Lohar, A. A.; Shinde, A.; Gahlaut, R.; Sagdeo, A.; Mahamuni, S., Enhanced
Photoluminescence and Stimulated Emission in CsPbCl; Nanocrystals at Low
Temperature. J. Phys. Chem. C 2018, 122, 25014-25020.

The particular concentration of CuCl,.2H,O mentioned in the synthesis is
determined by performing several controlled syntheses with varying amount of
CuCl,.2H,0 where maximum PL enhancement of the NCs is found in case of
above mentioned concentration (Figure A2.8).

Dong, Y.; Qiao, T.; Kim, D.; Parobek, D.; Rossi, D.; Son, D. H., Precise Control
of Quantum Confinement in Cesium Lead Halide Perovskite Quantum Dots via
Thermodynamic Equilibrium. Nano Lett. 2018, 18, 3716-3722.

Liu, M.; Zhong, G.; Yin, Y.; Miao, J.; Li, K.; Wang, C.; Xu, X.; Shen, C.; Meng,
H., Aluminum-Doped Cesium Lead Bromide Perovskite Nanocrystals with




Highly Luminescent Violet- and... Chapter 4

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Stable Blue Photoluminescence Used for Display Backlight. Adv. Sci. 2017, 4,
1700335.

Bodnarchuk, M. I.; Boehme, S. C.; Brinck, S. t.; Bernasconi, C.; Shynkarenko,
Y.; Krieg, F.; Widmer, R.; Aeschlimann, B.; Giinther, D.; Kovalenko, M. V;
Infante, ., Rationalizing and Controlling the Surface Structure and Electronic
Passivation of Cesium Lead Halide Nanocrystals. ACS Energy Lett. 2019, 4, 63-
74.

Zhang, X.; Zhang, Y.; Zhang, X.; Yin, W.; Wang, Y.; Wang, H.; Lu, M.; Li, Z,;
Gu, Z.; Yu, W. W,, Yb%* and Yb*/Er** doping for near-infrared emission and
improved stability of CsPbCl; nanocrystals. J. Mater. Chem. C 2018, 6, 10101-
10105.

Liu, P.; Chen, W.; Wang, W.; Xu, B.; Wu, D.; Hao, J.; Cao, W.; Fang, F.; Li, Y.;
Zeng, Y.; Pan, R.; Chen, S.; Cao, W.; Sun, X. W.; Wang, K., Halide-Rich
Synthesized Cesium Lead Bromide Perovskite Nanocrystals for Light-Emitting
Diodes with Improved Performance. Chem. Mater. 2017, 29, 5168-5173.
Adhikari, S. D.; Behera, R. K.; Bera, S.; Pradhan, N., Presence of Metal Chloride
for Minimizing the Halide Deficiency and Maximizing the Doping Efficiency in
Mn(11)-Doped CsPbCls Nanocrystals. J. Phys. Chem. Lett. 2019, 10, 1530-1536.
Mondal, N.; Samanta, A., Complete ultrafast charge carrier dynamics in photo-
excited all-inorganic perovskite nanocrystals (CsPbX3). Nanoscale 2017, 9, 1878-
1885.

De, A.; Mondal, N.; Samanta, A., Hole Transfer Dynamics from Photoexcited
Cesium Lead Halide Perovskite Nanocrystals: 1-Aminopyrene as Hole Acceptor.
J. Phys. Chem. C 2018, 122, 13617-13623.

Mondal, N.; De, A.; Samanta, A., Biexciton Generation and Dissociation
Dynamics in Formamidinium and Chloride-Doped Cesium Lead lodide
Perovskite Nanocrystals. J. Phys. Chem. Lett. 2018, 9, 3673-3679.

Mondal, N.; De, A.; Das, S.; Paul, S.; Samanta, A., Ultrafast Carrier Dynamics of
Metal Halide Perovskite Nanocrystals and Perovskite-composites. Nanoscale
2019, 11, 9796-9818.

Rossi, D.; Parobek, D.; Dong, Y.; Son, D. H., Dynamics of Exciton—Mn Energy
Transfer in Mn-Doped CsPbCls Perovskite Nanocrystals. J. Phys. Chem. C 2017,
121, 17143-17149.

Ma, J.-P.; Chen, Y.-M.; Zhang, L.-M.; Guo, S.-Q.; Liu, J.-D.; Li, H.; Ye, B.-J.;
Li, Z.-Y.; Zhou, Y.; Zhang, B.-B.; Bakr, O. M.; Zhang, J.-Y.; Sun, H.-T., Insights
into the local structure of dopants, doping efficiency, and luminescence
properties of lanthanide-doped CsPbCls perovskite nanocrystals. J. Mater. Chem.
C 2019, 7, 3037-3048.

Creutz, S. E.; Crites, E. N.; Siena, M. C. D.; Gamelin, D. R., Anion Exchange in
Cesium Lead Halide Perovskite Nanocrystals and Thin Films Using
Trimethylsilyl Halide Reagents. Chem. Mater. 2018, 30, 4887-4891.




Highly Luminescent Violet- and...




Hole Transfer Dynamics... @ijvtm 5

CHAPTER 5

“Hole Transfer Dynamics from Photoexcited Cesium
Lead Halide Perovskite Nanocrystals: - Aminopyrene as
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Overview

The lead halide perovskites have emerged as promising materials for photovoltaic
applications within a very short period. The key to exploitation of the full potential of
these substances by achieving even higher photovoltaic conversion efficiency lies in
understanding of the charge (electron/hole) separation process and their transfer across
the interface. As the latter depends on the nature of the electron/hole acceptor, quest for
suitable carrier acceptor is an active area in this context. Herein, we explore the hole
extraction ability of AMP from two very common all-inorganic perovskite NCs, CsPbBr3
and CsPbls, with different band gaps. The observation of efficient quenching of the PL of
the NCs with little/negligible change in PL time-profile in the presence of AMP indicates
static interaction of the two interacting species. The band alignment of the NCs relative to
the HOMO-LUMO energy levels of AMP and ultrafast pump-probe measurements reveal
rapid hole transfer from the photo-excited NCs to AMP. The hole transfer time constants
are estimated as ~120 and ~170 ps for CsPbBrs; and CsPbl; NCs, respectively. The rapid
extraction of hole, as observed with the present system, appears to be the result of strong
anchoring of AMP on the NCs surface and facile transfer of the hole through conducive
pyrene framework. The findings reveal that judicial choice of even a simple molecular
system like the present one can help rapid transfer of photo-generated carriers and

contribute to the development of cost-effective solar cells in future.
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5.1. Introduction

The past few years have witnessed intense activities on lead halide perovskites in various
areas like in photovoltaic, ** lasing, > light emitting devices etc. "8 with major focus as
solar energy harvesting materials. Following the pioneering report by Miyasaka and co-
workers in 2009,° the research on the perovskites has so far led to a record breaking PCE
of >22%.%° PCE is not merely determined by the light harvesting ability of the sensitizer,
but also very much by the hole/electron transporting materials. In photovoltaic devices,
the light harvesters are sandwiched between an electron and a hole transporting layer.
The transport layers play the important role of extraction of charge carriers from the
sensitizer thus minimizing internal recombination. As commonly used HTM, 2,2',7,7'-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spiro-bifluorene (spiro-OMeTAD) is quite
expensive, the quest for an alternative HTM is an active area in this field.' In this regard,
a few organic molecules other than spiro-OMeTAD have been studied as HTM*>15 and
the results show that both the terminal functionality and core of the molecule play
important roles in the extraction of the carriers and hence, in determining the efficiency of
the HTM. Liu et al. have shown how molecular engineering can improve PCE of a
HTM.'2 The introduction of a phenylene spacer in phenothiazine based compound is
found to influence the PCE dramatically.*® Seok and co-workers have shown remarkable
PCE of the N,N-di-p-methoxyphenylamine-substituted pyrene derivatives as HTM for
CHsNHsPbl; attributing it to the pyrene core.*

As the PCE of a solar cell is governed mainly by interfacial charge (electron/hole)
transfer dynamics from the perovskite NCs to their respective acceptor sites, a knowledge
of other competitive processes within the NCs (excitonic recombination, carrier
trapping®®?) is essential in this regard. Rapid dissociation of the excitons and suppression
of competitive processes in NCs are key to improving the efficiency the systems. The
surface trap states can further reduce the PCE.?®?! Various surface modification
treatments of the perovskite NCs have been attempted to address this issue.??? For lead-
based perovskites, thiophene and pyridine, which bind preferentially to surface Pb?*, are

found to be quite effective.?? A recent work shows the utility of the amino functionality in
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the passivation of surface trap states (by dative bond formation with Pb?* on the surface)
and transfer of hole.?

Recognizing the excellent charge transport property of the pyrene core and considering
the recent report on the effectiveness of the amino functionality in the surface passivation
and hole movement,** % we pick up AMP, a simple commercially available pyrene
derivative with an amino functionality, to find out whether/how it can help extraction of
charge carriers from photo-excited perovskite NCs, CsPbBr; and CsPbls using
femtosecond TA measurements. We note that the literature on the interfacial charge
transfer dynamics from the perovskite NCs is rather limited.?’*2 While a number of
electron acceptors have been tried out, to the best of our knowledge, phenothiazine and
4,5-dibromofluorescein are the only two molecular systems which have been investigated

as hole acceptors from the perovskite NCs,?":28 30

5.2. Results and Discussion

5.2.1. Characterization of the NCs

The TEM images of CsPbBr; and CsPbl; NCs (Figure 5.1A,B) show a cubic morphology
with an edge length of 8 £ 0.5 nm for CsPbBr; and 10 £ 0.5 nm for CsPbl; NCs. The
monodispersity of the NCs is evident from the images shown in 100 nm scale bar. The
PXRD patterns of the NCs (Figure 5.1C) show characteristic peaks corresponding to the
cubic phase of the NCs.*® The HR-TEM images show high crystallinity of the NCs. As
CsPbls is prone to transformation into non-emissive orthorhombic phase at room
temperature,® 3¢ all studies have been performed with freshly prepared NCs dispersed in

toluene.
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Figure 5.1. TEM images of (A) CsPbBr; and (B) CsPbl; NCs. Respective HRTEM
images are given in insets. (C) PXRD patterns of both the NCs.

5.2.2. Optical properties

Individual absorption and PL spectra of CsPbBr; and CsPbl; NCs, which are
characterized by well-defined excitonic peaks at ~505 and 671 nm and corresponding PL
peaks at 510 and 685 nm, are shown in Figure 5.2 (A). The PL quantum vyields of
CsPbBrs; and CsPbl; NCs are found to be ~ 68 and 60 %, respectively. Progressive
addition of AMP leads to drastic decrease in the PL of the NCs (Figure 5.2B and A3.1). A
noticeable red shift (~5 nm) of the peak wavelength is also noticeable. These observations
are illustrated in Figure 5.2 (B) for CsPbls NCs. The changes in the absorption spectra of
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the systems in the 425-750 nm region (Figure 2B, inset), where AMP does not absorb
(Figure 5.2A), clearly indicates ground-state complexation between the NCs and AMP.%

Absorbance

AMP

PL Intensity
PL Intensity (a.u.)

T T T T T T T T T T T
400 450 500 550 600 650 700 750 600 640 680 720 760
Wavelength (nm) Wavelength (nm)

Figure 5.2. (A) Individual absorption spectra of CsPbBr;, CsPbl; and AMP in toluene at
room temperature and PL spectra of CsPbBrs and CsPbl; NCs. (B) PL quenching of
CsPbls NCs upon successive addition of AMP in toluene. The inset depicts the change in
the corresponding absorption spectrum.

Therefore, we can attribute AMP induced PL quenching to the formation of a non-
luminescent complex with the NCs. The static interaction between the two interacting
species is responsible for PL quenching and further substantiated by time- resolved PL

measurements in the following section.

5.2.3. Time Resolved Measurements:

The PL decay curves of CsPbBr; and CsPbls, recorded in our TCSPC setup following
excitation at 485 nm using a laser diode source, are found to be multi-exponential in
nature. A tri-exponential fitting to the decay profiles gave acceptable values of residuals
and chi-squares. The individual lifetime components and their weightages are provided as
supporting information (Table A3.1 and A3.2). The average lifetimes of CsPbBr; and
CsPbl; NCs are estimated to be 5.9 ns and 41.8 ns, respectively and these values are
consistent with literature.® Figure 5.2 and A3.2 depicts the PL decay curves in the
absence and in presence of largest amount of AMP (which was used in steady state

measurements). Contrary to the dramatic decrease in PL intensity the change in PL
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lifetime is rather small confirming static interaction responsible for PL quenching of the

system.

We have studied the charge-transfer dynamics between the NCs and AMP using

femtosecond time-resolved pump-probe technique. ¥ For this purpose, we have excited a

toluene suspension of CsPbBr; at 470 nm and CsPbls 530 nm to ensure that AMP is not

excited when present. We have also maintained a low pump fluence in all measurements

to ensure that the average number of excitons per NC is less than 0.1 and negligible

contribution of the multi-exciton annihilation process to the measured dynamics.3 3¢
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Figure 5.3. TA spectra of CsPbBr; and CsPblz NCs without (A, C) and with (B, D) AMP.
The excitations were made at 470 nm and 530 nm for CsPbBr3; and CsPbls, respectively

and the spectra were recorded upto 2.5 ns total delay.
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As can be seen from Figure 5.3 A, the TA spectra of bare CsPbBrs; NCs consist of a PIB
in the ~490-512 nm wavelength region with peak at 505 nm. The PIB maximum is
consistent with the excitonic peak position in the absorption spectra. As PL of these
samples does not exhibit large Stokes shift, the stimulated emission signal can also
contribute to the bleach signal.*® The positive absorptions on both sides of the bleach
signal arises from the lowest excitonic states, as reported in an earlier study.® In presence
of AMP (Figure 5.3 B), one observes hardly any change in the spectral profile of CsPbBr;
including the bleach position. However, the bleach recovery dynamics becomes
significantly faster in presence of AMP. For example, compared to ~10% bleach recovery

in 400 ps, ~90% recovery is observed in the presence of AMP during the same period.

In the case of Cd-based QDs, the bleach signal is dominated by the electrons due to high
effective masses of the holes relative to the electrons (for CdTe, my"/me" = 4) and
negligible/very little acceleration of bleach recovery is observed for hole extraction from
those QDs.**3 However, as the effective masses of electrons (m.”) and holes (my") are
quite similar for the lead halide perovskites (for CsPbBrs, me"= 0.15mo and my*“ = 0.14mq
where mg = rest mass of electron), both electrons and holes can contribute to the bleach
signal.?® However, in view of higher degeneracy of the valence band, the relative
contribution of the electrons and holes towards bleach works out to be ~ 67.2 and 32.8%,
for CsPbBrs NCs, respectively.?® Therefore, in the present case, the bleach signal is
sensitive to both electrons and holes and the acceleration in bleach recovery in the
presence of AMP can be due to the transfer of both electron and hole or one of them. In
order to determine the identity of the species being transferred from the NCs, we look
into the band edge potentials of both the NCs and the HOMO-LUMO levels of AMP. The
energy levels of the valence and conduction band edges of the NCs are taken from a
recent literature considering similar size of the NCs. #* In an earlier study also we used

these values.*®
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Scheme 5.1. Band alignment of CsPbBr; and CsPbl; NCs and HOMO-LUMO levels of
AMP molecule.

The HOMO energy level of AMP (-5.04 eV) was estimated through cyclic voltammetry
measurement. By considering the optical band gap of AMP as the energy difference
between HOMO and LUMO levels, we estimated the LUMO energy as -1.95 eV. These
values agree well with earlier literature.*® It is evident from Scheme 5.1 that the LUMO
level of AMP is far above the conduction band edge of both the NCs and hence, the
photoinduced electron transfer from NCs to AMP can be completely ruled out. It is also
evident from the figure that photo-induced hole transfer from the valence band of the NCs
to the HOMO level of AMP (-5.04 eV) is the only energetically feasible process and the
driving force for this process is higher for CsPbBrs compared to CsPbls. Thus we can
conclude that acceleration of the bleach recovery in the presence of AMP is solely due to
selective removal of holes from the photoexcited NCs. To obtain quantitative information
on hole transfer dynamics, we have compared the bleach recovery kinetics of CsPbBr3 in
presence and absence of AMP. For bare CsPbBrs; NCs, the bleach recovery is represented
by a single exponential decay function with a time constant >1 ns. The single exponential

nature of the decay profile with long lifetime indicates absence of any fast nonradiative
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Figure 5.4. Bleach recovery kinetics of (A) CsPbBrs; and (B) CsPbl; NCs without and
with AMP monitored at their respective bleach maxima.

Table 5.1. Bleach Recovery Parameters of Individual NCs in the Absence and Presence
of AMP.

Systems Recovery Components
71 (a1)/ ps T2 (a2)/ ps
CsPbBrs -- >1
CsPbBrs-AMP 120 + 8.0 (0.70) >1 (0.30)
CsPbBrs-AMP -- >1
CsPbBrs-AMP 170 £ 10.0 (0.41) >1 (0.59)

carrier trapping and non-linear phenomenon like exciton-exciton annihilation under this
low pump fluence.® This long time constant must be due to electron-hole recombination
process.?® In the presence of AMP, in addition to the long time component, another short
component is observable for both the NCs (Figure 5.4 and Table 5.1). This short-
component is clearly due to a process induced by AMP. As it is already shown that hole
transfer from the NCs is the only possibility, the observed time constant represents the
hole transfer kinetics. The estimated hole transfer times from CsPbBrs; and CsPbls NCs

are estimated to be 120 and 170 ps, respectively.
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A faster hole transfer from CsPbBr; compared to CsPbls is consistent with the band
alignment of two NCs and a higher driving force (-AG) for the process. In this context,
we note that in both cases we could not observe any new absorption feature due to the

product of hole transfer process (AMP™). This, however, is not surprising considering

strong absorption due to both NCs throughout the monitoring window. We further note
that Lian and co-workers obtained two different time scales (26 and 330 ps) for hole
transfer using phenothiazine.?® Whereas, Mandal and co-workers reported a hole transfer
time scale of 137-166 ps for the same system.* The observed hole transfer time scale of
120-170 ps for CsPbBr; and CsPbls to AMP is comparable or better than these two cases.

5.3. Summary

By exploiting the n-framework of the pyrene moiety and excellent surface anchoring
ability of amino functionality on the perovskite NCs, it is shown here that even very
simple system like AMP can exhibit promising hole transport properties. Considering this
finding and recent literature report of a PCE of 12.4% in fabricated solar cell with a
pyrene derivative as hole transport material,** we think there exists considerable scope of
improving this efficiency by engineering the pyrene core with suitable functionalities and

using them as cost-effective hole transport materials.
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Overview

Transfer of the hot charge carriers prior to their cooling to the band-edge states
can enhance the efficiency of a semiconductor-based solar cell much beyond its
SQ limiting value. Herein, we explore transfer of hot holes from the APbX3 NCs
employing a carefully chosen molecular system, 4-mercaptophenol. Ultrafast
pump-probe and fluorescence measurements indeed confirm this transfer process,
whose efficiency depends on the energy content of the hole and a maximum
efficiency of ~43% is achieved with CsPbBrs NCs for a photoexcitation energy of
~1.46E4. While the estimated hot hole cooling and transfer rates are quite
comparable, hole transfer from the band edge is found to be a significantly slower
process. Findings of the present study suggests that exceeding the SQ efficiency

of the solar cells based on the perovskites can indeed be a reality.
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6.1. Introduction

Lead halide-based perovskites have emerged as most promising candidates for
photovoltaic applications, and a solar PCE of >24% has been achieved within a short
period,! since the pioneering work of Miyasaka and co-workers in 2009.2 One major
factor responsible for low efficiency of the conventional single junction solar cells is
rapid cooling of the hot carriers, produced by solar photons of energy higher than that of
the band gap, to the band edge states. Calculations show that utilization of the hot carriers
can push this efficiency to ~66%, which is well-beyond the SQ limiting value (33%).3*
Several studies have been undertaken to understand the mechanism of relaxation of the
hot charge carriers in lead halide perovskites, which indicate that the hot carriers first
thermalize to a quasi-equilibrium state through carrier—carrier scattering and then attain
thermal equilibrium through carrier—phonon and carrier—impurity scattering in a sub-
picosecond time scale.> '

These studies have revealed important factors like hot phonon bottleneck, large polaron
formation, Auger heating, high carrier densities, and dielectric confinement. However, the
transfer of hot carriers prior to their cooling continues to remain as a challenging task for
the narrow time window available for this purpose.'>"!* Moreover, an understanding of
the charge transfer dynamics involving the perovskites is also of considerable importance

in photocatalytic applications.?’*

6.2. Results and Discussion

Herein, we focus on the transfer of hot carriers from APbBr; [A = Cs*, CHsNH3;" (MAY)
and CH(NH)." (FA")] NCs. Specifically, we investigate the dynamics and transfer
efficiency of the hot holes from these NCs to a molecular system, MTH, chosen for its
surface-anchoring thiol unit and energetic considerations of its HOMO and LUMO vis a
vis the valence and conduction bands of the perovskite NCs, which permit only hole
transfer from photoexcited NCs to MTH (Scheme 6.1). The cooling dynamics and
transfer efficiency of the hot hole have been studied as a function of the excitation

energy, and a maximum efficiency of ~43% from CsPbBr; NCs is achieved for

104



Hot Hole Transfer Dynamics.. Chapter 6

photoexcitation energy of ~1.46E4 (Eg is the band gap of the NCs). All three APbBrs [A
= Cs*, MA*, and FA*] NCs were prepared by reported methods,?~*! the details of which

are provided in the Supporting Information. The average edge lengths of the NCs lie
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Scheme 6.1. Alignment of the Energy Levels of APbBr; NCs and MTH. The indicated
energy values are obtained from refs 25-28.

between 10 and 14 nm (Figures 6.1 and A4.1). The PLQY of these NCs lie between 80
and 90%, and the PL maxima appear at ~512 nm (CsPbBrs), 518 nm (MAPbBr3), and
527 nm (FAPDbBr3). The MTH-adsorbed NCs (indicated hereafter as APbBrs-MTH NCs)
were obtained by a simple ligand exchange protocol (sonication of a mixture of a
colloidal dispersion of the NCs and a solution of MTH in hexane; details are provided in
the Supporting Information). The fact that MTH anchors onto the surface of the NCs
through its thiol functionality is established by control experiments and FTIR
measurements (see appendix 4) and that the morphological and structural stability of the
system are unaffected after the ligand exchange is evident from the TEM image of
CsPbBrs-MTH (Figure 4A.2).

Even though the absorption spectra of CsPbBr; and CsPbBr-MTH NCs are almost
identical (Figure 6.1A),% the PLQY values of the two systems differ by nearly two orders
of magnitude (~90% vs <1%) (Figure 6.1B). MTH also has a pronounced effect on PL
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Figure 6.1. (A) Absorption spectra of CsPbBrs;, CsPbBrs-MTH, and MTH. TEM image
(in 50 nm scale) of the CsPbBrs; NCs is shown in the inset. (B) PL spectra of the NCs
(Aex = 400 nm). Digital images of the solutions and PL decay profiles (Aex = 405 nm) of
the NCs are also provided in the insets. The concentration maintained here was ~100 nM
and ~25 uM for CsPbBrsand MTH, respectively. PL data of the MAPbBr;and
FAPDBrs; NCs are provided in appendix 4.

decay characteristics of the NCs. TCSPC PL decay measurements show an average
lifetime of 5.26 ns for CsPbBr; NCs (Figure 6.1B inset and Table A4.1). However, for
CsPbBrs- MTH, the PL decays too fast to measure the lifetime using this setup (see below
for actual value measured by upconversion technique), which has a time-resolution of
~60 ps.*2 In the case of MAPbBrs and FAPbBrs NCs, a similar trend was observed
(Figure A4.4). These PL data indicate strong interaction between the photogenerated
charge carriers of the three NCs and MTH.

To determine which of the three APbBrs NCs is best suited for the transfer of a hot carrier
(hot hole in the present case), we first measure their HCC time using femtosecond pump-
probe technique because a system with slower HCC provides a greater opportunity for its
transfer. As excitation fluence and quantum confinement can also influence the estimated
HCC time,’>3 we maintained sufficiently low pump fluence (~0.08 x 10 photons/cm?)
in all cases to avoid nonlinear processes®34 and chose NCs with size larger than their
exciton Bohr diameter to minimize the influence of quantum confinement.’>=7 As the
HCC time depends on the energy content of the carrier,®® during estimation of this
quantity we made sure that the hot carriers possess same excess energy in all three cases.

The same excess energy of the carriers (which we fixed at ~1.46E,) in different systems
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was maintained by varying the excitation wavelengths for the systems. For this purpose,
the Eq values for different NCs were first calculated from the derivative plot of the
absorption spectra (Figure A4.5), and then the excitation wavelength of the pump—probe
study (Figure 6.2A) for each system was adjusted such that the excitation energy
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Figure 6.2. (A) Absorption spectra of the NCs. The positions of the vertical dashed lines
indicate the band gaps of the systems, and the Gaussian profiles represent the pump
energies used for respective samples in TA measurements. (B) Early time TA spectra of
CsPbBrs; NCs (upon 1.46E4 photoexcitation). (C) Bleach formation kinetics (monitored at
respective bleach maximum) of the three NCs representing the relaxation dynamics of the
hot carriers possessing the same excess energy.

corresponds to ~1.46E,. Representative TA spectra of the CsPbBr; NCs at early times are
shown in Figure 6.2B (TA spectra of FAPbBr; and MAPDbBr; are in the Supporting
Information, Figure A4.6). The spectra comprises a sharp negative (bleach) signal, which
represents state-filling of the photogenerated carriers to the band-edges,*% a positive
absorption band at the lower energy side of the bleach signal due to polaron formation,®

and a somewhat weak positive absorption band at the higher-energy side of the same due
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to carrier absorption from the band edge states.®® The HCC time is estimated by
monitoring the formation of the bleach signal of the spectra.®>** The HCC times
estimated from the bleach formation profiles (Figure 6.2C) are 800 + 20, 456 £ 10, and
334 + 43 fs for CsPbBrs, MAPDBr3, and FAPbBTr3, respectively. A faster HCC in hybrid
perovskites (FAPbBrs and MAPbBTs) is consistent with the literature.®® As these results
show that the carriers remain hot for the longest duration in CsPbBrs; NCs, this system is
expected to be most appropriate for the transfer of hot carriers, and hence, the subsequent
measurements and discussion are focused on the CsPbBr; NCs. Even though the TA
spectra (Aex = 350 nm) of the CsPbBr; and CsPbBrs-MTH NCs are very similar (Figures
6.2B and A4.7), the bleach formation time, which represents the relaxation dynamics of
the carriers, differs widely (800 + 20 and 280 + 18 fs, respectively) in two cases. A faster
HCC in CsPbBrs;- MTH NCs (Figure 6.3A and Table 6.1) is a reflection of a competitive
hot carrier transfer process. As the effective masses of the electron and hole are very
similar (me”/my" = 1.07) in CsPbBrs,*>*® both hot electron and hot hole are generated in
almost equal energy content on photoexcitation, and hence, the bleach formation is
representative of the relaxation of both the carriers.®®3 Even though acceleration of
bleach formation in CsPbBrs-MTH NCs can in principle be due to electron or/ and hole
transfer process(es),*# in the present case, thermodynamic consideration of the
energetics of the interacting components suggests hot hole transfer from the NCs as the
only possibility. An approximate rate of the transfer of hot holes is calculated (using k =
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Figure 6.3. Bleach formation kinetics of CsPbBr; and CsPbBr:-MTH NCs for excitation
wavelengths of (A) 350 nm, (B) 400 nm, and (C) 450 nm. Panels D-F compare the bleach
amplitudes of the two systems at the indicated excitation wavelengths.

Table 6.1. Bleach formation time of CsPbBrs; and CsPbBrs-MTH NCs for different
excitation pump wavelength.

dex (NM) Trise [fS]/CsPbBrs  trise [fs]/ CsPbBrs-MTH

350 800 + 20 280 + 18
400 440 = 15 210+ 12
450 149 + 17 109 + 15

1/ancs-mTH — 1/tncs) @S ~2.3 x 10%2 s71, This high hot hole transfer rate is not surprising as
it has to compete with the ultrafast hot hole relaxation rate (~1.25 x 102 s™%). We have
studied the hot carrier transfer dynamics for two other excitation wavelengths, 400 and
450 nm, corresponding to energy of ~1.28E, and ~1.14E,, respectively. For lower
excitation energies also, the bleach formation is faster in CsPbBrs-MTH NCs; however,
the change is not as pronounced as it is for higher excitation energy (Figure 6.3 and Table
6.1).

As the bleach amplitude is a measure of the number of carriers relaxing to the band edge,
by monitoring this quantity one can determine whether the carriers are extracted and to
what extent.1>#-4¢ A lower peak bleach amplitude in CsPbBrs-MTH NCs (Figure 6.3)
compared to CsPbBrs; under identical conditions clearly indicates transfer of the hot holes
to MTH. The dependence of the HC transfer efficiency on the excitation energy is
CsPbBrs-MTH NCs are excited further closer to the band gap, at ~1.08E4 (470 nm), both
bleach formation dynamics and maximum bleach amplitude are found to be very similar
for the two samples (Figure A4.8), indicating no hot hole transfer from CsPbBrs; NCs.
Such depicted in Figure 6.4. Maximum transfer efficiency of ~43% is observed for an
excitation energy of ~1.46Eg, and the lowest (11%) is found for ~1.14E4. When CsPbBr3;
and an energy dependence of the hole transfer efficiency is attributed to the difference in

electronic coupling of the donor-acceptor wave functions with variation in excitation
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energy.*"*® The higher the energy content of the hot hole, the larger the spread of its wave
function beyond the NCs surface and consequently the greater the coupling of the hot
hole wave function of the NCs with the HOMO of the organic moiety.*"4¢

N w B »
B N o o

Transfer Efficiency (%)
>
&

8 . - r . .
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Excitation Energy (eV)

Figure 6.4. Dependence of the hot hole transfer efficiency on excitation energy.

We have examined the hot carrier transfer process also by the upconverted PL
technique,* in which the hot carriers were generated by 400 nm (corresponding to
~1.28E,) excitation of the NCs using ~200 fs pulses and monitoring time-dependent
formation of the band-edge emission (~512 nm), which represents the cooling dynamics
of the carriers.® The HCC time of the CsPbBrs NCs obtained by this method is found to
be 460 + 40 fs, which is in agreement with the literature® and also with our pump-probe
measured value (440 + 15 fs) for 400 nm excitation. However, for the CsPbBrs-MTH
NCs, the HCC time is much shorter (245 + 25 fs) (Figure 6.5) and comparable to the
value (210 £ 12 fs) obtained by the pump-probe technique. Comparison of the peak PL
counts of the two samples indicates ~22% hot hole transfer efficiency in CsPbBrs-MTH

(Figure A4.9), which is consistent with our pump—probe result.
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Figure 6.5. Formation kinetics of the band-edge PL of the two NCs measured by
upconversion technique.

We have also examined the dynamics of transfer of the “cold” holes (i.e., those from the
band-edge) by pump—probe technique by monitoring recovery of the bleach amplitude for
Aex = 350 nm (Figures 6.6 and A4.10). While bleach recovery is a single exponential with
T > 1.2 ns for CsPbBr; NCs (representing the band edge electron—hole recombination
time),**%° in the case of CsPbBrs-MTH, two additional time components (14.1 + 3 and
166.3 £ 15 ps) accompany the long component. The PL decay profile of the CsPbBr3-
MTH NCs, measured by the upconversion technique, also indicates a similar picture
(Figure A4.11). Two short time components (16 = 1.4 and 160 * 10.2 ps) are observable
in addition to the long decay component of >1.2 ns. It is to be noted here that accurate
estimation of the longest time component is not possible using the femtosecond time-
resolved TA and PL UC setup for non-availability of a larger time window.**552 |t is
clear, however, that this long component arises from radiative recombination of the

electron and hole.
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Figure 6.6. Comparison of the bleach recovery kinetics of CsPbBr; and CsPbBrs-MTH
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Scheme 6.2. Schematic Illustration of Carrier Relaxation Dynamics in Photoexcited
(~1.46Eg) CsPbBrs-MTH NCs

The short 14-16 ps component represents the hole transfer time (twr) from the band-edge

states of the NCs (corresponding to a rate of 6.2-7.6x10%° s™%). This value is comparable
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with hole transfer time from the band-edge states in other perovskites.> Interestingly,
hole transfer from the band edge states is relatively slower than that from the higher
energy levels. A faster hot hole transfer could be the result of a larger driving force
(Figure A4.14) and enhanced donor-acceptor wave function coupling.#”*® The
intermediate 160-166 ps component is attributed to a negative trion, which is formed
upon transfer of holes by MTH. Though positive trion formation is more common in
perovskite NCs because of the intrinsic electron trap states,>* >’ formation of negative
trion is also reported in the presence of strong hole scavenger.® Moreover, the observed

negative trion lifetime agrees well with the literature data.>*

6.3. Summary

The main findings of the present work are highlighted in Scheme 6.2 based on the above
discussion. In short, we demonstrate the transfer of hot holes from CsPbBr; NCs using a
molecular system. We attribute this success to intrinsic slow hot hole cooling in the
system and strong electronic coupling of the deep energy levels of the valence band of the
NCs with those of the localized HOMO level of the organic moiety,'” which is facilitated
by the thiol anchoring unit. The findings show that an appropriate choice of a molecular

system can indeed make the transfer process quite efficient.
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7.1. Overview

The thesis is focused on the photophysical properties of an emerging class of
semiconductor materials, lead halide perovskites, which have gained tremendous
attention in recent years due to their potential applications in photovoltaics and light-
emitting devices. We have investigated the spectral and temporal behavior of the
photoinduced transients in these materials in the femtosecond-picosecond timescale. We
have studied the carrier relaxation processes such as single-exciton dynamics, carrier
trapping and hot carrier cooling in perovskite NCs of various compositions. In addition,
we have examined charge transfer from the band edge and above-band edge states of the
perovskites to various molecular acceptors. For this purpose, we have employed
femtosecond TA and PL UC techniques. Besides, we have used TCSPC spectrometer for
fluorescence lifetime measurements in the ps-ns time domain and UV-Vis
spectrophotometer and spectrofluorimeter for various steady state optical measurements
for the works described in the thesis. For characterization of the NCs, we have used
several other instruments such as TEM, FESEM, FTIR, PXRD, etc. The overall finding

of this work is summarized below.

CsPbCls, the least luminescent perovskite in the family of CsPbX; NCs is one of the
major focuses of this thesis. Introduction of a color-centered impurity like Mn not only
enhances the overall PLQY of the system but also reduces overall toxicity of the material
(as it replaces Pb). Here we investigate the carrier dynamics of CsPbCls and a series of
Mn-doped CsPbClz NCs with varying Mn-content. Our finding suggests that significant
carrier trapping in CsPbCl; leads to carrier losses for radiative recombination, which
decreases its PL efficiency. As this carrier trapping also hinders exciton to dopant energy
transfer process in Mn-doped systems, it is evident that if one can design a host NC with
reduced/suppressed carrier trapping, the energy transfer efficiency to the Mn sites and Mn
PLQY can be enhanced. Apart from demonstrating this, we also show that even though
the Mn PL arises due to the atomic d-d transition, its PL energy can be tuned just by
varying the Mn-concentration in the NCs. Mn-Mn exchange interaction due to proximity

effect is shown to be responsible for the tunable nature of the Mn PL.
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For enhancing the PLQY of violet-emitting CsPbCls, we came up with a B-cation doping
strategy. As crystal structure disorder and halide vacancy are the major causes of low
PLQY of this system, incorporation of smaller size B-cation as halide salt can be a
solution. Partial replacement of Pb with Cu serves this purpose. Use of halide salt such as
CuCl; helps to fulfil the halide vacancy. As a result, the PLQY is enhanced to ~ 60%
from ~1% without any change in the bandgap. Blue-emitting perovskites (with emission
window of 430-460 nm) with near-unity PLQY is obtained by halide exchange of these
PL-improved NCs. The suppression of carrier trapping in these systems is also clearly
evident from the TA measurements data. Thus a strategic route to have a violet-blue

emitting perovskites with improved PL efficiency is developed.

Understanding the charge transfer processes from perovskites is important for better
utilization of these substances in photovoltaic applications. Since relatively low bandgap
materials are most suitable in photovoltaics, we chose CsPbBr; and CsPbl; for this
purpose. We chose amino-functionalized pyrene (1-aminopyrene) as a hole acceptor for
both considering the conducting n-framework of the pyrene core and surface anchoring
ability of the amino functionality. Our ultrafast TA measurements reveal successful
extraction of holes from the band edge states of both NCs in ~120-170 ps. The study,
which shows that even a simple molecular acceptor like aminopyrene can serve as a hole
acceptor, suggests that simpler hole acceptors can be possible alternatives to commonly

used expensive spiro-OMeTAD.

Above bandgap photoexcitation generates hot charge carriers, which cool down to the
band edge states. During this cooling process a major portion of the excitation energy is
lost. In order to minimize this loss, hot carriers need to be harvested. Using a simple
molecular hole acceptor (4-mercaptophenol), we demonstrate successful extraction of hot
holes from CsPbBr; NCs. We show that hole extraction efficiency varies with the energy
content of the hot holes and a maximum extraction efficiency of ~43% is observed when
we photo-excite the NCs with 1.46E4 energy. Our success of harvesting hot holes can be
attributed to the intrinsic slow hot hole cooling in CsPbBr; NCs and strong binding of the

acceptor molecule.
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7.2. Future Scope and Challenges

Our investigations suggest that dominant carrier trapping in CsPbCls limits the Mn-PL
efficiency. Thus one needs to look for a better host material (with suppressed carrier
trapping) with similar bandgap to have enhanced PLQY. Even though, we report a new
and better host, its PLQY is limited to ~60%. Clearly, there lies huge scope of improving
the violet-emitting perovskites with less carrier trapping with Mn PL efficiency closer to
near unity. As discussed in section 1.3.6., it is shown that Cd-doping can indeed suppress
the carrier trapping process in CsPbCls system and simultaneous incorporation of Mn and
Cd leads to near unity PLQY from Mn states. However, considering the toxic issue of Cd,
one needs to look for alternate protocol to achieve a trap-free CsPbCl; or an alternative
host with similar bandgap which will exhibit better PL efficiency of Mn PL.

There lies a great opportunity to explore the charge transfer processes from perovskites
using molecular acceptors. In photovoltaic devices, spiro-OMeTAD, which is used as
hole acceptor, is quite expensive. Hence, search for cheaper and simpler acceptors
without compromising the performance of the device has to be made. As far as the
harvesters are concerned, focus should be on low bandgap materials (such as APbls),
which are of real interest in photovoltaic application. While charge transfer from the
band-edge states has been explored quite extensively, little progress has been made in
harvesting the hot charge carriers. Success in fabrication of the hot-carrier based devices
can push the efficiency value beyond the SQ limit. As rapid hot carrier cooling makes
their extraction a challenging task, systems with long hot carrier cooling time are most
useful and should be investigated. With a view to minimize the energy loss, attention
must be given to extraction of multi-excitons as well. In these regard, in-depth
spectroscopic studies exploring the carrier dynamics of these systems need to be carried

out.
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2% Mn:CsPbClg

7.5% Mn:CsPbCly 15.5% Mn:CsPbCly

Figure A1.1. TEM images of different samples showing uniform size distribution.
Scale bar shown here is of 20 nm.
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Figure A1.3. UV-Vis absorption spectra of undoped and doped CsPbClz NCs.
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Figure Al.4. (a) Tauc plot of undoped and doped nanocrystals. Estimated band
gaps are given in brackets. (b) Excitation spectra of 12% Mn:CsPbCls recorded
by monitoring at 604 nm.
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Figure A1.5. TA spectra of (a) undoped, (b) 2% Mn, (c) 12% Mn and (d) 15.5%
Mn doped CsPbClz NCs in toluene at 330 nm excitation (E) Comparison of bleach
recovery kinetics of 0% and 15.5% Mn-doped CsPbCls NCs.
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Figure Al.6. Dotted lines represent PL spectra of (a) Undoped CsPbCls NCs (b)
12% Mn doped CsPbCls NCs. Solid lines are for Br~ exchanged NCs for both
cases. Halide (Br’) exchange was performed by adding freshly prepared CsPbBr3
NCs solution dispersed in toluene into the sample of interest. (c) Comparison of
bleach recovery dynamics between undoped and 12% Mn doped CsPb(CI/Br)3
NCs.
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Table Al.l. Relative Mn content estimated from ICP-OES against the
precursor used during synthesis.

Precursor Ratio % (Mn/Pb) ICP Ratio % (Mn/Pb)

10 1
20 2
30 7.5
40 12
60 15.5

Table Al.2. Mn PL decay parameters of different samples by monitoring at
their respective peak position.

Sample t1 (b1) t1 (b1) <tint> [MSs]
1% Mn:CsPbCls 1.3+0.03 -- 1.30
2% Mn:CsPbCl3 1.24 +0.05 -- 2

7.5% Mn:CsPbCl;s  0.70+0.01 (0.79) 0.18+0.01(0.21)  0.66
12% Mn:CsPbCl;  0.64 +0.03 (0.86) 0.10+0.03(0.14) 051
150 Mn:CsPbCls  0.45 +0.02 (0.82) 0.1+ 0.01 (0.18) 0.43
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Figure A2.1. Room temperature EPR spectra of CsPbClz and Cu-doped CsPbCl3
NCs synthesized in presence of TOP. No characteristic signal of Cu?* is observed.
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Figure A2.2. Room temperature EPR spectra of Cu-doped CsPbCls NCs
synthesized in presence of TOP. Characteristic EPR signal corresponding to Cu?*

is clearly observed.
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Figure A2.3. (A) Absorption and PL spectra of CsPbCls and Cu?*-doped CsPbCls
NCs (B) PL decay dynamics of NCs (Aex = 375 nm, Aem = 403 nm).
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Figure A2.5. Variation of PLQY on varying content of CuCl..2H20 used during
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Figure A2.6. PL-enhancement of CsPbClz NCs upon post-synthetic treatment
with PbCl, (A) and CuCl,. Both the salts were dissolved in toluene in presence of
OA, OLA and TOP.

134



Figure A2.7. Digital image of Cu-doped CsPbCls NCs film under UV light (365
nm).
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Figure A2.8. Stability of the CsPbCls and Cu-doped CsPbClz NCs under ambient

condition, as evident form the PL of the respective systems.
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Figure A2.9. EDX spectrum and elemental atomic % of CsPbClz NCs. The
halide: lead ratio is calculated as 2.82 which indicates that the NCs are halide
deficient.
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Figure A2.10. (A)-(B) TA spectra of CsPb(ClI/Br)3; and Cu-doped CsPb(CI/Br)3
NCs of PL maxima of 430 nm (Aex = 350 nm) (D) Comparison of bleach recovery
kinetics of the two samples monitored at their bleach maxima at 428 nm

Table A2.1. PL decay parameters of Cu-doped CsPbCls; NCs

System Tti(ai))/ns t2(a1)/ns  t3(ay)/ ns  <tamp>/ NS

Cu-doped
CsPbCl; 043(0.82) 3.70(0.13)  14.90 (0.04) 1.43
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Table A2.2. PL decay parameters of halide-exchanged perovskite NCs

System dem Ti1(a1)/Ns t2(a1)/ns t3(al)/ns  <tamp>/ NS
(nm)

CsPb(CI/Br)s - - -
Cu-doped 430 0.41(0.48) 5.00(0.37) 14.90(0.15) 4.3
CsPb(CI/Br)s

CsPb(CI/Br)s 0.07 (0.80) 0.44 (0.19) 5.44 (0.01) 0.2
Cu-doped 460 - 2.60 (0.67)  5.60 (0.33) 3.6
CsPb(CI/Br)s

Table A2.3. Kinetic parameters of bleach recovery dynamics of CsPb(CI/Br)s; and

Cu-doped CsPb(CI/Br)z NCs with PL maxima of 430 and 460 nm.

Recovery components

Systems  Aem (NM)
t,(a,) /ps 1,(a,) /ps 1,(a,) /ps

CsPb(CI/Br), 3.5+0.2(0.21) 20.0+1.7(0.54) >850 (0.25)

Cu-doped 430 - 30.0+1.5(0.28) > 1000 (0.72)
CsPb(Cl/Br),
CsPb(CI/Br), 3.1+0.3(0.16) 30.2+2.0(0.52)  >850(0.32)

Cu-doped 460 - 23.6+4.1(0.16) > 850 (0.84)
CsPb(Cl/Br),
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Figure A3.1. (A) Change in absorption and (B) PL spectra upon successive
addition of AMP in toluene solution of CsPbBrs NCs.
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Figure A3.2. PL decay of CsPbBr3z NCs, without and in presence of AMP. The
shown PL decay in presence of AMP is for the maximum PL quenched sample

(Corresponding PL spectra is given in insets).
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Table A3.1. PL decay parameters of CsPbBrs in absence and presence of AMP.

System  1i(al))/ns T2(a2)/ns  T3(a3)/ NS <tamp>/ NS

CsPbBrs 5.26(0.32) 26.5(0.14) 1.01(0.54) 5.94
CsPhbBrs-
AMP 5.40(0.33) 23.6(0.16) 1.06 (0.51) 6.09

Table A3.2. PL decay parameters of CsPbls in absence and presence of AMP.

System ti(a))/ns Tt2(a2)/ns  t3(as)/ s <tamp>/ NS

CsPbls  34.7(0.34) 214.0(0.13) 4.23(0.53) 418
CsPbla-
AMp  31.9(0.29) 226.0(0.12) 3.29 (0.59) 38.3
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Figure A4.1. TEM images of the (A) MAPbBrz and (B) FAPbBrz; NCs.

Figure A4.2. TEM image of CsPbBrs-MTH showing no morphological changes
upon ligand exchange.
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Figure A4.3. (A)-(B) PL of APbBrz (A= MA and FA) and APbBr-MTH (Aex=
400 nm). Digital images of the respective solutions are also shown.
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Figure A4.5. Derivative plot of the absorption spectra for the estimation of the

band gap of the (A) CsPbBrs, (B) MAPbBr3 and (C) FAPbBr3 NCs.
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Figure A4.10. (A) Plot of late time bleach amplitude (at 500 ps) as a function of
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the value of absorption cross section (c) of CsPbBrs NCs at 350 nm (pump
wavelength), which later was multiplied with the lowest pump fluence (Jp) to
obtain the value of average number of excitons (<N>). This approach to calculate
the <N> is well established and have been used extensively. Under lowest pump
fluence <N> is estimated as 0.13. (B) Bleach recovery kinetics of CsPbBr3 NCs
under varying excitation fluence
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which appears in CsPbBrs NCs due to -CO, stretching of oleic acid (OA), gets
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stretching. This is further confirmed with the IR spectra of free OA where the
C=0 stretching appears at ~1708 cm™ (Panel C). Thus it is evident that MTH
replaces some of the oleates present on the NCs surface and that is why the IR
peaks corresponding to free OA appears. Replacement of some of the oleylamine
(OLA) from the NCs surface may also take place (As evident from the reduced IR
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Table A4.1. PL decay parameters of CsPbBr3, MAPbBr3 and FAPbBrs NCs. In all
APDbBrs-MTH cases the PL decay parameters could not be resolved from the IRF.

System 11[ns]/ (a1) 11[ns]/ (a1) Tavg [NS]
CsPbBrs 3.72 (0.72) 9.20 (0.28) 5.26
CsPbBrs-MTH - - -
MAPDBTr3 5.73 (0.60) 13.6 (0.40) 8.87
MAPbBrs-MTH - - -
FAPDBI3 18.9 (0.71) 65.6 (0.29) 32.44

FAPbBrs-MTH
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Luminescence tuning and exciton dynamics
of Mn-doped CsPbCl; nanocrystalsf

Apurba De, ® Navendu Mondal @ and Anunay Samanta [iDK

Mn-Doped perovskite nanocrystals (NCs) are a new class of materials offering exciting opportunities to
control over their optical and magnetic properties. Herein, we report a series of Mn-doped CsPbClz NCs
exhibiting a tunable Mn photoluminescence (PL) band with a PL peak wavelength pushed up to 625 nm
and tuned over a range of 40 nm, the largest achieved so far, by only varying the Mn content. The X-band
EPR data and Mn PL decay behaviour of the NCs reveal that the exchange interaction between Mn2* ions
is mainly responsible for a large shift of the Mn PL band. Ultrafast pump—probe measurements show that
exciton—dopant energy transfer in these NCs is slower (~50-100 ps) than trapping of the carriers
(~8-10 ps) in the host lattice. The large PL tuning reported here along with the insights into the mechan-
ism of tuning and carrier dynamics are expected to boost the potential of Mn-doped CsPbCls NCs in

rsc.li/nanoscale light-powered devices.

1. Introduction

Doping of semiconductor nanocrystals (NCs) with transition
metal ions can generate new optical, electronic and magnetic
properties through an energy or charge transfer interaction
between the host and dopant."® Group II-IV quantum dots
(QDs) doped with color-centered impurities like Mn** intro-
duce dopant emission with a long photoluminescence (PL)
lifetime, high quantum yield (QY), large Stokes shift minimiz-
ing self-absorption and better colloidal stability over undoped
QDs.””® In photo-excited Mn-doped NCs, transfer of energy
from excitons to the dopant produces a PL band at ~2.12 eV
corresponding to the *T; to °A; transition in Mn** with a long
PL lifetime (a few ms) due to forbidden nature of the tran-
sition, thus making the system a potential candidate for
efficient extraction of charge carriers.'*™"?

Recently, all-inorganic perovskite NCs, CsPbX; (X = Cl, Br,
I), have emerged as promising materials for photovoltaic and
optoelectronic applications.”*™*® Over the last few months, a
number of studies have been undertaken on doping of all-in-
organic perovskite NCs with metal ions,"”'® especially
Mn>".2* 1t is found that Mn-doped CsPbCl; NCs enhance
the stability and efficiency of photovoltaic devices when used
as energy downshift layers with a solar energy harvester.””
Potential application of these doped NCs as display materials
requires tuning of the Mn PL band position. This, however,
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cannot be achieved like it is done for excitonic PL by varying
the size and shape of the NCs. Attempts to tune the Mn PL
peak position by varying the Mn-content in CsPbCl; NCs have
so far been unsuccessful except in one case where Liu et al
could tune it by 18 nm by varying the temperature and
Mn-content up to 46%.>*> Herein, we demonstrate that the
peak wavelength of the Mn PL band in doped CsPbCl; NCs
can be tuned by 40 nm (585 to 625 nm), the highest range
achieved so far, using an Mn-content of only up to 15.5% at a
fixed reaction temperature. X-band EPR and Mn PL decay
measurements reveal an enhancement of the Mn-Mn
exchange interaction at a higher Mn-content in these quantum
confined NCs. The ultrafast transient absorption (TA) measure-
ments reveal fast carrier trapping (~8-10 ps) in the host lattice
and consequent reduction in the number of excitons partici-
pating in energy transfer (~50-100 ps) to the dopant sight.

2. Results and discussion

Both undoped CsPbCl; and a series of Mn-doped CsPbCl; NCs
were synthesized at 185 °C by suitable modification of a
reported hot-injection method (details are given in the
Experimental section).”® Inductively coupled plasma optical
emission spectroscopy (ICP-OES) measurements show that Mn
contents in these NCs are 1, 2, 7.5, 12, and 15.5 mol%, with
respect to Pb, for added Mn precursor concentrations of 10,
20, 30, 40 and 60%, respectively (Table S1}). The transmission
electron microscopy (TEM) images show a cubic morphology
for both undoped and doped NCs with an average edge length
of 7.0 + 0.5 nm (Fig. 1B, C, and S17), which is close to the Bohr

This journal is © The Royal Society of Chemistry 2017



Published on 03 October 2017. Downloaded by University of Hyderabad on 11/11/2017 07:54:08.

Nanoscale

(D) [N
—15.5% /

1 min
—ima
Guenched %

in ice bath

Mn:CsPbCl,

—12% ™~

/S —7.5%
g
;‘

—2%

—1%

SaSuan
|

|
s

R

[—(100)

(110)

| —(220)
- (310

=10)
T
F221)

(222)
G2

40 50 6
20/degree

>

2

w
~
w
B

Fig. 1 (A) Schematic representation of the synthesis of Mn-doped
CsPbCls NCs. A representative model of Mn:CsPbCls; NCs showing
replacement of some Pb positions by Mn is presented below. Digital
images of two solutions differing in the Mn content are also shown to
highlight the tunability of Mn PL. (B) and (C) TEM images of undoped
and 12% Mn-doped NCs, respectively, showing a uniform size distri-
bution. Scale bar shown here is 100 nm. (D) XRD patterns of undoped
and Mn-doped CsPbCls; NCs with different Mn contents. An expanded
view of the (200) peak indicating the shift towards a higher angle is
shown in the right panel.

excitonic diameter (~5 nm) of the host NCs.?® The estimated
Goldschmidt tolerance factor (¢) and octahedral factor (x) for
all Mn-doped NCs fall under the range of stable perovskite
formability (Fig. S21).>”*® The powder X-ray diffraction (XRD)
patterns of the samples match with the standard cubic phase
CsPbCl; (JCPDS: 84-0437, Fig. 1D), indicating the intactness of
the crystalline nature of NCs upon doping. A monotonic shift
of the XRD peaks to higher angles with increasing Mn-content
is indicative of progressive lattice contraction on the substitution
of Pb*>" (133 pm, CN = 6) with smaller Mn>* (97 pm, CN = 6).
A positive shift of the 26 value of 0.46° (Fig. 1D, right panel)
for 15.5% Mn content is in agreement with the literature."’

The PL spectra of the undoped NCs exhibit a sharp exci-
tonic PL band with a peak at ~406 nm (Fig. 2A). With increase
in Mn-content a gradual blue shift of the band-edge absorp-
tion (Fig. S31) and PL is observed despite negligible variations
in the size of the NCs. For undoped NCs, the band gap of 3.05
eV, estimated from the Tauc plot (Fig. S4at) is found to be con-
sistent with the earlier report.>® With increase in dopant
content, this band gap increases due to the contraction of the
PbClgs octahedral unit and consequent enhancement of the
interaction between Pb and Cl. As the conduction band
minimum (CBM) is dominated by Pb (6p) and Cl (3p) anti-
bonding orbitals, the enhanced interaction results in a shift of
the CBM towards higher energy.’*"

For Mn-doped NCs, in addition to the excitonic band, a
broad PL band typical of *T; to °A, electronic transition in
Mn?>", is observed at a longer wavelength. It is evident that this
band results from the transfer of excitation energy from photo-
excited host NCs to Mn as the excitation spectrum corres-
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Fig. 2 (A) PL spectra showing dual emission of sets of materials having
different Mn contents (in %). (B) Digital images of films of different Mn
containing NCs showing the tunability of Mn PL are highlighted.
Variations in the exciton and Mn PL QY and shift in the excitonic and Mn
PL maxima for different Mn containing NCs are shown in panels (C) and
(D), respectively.

ponding to this PL band matches with the absorption spec-
trum of undoped NCs (Fig. S4bt).>*>%?

The variation of the QY of the excitonic and Mn PL on the
Mn-content is depicted in Fig. 2C. A low PL QY (<1%) of an
undoped system is expected to be due to the mid-gap (trap)
states facilitating nonradiative deactivation in wide band gap
CsPbCl; NCs. On doping, the Mn PL intensity is expected to
increase at the expense of excitonic PL. However, for a very
small Mn-content (2%), an increase in excitonic PL intensity is
observed, which we attribute to the removal of pre-existing
structural defects (chloride vacancies) in the host NCs by
MnCl, used in the synthesis.>® An increase in the Mn-content
(from 2 to 12%) leads to an increase in Mn PL accompanied by
a decrease of the excitonic emission intensity; a signature of
efficient energy transfer from the host to the dopant ion. The
highest Mn PL QY of ~27% is observed for 12% Mn-content,
beyond which a drop is noted.**

Panel D of Fig. 2 depicts the dependence of the PL peak
positions on the Mn-content for both the exciton and Mn PL
bands. For excitonic PL, a blue shift (406 to 393 nm) due to
lattice contraction is observed. On the other hand, the Mn PL
band shifts towards red with an increase in the Mn content in
the NCs. A 40 nm shift (from 585 to 625 nm) is observed for
the concentration range studied here. The spectral shift is
clearly observable by the naked eye, as illustrated in Fig. 2B.

Nanoscale, 2017, 9, 16722-16727 | 16723
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The wavelength tuning range demonstrated here is much
larger than that (18 nm) observed very recently by Liu et al. by
varying the Mn-content and reaction temperature. The red
shift is presumably due to the lattice contraction induced
change in the crystal field strength in the host lattice thereby
influencing the energy gap between Mn-emissive atomic
states.’*® However, we show in the following section that
lattice contraction alone is not responsible for the red-shift of
the Mn PL band.

The Mn PL is characterized by a long (~ms) lifetime
(Fig. 3A and Table S27) consistent with the spin-forbidden
nature of the transition. On increase in dopant content, the PL
decay dynamics becomes faster (from 1.30 to 0.51 ms) though
the PL intensity is increased. We also observe a change in the
PL decay behavior from single to bi-exponential one for a
Mn-content of >2%. As single exponential decay behavior
is characteristic of a homogeneous lattice environment

experienced by Mn**,*" switching of the decay behavior to the
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Fig. 3 Mn PL (lexc = 330 nm) decay behavior of the samples monitored

at their respective emission maxima (A), and room temperature X-band
EPR spectrum of the samples (B).
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bi-exponential one for the Mn-content of >2% indicates a
non-uniform distribution of Mn** in the NCs. Whether this
non-uniformity is restricted to the core or surface of the NCs
or at both places is addressed in the next paragraph.

As a knowledge of the distribution of Mn>" ions in the NCs
is essential for interpretation of the above observation, we
have studied the room temperature X-band EPR spectra of Mn-
doped samples. The observation of six equally spaced lines of
an equal intensity (with hyperfine coupling constant, 4 = 86 G)
for 1 and 2% Mn-doped NCs (Fig. 3B) is in agreement with a
nuclear spin (I) of 5/2 for Mn>". Close agreement of the
measured A value with that reported for bulk Mn-doped
CsPbCl; suggests that Mn resides inside the NCs.?”

The distribution of Mn** in doped CsPbCl; NCs, as indi-
cated by the EPR spectra, is uniform up to a Mn-content of
2%. The changes in the EPR spectral pattern, especially
merging of individual signals leading to broadening of the
spectra, with the dopant concentration clearly indicate that
above 2%, Mn ions are no longer diluted in the NCs (like in
for 1 and 2%) and they interact with each other.*®*° For the
highest Mn-content (15.5%) the signal collapses into an
almost single broad line due to an enhanced exchange inter-
action between Mn-pairs. It is important to note that an
unchanged A-value even for the highest Mn-content (15.5%)
indicates that doped Mn remains inside the NCs rather on the
surface.

In exchange-coupled Mn** pairs, splitting of both the
Mn ground state (°Ay, I = 5/2) and the first excited state
(*Ty, I = 3/2) results in a reduced energy difference between the
transition levels and red-shift of the emission band.*" This
coupling also partially lifts the selection rule resulting in a
faster decay dynamics of Mn PL.*> An abrupt change in both
the EPR pattern and Mn PL decay behavior occurs for the
same Mn-content (>2%), hence we conclude that in addition
to the crystal field effect, the Mn-Mn exchange interaction also
contributes to the red-shift of the Mn PL band at higher
dopant concentrations (>2%).

To further explore the exciton-dopant energy transfer (EDET)
process and to determine the factors that influence it, we have
studied the temperature dependence of the PL. A steady decrease
in the PL intensity of dual bands in doped NCs (Fig. 4) with an

(B)

PL intensity
PL intensity

380 400 420 440 400 500 600 700

Wavelength/ nm Wavelength/nm

Fig. 4 Temperature dependent PL behavior of (A) CsPbCls and (B) Mn:
CsPbCls showing a steady decrease in PL intensity with an increase in
temperature.
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increase in temperature from 268 to 333 K is observed. The
decrease of the PL intensity of the excitonic band, which is
very similar in both doped and undoped NCs, is mainly due to
greater carrier trapping (a thermally activated process) at
higher temperatures. As the Mn PL intensity is determined by
the rates of competitive EDET and carrier trapping processes,
the observed drop of the PL intensity must be due to faster
carrier trapping at a higher temperature (that leaves fewer
excitons to participate in EDET). As no shift of the excitonic PL
band is observed with temperature, the exchange coupling
between the exciton and dopant remains unaffected and plays
no role in this regard.”

The competitive carrier trapping and EDET processes are
corroborated by femtosecond TA measurements on undoped
and doped NCs under similar excitation conditions. These
spectra consist of a bleach signal around the excitonic band
(~393-405 nm) and a positive photoinduced absorption band
(~360-420 nm) (Fig. S5a-df). As no additional feature due to
doping could be observed in doped NCs, we rely on the bleach
recovery dynamics for the estimation of the energy transfer
rate. The bleach recovery kinetics recorded in the 0-1 ns time
range for all samples are found to be best represented by a bi-
exponential function (as assessed by the fit residuals). In the
case of undoped NCs, the bleach recovery is represented by a
fast (8.3 ps, 73%) and a relatively slow (160 ps, 27%) com-
ponent (Table 1). The fast component can arise from carrier
trapping or multi-exciton annihilation. However, we rule out
the latter possibility considering that all TA measurements
have been performed with very low excitation fluence (1.3 x
10" photons per cm?). The high amplitude of carrier trapping
is consistent with a low QY (<1%) of our samples of CsPbCl;
NCs. We assign the slow component to the non-radiative
recombination process based on the literature.”>** It is to be
noted in this context that the radiative recombination time
constant cannot be extracted from these data as it extends well
beyond our experimental time window.

For a small doping content (up to 2%), the fast (trapping)
component remains almost the same, but the recombination
time and its amplitude (Table 1) are increased, which is also
evident from the bleach recovery dynamics presented in Fig. 5.
The observation is clearly a reflection of the removal of
pre-existing structural defects in the host lattice upon the
incorporation of a small Mn-content, which is consistent with
our steady state findings.

Table 1 Bleach recovery time constants and the corresponding ampli-
tudes of undoped and doped NCs of varying Mn-contents

Decay components

Systems 7y (a4)/ps 7, (a5)/ps
Undoped CsPbCl, 8.3 +0.4 (0.73) 160.8 + 10.0 (0.27)
1% Mn:CsPbCl, 10.6 + 1.8 (0.60) 450.0 + 10.2 (0.40)
2% Mn:CsPbCl, 9.0 + 1.0 (0.59) 510.0 + 10.0 (0.41)
7.5% Mn:CsPbCl, 7.2 +0.8 (0.41) 138.0 + 9.3 (0.59)
12% Mn:CsPbCl, 7.0 + 1.0 (0.43) 78.0 + 8.3 (0.57)
15.5% Mn:CsPbCl, 7.2 +0.5 (0.45) 48.0 + 6.7 (0.55)

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Comparison of bleach recovery kinetics of 0, 2% and 12% Mn-
doped CsPbClz NCs, monitored at their excitonic bleach maxima.

For higher dopant contents (>2%), the bleach recovery
becomes faster (Fig. 5) with no change in the fast (trapping)
component (Table 1). Acceleration of the bleach recovery kine-
tics with an increase in the dopant content above 2% indicates
an additional ultrafast nonradiative (EDET) process not obser-
vable for a low Mn-content (<2%) due to an opposing crystal
stabilization effect. It is evident that the energy transfer cannot
compete with the fast trapping component rather it affects
only the long component. This observation is in line with the
recent report on Mn-CsPbCl; NCs which appeared during the
preparation of our manuscript.*® In the present case, we have
estimated the energy transfer time scale from the extent of a
decrease in a longer time constant and it is found to be ~92
and ~53 ps for 12 and 15.5% Mn-doped CsPbCl; NCs, respect-
ively. It is also to be noted that, after 2% dopant content, the
host becomes modified (with increased 7,); hence the esti-
mation of the energy transfer (for 12 and 15.5%) is carried out
with respect to 2% rather than 0%.

The above findings seem to suggest that the EDET
efficiency can be further improved by reducing the trap centers
in the host lattice. To validate this assignment we have carried
out similar experiments with CsPb(Cl/Br); as a host which
offers a higher excitonic PL QY with less trap centers compared
to CsPbCl;. However, the Mn PL QY in Mn:CsPb(Cl/Br); is
found to be much lower than that in Mn:CsPbCl; (Fig. Sé6a
and b¥). The bleach recovery dynamics is also not affected by
the Mn-content (Fig. S6ct) suggesting poor coupling between
the exciton and dopant due to a lower band gap of the host
lattice. Hence, the strength of coupling between the host and
the dopant ions is one of the key factors that determines the
efficiency of the EDET process.

3. Conclusions

Before drawing the conclusion, we attempt to rationalize our
findings considering the recent studies, where small/no
tuning of the Mn PL band could be observed.'***** We think
the key to achieving large tuning in our case is the stronger
confinement in our NCs (~7 nm) as compared to the others

Nanoscale, 2017, 9, 16722-16727 | 16725
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(>10 nm). The close proximity of the Mn>" ions in the confined
space gives rise to Mn-Mn exchange coupling, which modu-
lates the Mn PL energy gap. The other factor contributing to
the shift of the Mn PL band is lattice contraction induced by
smaller Mn size. The Mn PL QY of the doped NCs is deter-
mined by the net effect of two opposing factors, the EDET and
Mn-Mn exchange interaction. Hence, the drop in the Mn PL
QY at the highest Mn content is due to the dominating
Mn-Mn exchange interaction over the EDET process.

In conclusion, we demonstrate the largest tuning of the
Mn-doped PL band in perovskite NCs and identify the factors
that contribute to it. Further, the exciton dynamics of these
NCs provides insight into the time constants of the photo-
induced processes. We expect these findings will help improv-
ing the optical response of these substances further, thus
making them useful in practical applications.

4. Experimental section

4.1 Chemicals used

Cesium carbonate (99.9%), lead chloride (99.999%), manga-
nese(u) chloride (anhydrous, beads, 99.99%), octadecene
(ODE, 90%), oleic acid (OA, 90%) and oleylamine (OLA, 70%)
were purchased from Sigma-Aldrich. These chemicals were
used for synthesis without further purification. Dried toluene
was used as solvent in all optical studies.

4.2 Synthesis

CsPbCl; NCs were synthesized by following the hot injection
method reported by Protesescu et al. with some minor modifi-
cations.”® In brief, 0.16 g Cs,CO;, 6 ml ODE and 0.5 ml OA
were taken in a double-necked round-bottom flask (RB) and
the mixture was dried under vacuum for 1 hour at 120 °C.
Then it was heated under a N, atmosphere until all Cs,CO;
reacted with OA to form cesium-oleate, which was kept at
120 °C before its use to avoid precipitation.

0.052 g of PbCl,, 5 ml ODE, 0.5 ml OA, and 0.5 ml OLA were
loaded in a 50 ml RB and the mixture was heated under
vacuum at 105 °C. 1 ml TOP was injected for better solubility
of PbCl,. Then the temperature was increased to 185 °C and
once it is reached, 0.45 ml of Cs-oleate was swiftly injected.
After one minute the solution was cooled in an ice bath. The
synthesized NCs were precipitated out of ODE by centrifu-
gation and the supernatant liquid was discarded. The product
was dispersed in dried toluene for further use.

For the synthesis of Mn-doped CsPbCl; NCs, MnCl, was
used additionally in the mixture of PbCl,, OLA and OA following
the method described already. The MnCl, beads were ground
well prior to their use. In contrast to the earlier study, where a
higher temperature (210 °C) was used for the incorporation of
Mn into the NCs,** we employed a moderate temperature
(185 °C) and varied the Mn precursor content for the synthesis
of Mn-doped NCs. The actual Mn-content in the synthesized
NCs is determined through ICP-OES measurement. Detailed
characterization of the NCs has been discussed in the ESL{
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ABSTRACT: Among the lead halide perovskites, photoluminescence quantum
yield (PLQY) of violet-emitting CsPbCl; nanocrystals (NCs) is the lowest
(<5%). This is an impediment to the development of perovskite-based materials
for optical applications covering the entire visible region. While PLQY of the
green- and red-emitting perovskites of this class has been raised to near-unity,
achieving a similar level for violet- and blue-emitting NCs is still quite
challenging. Herein, we report a novel method of simultaneously passivating the
surface defects and crystal disorder of violet-emitting CsPbCl; NCs to
dramatically enhance (by a factor of ~120) the PLQY and stability without
affecting the peak wavelength (403 nm) and full-width at half-maximum
(FWHM) of the photoluminescence (PL) band. We show that the addition of the
correct quantity of CuCl, during the hot-injection synthesis of CsPbCl; NCs
leads to doping of Cu" into the NCs, which rectifies octahedral distortion of the
crystal and the CI™ passivates the surface; the combined influence of the two
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results in huge PL enhancement. NCs emitting throughout the blue region (430-460 nm) with near-unity PLQY (92%—
98%) can then be obtained by partial halide-exchange of the doped sample. Femtosecond transient absorption studies
suggest suppression of the ultrafast carrier trapping process in doped NCs. The results help extending the utility of these
materials in optical applications by covering the violet—blue region as well.

ll-inorganic halide perovskites (ABXj-type) have
Agained tremendous attention in recent years, because
of their diverse applications in photovoltaics, light-
emitting devices (LEDs), lasing, etc.' > High photolumines-
cence quantum yield (PLQY) and ease of tunability of the
photoluminescence (PL) band position across the entire
visible region make these materials quite attractive for optical
applications. Interestingly, although high PLQY (80%—95%)
in the green—red region is reported for the nanocrystals (NCs)
without any surface modification, the violet-emitting CsPbCl,
NCs suffer from low PLQY (<5%).” ">
Several reports have appeared during the past few months
describing different methods of enhancing the PLQY of these
NCs as high PLQY in the violet—blue region is essential for the
development of white LEDs.*”'""*~'® Recently, a PLQY of
60% is achieved for CsPbCl; NCs by room-temperature
treatment of a colloidal solution of these NCs with yttrium
chloride.” In another study, it is shown that addition of NiCl,
during hot-injection synthesis of CsPbCl; NCs leads to doping
of Ni** and remarkable enhancement of PLQY (up to 96%)."
We have shown that post-synthetic treatment of CsPbCl; NCs
with CdCl, can enhance the PLQY to near-unity."" In a more-
recent study, Wang and co-workers have shown that post-
synthetic treatment of CsPbCl; NCs with CuCl, enhances the
PLQY up to 12%, whereas the bromide salt enhances the value
to ~92.6%, it shifts the PL maximum to 460 nm.'® In another

-4 ACS Publications  © 2019 American Chemical Society
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recent work, it is reported that the addition of CuBr, during
hot-injection synthesis of CsPbCl; NCs leads to the formation
of blue-emitting (peak between 450-460 nm) mixed-halide
perovskites [CsPb(Cl/Br);] NCs with a PLQY of ~80%.
Several metal-nitrate salts have also been used to increase the
PLQY of CsPbCl; NCs up to ~85% with an emission window
of 460—470 nm."”

Thus, it is evident that, although blue-emitting NCs (A, =
450-470 nm) with impressive PLQY have been achieved,
obtaining stable violet-emitting NCs (peak at <430 nm) with
high PLQY is still a challenging exercise.'”” The halide
vacancies, which create only shallow trap levels in CsPbBr;,
form deep trap states in CsPbCl;, which promote nonradiative
relaxation of the carriers and lower the PLQY of the system.”
Besides, local structural disorder arising from halide vacancies
and/or intrinsic distortion of the [PbCls]*” octahedron also
contributes to carrier trapping in CsPbCl;,'*** unlike in
CsPbBr; or CsPb(Cl/Br);, which forms near-perfect crystal
structure. Hence, one must take care of both halide vacancies
and structural disorder to achieve a high PLQY for violet-
emitting pure CsPbCl,.
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Herein, we show that, when an optimum amount of CuCl,-
2H,0 is added during hot-injection synthesis of the CsPbCl;
NCs, the PLQY of the system is greatly enhanced without any
change in the peak wavelength. An impressive PLQY of doped
mixed-halide NCs emitting in the blue region (430-460 nm) is
then achieved. Quantitative information on the dynamics of
the nonradiative trapping processes in doped and undoped
NCs that determine the PLQY of the systems is also obtained
through ultrafast transient absorption measurements.

While CsPbCl; NCs were prepared using a reported hot-
injection method (details are given in the Electronic
Supporting Information (ESI)),® for the synthesis of Cu-
doped CsPbCl; NCs, an additional amount of CuCl,-2H,0
(0.22 mmol)** was added in the reaction mixture consisting of
0.188 mmol PbCl,, S mL of octadecene (ODE), 0.7 mL of
oleic acid (OA), and 0.7 mL of oleylamine (OLA), and heated
under vacuum at 120°C for 45 min. The blue solution turned
colorless upon the addition of 1 mL of trioctylphosphine
(TOP) under a N, atmosphere. After raising the temperature
to 185 °C, 0.45 mL of cesium oleate was swiftly injected into
it; then, after a minute, the mixture was quenched in ice water.
The resulting solution was then centrifuged at 6800 rpm and
the supernatant liquid was discarded. The precipitated NCs
were then washed with methyl acetate before dispersing them
in toluene for further studies. (The synthesis process for Cu-
doped CsPbCl; NCs via the hot-injection method is depicted
in Scheme 1.)

Scheme 1. Schematic Representation of the Synthesis of Cu-
Doped CsPbCl; NCs in the Hot-Injection Method

Cooled in
ice bath
—)
PbCl,, CuCl,, ODE, Cs-oleate Cu-doped
OLA, OA, TOP CsPbCI; NCs
@185°C

While the transmission electron microscopy (TEM) images
of CsPbCl; NCs show cubic morphology with a wide size
distribution and an average edge length of 9 + 2.5 nm (Figure
S1 in the ESI), the size distribution is narrower, with an
average edge length of ~7 + 1.0 nm (see Figure 14, as well as
Figure S1) for Cu-doped CsPbCl,. Such a decrease in the size
of the NCs size, coupled with improved monodispersity upon
the introduction of metal halide during the synthesis, is
consistent with previous reports.'”** High-resolution trans-
mission electron microscopy (HRTEM) images indicate an
interplanar distance of 0.57 nm for the (100) crystal planes in
both cases.

Powdered X-ray diffraction (PXRD) patterns show cubic
crystalline structure (Figure 1B) for both the NCs indicating
no notable influence of CuCl,2H,0 on the crystal lattice.
Elemental mapping of the field-emission scanning electron
microscopy (FESEM) images show homogenous distribution
of Cu, Cs, Pb, and Cl (Figures 2B—F) throughout the NCs.
Energy-dispersive X-ray (EDX) measurements indicate a
copper content of ~1.03% indicating ~5% substitution of Pb
(Figure 2A) in doped NCs. No shift of the PXRD peaks
toward higher 20 values on copper doping is observed in our
case. This is perhaps due to small amount of copper
incorporated in the NCs.

The absence of any signal due to Cu®" in the EPR spectrum
of the doped NCs indicates the 1+ oxidation state of copper in
the NCs (Figure S2 in the ESI). This finding explains the
immediate color change of the reaction mixture from blue to
colorless upon the addition of TOP during the synthesis of the
NCs. The fact that TOP indeed acts as a reducing agent is
confirmed by the observation that, in the absence of TOP, one
obtains doped NCs, which exhibit characteristic EPR signal
due to Cu** (Figure S3 in the ESI) and also a PLQY of ~60%
(Figure S4 in the ESI).

X-ray photoelectron spectra (XPS) of CsPbCl; NCs show
two distinct peaks at 138.6 and 143.5 eV corresponding to Pb
4f,,, and Pb 4f;,, respectively (Figure SS in the SI). Two Cl
signals corresponding to Cl 2p,,, and Cl 2p,,, are also
observed at 198.1 and 199.7 eV, respectively. For Cu-doped
CsPbCls, all peaks due to Pb 4f and Cl 2p shift to higher
binding energy (Figure S5) indicating a halide-rich chemical
environment around [PbCl¢]*” octahedra and a stronger Pb—
Cl bond.'"** However, no XPS signal due to Cu" could be
observed, because of its low content or/and limited
penetration of the XPS probe (typically up to ~2 nm from
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Figure 1. TEM images of (A) Cu-doped CsPbCl; NCs. Inset shows HRTEM images with the lattice spacing between (100) planes indicated
in the image. (B) PXRD patterns of both NCs, confirming a cubic crystalline structure.
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Figure 3. (A) Absorption and PL spectra of CsPbCl; and Cu-doped CsPbCl; NCs (B) PL decay dynamics of both the NCs (A, = 375 nm, 4,
=403 nm). (C) Digital images of the colloidal solutions of the NCs under UV light (1., = 365 nm), where bright blue PL is clearly visible for

Cu-doped CsPbCl; NCs.

the surface), which is a well-known limitation of this
technique.”® Not observing a dopant XPS signal, because of
its low content, is not uncommon.”’ The presence of Cu
(~5%) in the NCs is conclusively established by the EDX data.
To further confirm the presence of Cu in the NCs, we
performed inductively coupled plasma optical emission (ICP-
OES) measurements, which indicates a copper content of
~7%, which is a value consistent with our EDX data.

While the undoped CsPbCl; NCs show a sharp PL band
(FWHM = 14 nm) with peak at 403 nm and a PLQY of only
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~0.5%, the Cu-doped CsPbCl; NCs exhibit dramatically
higher PLQY (~60%) with unchanged PL peak position and
FWHM (Figure 3). As stated earlier, this maximum PLQY is
observed for an optimum concentration (0.22 mmol) of
CuCl,-.2H,0O used during the synthesis. For higher or lower
concentrations, the NCs exhibited lower PLQY values (Figure
S6 in the ESI). We also examined whether post-synthetic
treatment of the CsPbCl; NCs with CuCl,-2H,O can improve
the PL properties or not. Dropwise addition of CuCl,-2H,0
dissolved in OA, OLA, and TOP to a toluene solution of

DOI: 10.1021/acsmaterialslett.9b00101
ACS Materials Lett. 2019, 1, 116—122
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Figure 4. TA spectra of (A) CsPbCl; and (B) Cu-doped CsPbCl; NCs; In both cases, samples were excited at 350 nm using a fs-laser; (C)
comparison of the bleach recovery kinetics of the two samples monitored at their bleach maxima at 402 nm.

CsPbCl; NCs under stirring condition improves the PLQY
only up to ~16% (Figure S7 in the ESI). This finding is in
agreement with recent observation of enhancement of PLQY
of CsPbCl; NCs to 12% upon post-synthetic treatment with
CuCl,."* Clearly, our direct hot-injection method of synthesis
is much more effective in this regard.

Like the colloidal dispersions (Figure 3C), a film of Cu-
doped CsPbCl; NCs also exhibit strong violet PL (Figure S8 in
the ESI). When the air stability was checked, the doped NCs
show much more robustness by maintaining ~60% of its initial
PL after 6 days, whereas only ~10% PL is retained in the case
of undoped NCs during the same period (Figure S9 in the
ESI). Unlike the undoped NCs, whose PL decay is too fast to
be measured accurately in our time-correlated single photon-
counting (TCSPC) setup, which has a time-resolution of ~58
ps, the Cu-doped NCs show much higher PL lifetime (z,,
1.43 ns; see Figure 3B, as well as Table S1 in the ESI).

Two factors contribute to high PL of the doped CsPbCl;
NCs. First, the halide vacancies are well-known trap centers,
which facilitate nonradiative deactivation of the charge
carriers.”' " Since the undoped CsPbCl; NCs are halide-
deficient (evident from the Cl:Pb ratio of 2.8, Figure S10 in the
ESI), but the Cu-doped ones are halide-rich (Cl:(Pb + Cu)
ratio of 3.3; see Figure 2A), it is evident that removal of halide-
vacancy associated defects in doped NCs contributes to
enhanced PL of the latter.'””®* Second, it is also documented
that distortion of the [PbClg]*” octahedral unit has a
deleterious effect on the PL properties of CsPbCl; NCs and
doping of smaller size cations such as Cd**, Ni*" enhances
short-range order in the lattice and also improves the PLQY of
the NCs.'”"" Hence, doping of Cu* (ionic radius = 77 pm)
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helps rectification of this structural defect and also contributes
to the improved PL of the NCs.

We have also investigated the role of dopant on the carrier
dynamics in the early time-scale using ultrafast transient
absorption technique.’”*' The transient absorption spectra
obtained on 350 nm excitation of a colloidal solution of the
undoped and Cu-doped NCs with femtosecond laser pulses of
low pump fluence (12.7 X 10" photons per cm? to avoid
contribution from nonlinear processes in the recorded
dynamics)®> over a time-scale of up to 500 ps, are
characterized by a sharp negative signal at ~402 nm and
positive signals on both sides of it (Figure 4). The negative
signal represents bleach that is due to ground-state absorption
of the samples. Although the spectral features are similar in
both cases, careful examination of the data reveals that bleach
recovery is significantly slower in the case of Cu-doped sample.
For example, in 500 ps, the bleach recovery is only 40% for
doped system, compared to ~86% recovery for undoped
system. Analysis of the bleach recovery kinetic traces of
undoped NCs shows two fast components of 3 ps (25%) and
40.1 ps (55%) and a slower component of >850 ps (20%)
(Table 1). The fast two components are attributed to carrier

Table 1. Kinetic Parameters of the Bleach Recovery
Dynamics of CsPbCl; and Cu-Doped CsPbCl; NCs

Recovery Components

system 7, (a))/ ps 7, (a,)/ ps 7, (a3)/ ps

CsPbCl, 3.0 £02(025) 401 +27(0.55)  >850 (0.20)

Cu-doped 3.5+£02(030) 350 +45(0.16)  >850 (0.54)
CsPbCl,

DOI: 10.1021/acsmaterialslett.9b00101
ACS Materials Lett. 2019, 1, 116—122
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Figure 5. Relative PL of CsPb(Cl/Br); and Cu-doped CsPb(Cl/Br); NCs with PL maxima at (A) 430 nm and (B) 460 nm; PL decay profiles
(Aex = 375 nm) of the NCs are compared in respective insets. Digital images of the colloidal solution of the PL improved NCs under UV light
(Aex = 365 nm) are shown in both cases. (C) TA spectra of Cu-doped CsPb(Cl/Br); NCs, which exhibit PL maxima at 460 nm (4., = 350
nm), Inset shows of TA spectra of undoped CsPb(Cl/Br); NCs emitting at 460 nm. (D) Comparison of bleach recovery kinetics of the two
samples (4., = 460 nm) monitored at their bleach maxima at 456 nm.

trapping and the long-component to carrier recombina-
tion.'">’ Here, note that the exact value of the long-time
component could not be measured accurately as it falls beyond
the time-window of the femtosecond TA-setup.

Large contribution of carrier trapping in CsPbCl; (~80%) is
indeed a reflection of poor PLQY of the system.”"'"**** This is
predominantly due to chloride vacancies, which require little
energy for its formation and generate deep trap energy
levels.*"* In addition, structural disorder and strong electron-
phonon interaction also contribute to carrier trapping in this
system.”” Interestingly, in doped NCs, carrier trapping is
significantly suppressed (~46%) and majority of the carrier
follows a longer recombination path (Table 1), resulting in a
long PL lifetime (1.43 ns) and high PLQY, compared to the
undoped sample.

If CuBr, is used in place of CuCl, during hot-injection
synthesis of the NCs, doped mixed halide perovskite NCs are
obtained, but controlling precisely the composition and PL
peak position was difficult. However, room-temperature halide
exchange was found quite convenient for tuning of the PL
band to access the entire blue region. For this purpose, Cu-
doped CsPbCl; NCs were treated with different quantities of
benzoyl bromide (as bromide source) at room temperature to
adjust the PL wavelength between 430 nm and 460 nm.*® The
halide-exchanged doped CsPbCl; NCs exhibit a PLQY of
~92% (A = 430 nm) and 98% (A, = 460 nm), while halide-
exchanged undoped NCs exhibit a PLQY of only ~8% (Aen
430 nm) and 22% (A, = 460 nm) (see Figures SA and SB).
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These high values are quite impressive, considering that these
NCs are blue-emitting,

Enhanced PLQY of the NCs is accompanied by an increase
in PL lifetime (see Figures SA and SB (insets), as well as Table
S2 in the ESI). For Cu-doped CsPb(Cl/Br); NCs emitting at
430 nm, the PL lifetime (4.3 ns) is much higher than that of
the undoped counterpart. The doped CsPb(Cl/Br); NCs with
PL maxima at 460 nm exhibit a biexponential decay behavior
with an average lifetime of 3.6 ns, which is several-fold higher
than that of the undoped sample (0.2 ns; see inset in Figure
SB).

The transient absorption measurements show much slower
bleach recovery for doped CsPb(Cl/Br); NCs, compared to
the undoped sample within a given time frame (see Figure SC,
as well as Figure S11 in the ESI). For example, the doped NCs
sample, which emits at 460 nm, shows 10% recovery against
~70% recovery for the undoped NCs in 500 ps. The bleach
recovery kinetics data show that the contribution of the long-
lifetime component (> 850 ps) is much higher (~84%) in
doped NCs (versus 32% in the undoped system) (Table S3 in
the ESI), thus explaining the improved PLQY of the former.
The NCs, which emit at 430 nm, show a similar trend (see
Figure S11, as well as Table S3).

Although several metal-halide salts have been used
previously to enhance the PL of CsPbCl; NCs, both the
mode of function of the salts and the extent of PL
enhancement differ from case to case. For example, the
room-temperature post-treatment with YCI; that was reported
by Mohammed and co-workers enhanced the PLQY up to
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60%, following passivation of the Pb—Cl ion-pair defect sites
by YCl,.” Surprisingly, the same metal halide salt, when used
during hot-injection synthesis, did not produce significant PL
enhancement, despite the doping of Y** in the NCs.” There are
other instances as well. While the addition of solid CdCl, into
a colloidal dispersion of the CsPbCl; NCs did not influence
the optical properties of the NCs greatly,” when these NCs are
treated with ethanol/amine solution of the same salt (CdCl,),
the PLQY is enhanced to near-unity."" This variation is most
likely the outcome of how the metal-halide salts interact with
the NCs in two cases. In the first case, the interaction is
restricted to the surface, whereas in the latter case, dissolution
of the salt in ethanol/amine allows the metal ion to go inside
the NCs, which helps rectification of the structural disorder in
the lattice. We would like to discuss a third interesting case,
which involve NiCl, salt. Its use during hot-injection synthesis
results in the formation of Ni**-doped CsPbCl; NCs with
~96.5% PLQY, whereas room-temperature treatment with this
salt does not significantly improve the PL properties.'”"” Very
recently, it is shown that addition of CuBr, during hot-
injection synthesis of CsPbCl; produces NCs with PLQY of
80%—90%.° However, because of unavoidable halide
exchange, the resulting mixed-halide NCs emit not in the
violet region, but only in the blue region (4., = 450—460
nm). A recent post-synthetic treatment of CsPbCl; NCs with
CuCl, improved the PLQY only up to 12.7% PLQY." In this
context, our approach of using CuCl, salt in the hot-injection
method is much more effective in producing highly
luminescent violet-emitting CsPbCl; NCs. In addition, one
can easily get blue-emitting NCs (4,,,, = 430—460 nm) with
high PLQY (92%—98%) from our PL improved NCs by
following simple room-temperature halide exchange protocol.

In conclusion, it is shown that one can dramatically enhance
the PLQY of weakly emitting CsPbCl; NCs by using an
appropriate quantity of CuCl, during the hot-injection
synthesis of the NCs. The treatment leads to doping of Cu®
into the NCs and passivation of the surface halide vacancies.
Time-resolved PL and ultrafast transient absorption measure-
ments suggest suppression of the carrier trapping process in
doped NCs. Highly luminescent (PLQY of 92%—98%) NCs
emitting in the blue region (430—460 nm) is also obtained by
partial halide exchange of the doped NCs. The findings are
likely to further enhance the potential of these promising
materials in optoelectronic applications.
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ABSTRACT: The lead halide perovskites have emerged as
promising materials for photovoltaic applications within a very
short period. The key to exploitation of the full potential of these
substances by achieving even higher photovoltaic conversion
efficiency lies in understanding of the charge (electron/hole)
separation process and their transfer across the interface. As the
latter depends on the nature of the electron/hole acceptor, quest
for suitable carrier acceptor is an active area in this context.
Herein, we explore the hole extraction ability of 1-ampinopyrene
(AMP) from two very common all-inorganic perovskite
nanocrystals (NCs), CsPbBry and CsPbly, with different band

gaps. The observation of efficient quenching of the photoluminescence (PL) of the NCs with little/negligible change in PL time-
profile in the presence of AMP indicates static interaction of the two interacting species. The band alignment of the NCs relative
to the HOMO—LUMO energy levels of AMP and ultrafast pump—probe measurements reveal rapid hole transfer from the
photoexcited NCs to AMP. The hole transfer time constants are estimated as 120 and 170 ps for CsPbBr; and CsPbl; NCs,
respectively. The rapid extraction of the hole, as observed with the present system, appears to be the result of strong anchoring of
AMP on the NCs surface and facile transfer of the hole through conducive pyrene framework. The findings reveal that judicial
choice of even a simple molecular system like the present one can help rapid transfer of photogenerated carriers and contribute

to the development of cost-effective solar cells in the future.

1. INTRODUCTION

The past few years have witnessed intense activities on lead
halide perovskites in various areas like in photovoltaic,' *
lasing,5’6 light emitting devices, etc.”® with a major focus as
solar energy harvesting materials. Followin§ the pioneering
report by Miyasaka and co-workers in 2009,” the research on
the perovskites has so far led to a record breaking photoelectric
conversion efficiency (PCE) of >22%.'° PCE is not merely
determined by the light harvesting ability of the sensitizer but
also very much by the hole/electron transporting materials. In
photovoltaic devices, the light harvesters are sandwiched
between an electron and a hole transporting layer. The
transport layers play the important role of extraction of charge
carriers from the sensitizer thus minimizing internal recombi-
nation. As a commonly used hole transporting material
(HTM), 2,2/,7,7'-tetrakis(IN,N-di-p-methoxyphenylamine)-
9,9'-spiro-bifluorene (spiro-OMeTAD), is quite expensive, the
quest for an alternative HTM is an active area in this field."" In
this regard, a few organic molecules other than spiro-OMeTAD
have been studied as HTM'*~'® and the results show that both
the terminal functionality and core of the molecule play
important roles in the extraction of the carriers and hence, in
determining the efficiency of the HTM. Liu et al. have shown
how molecular engineering can improve PCE of a HTM.'” The
introduction of a phenylene spacer in phenothiazine based
compound is found to influence the PCE dramatically.”* Seok

-4 ACS Publications  © 2018 American Chemical Society

and co-workers have shown remarkable PCE of the N,N-di-p-
methoxyphenylamine-substituted pyrene derivatives as HTM
for CH;NH,Pbl, attributing it to the pyrene core."*

As the PCE of a solar cell is governed mainly by interfacial
charge (electron/hole) transfer dynamics from the perovskite
NCs to their respective acceptor sites, a knowledge of other
competitive processes within the NCs (excitonic recombina-
tion, carrier trapping'®”'®) is essential in this regard. Rapid
dissociation of the excitons and suppression of competitive
processes in NCs are key to improving the efficiency the
systems. The surface trap states can further reduce the
PCE.””*" Various surface modification treatments of the
perovskite NCs have been attempted to address this
issue.”*™*° For lead-based perovskites, thiophene and pyridine,
which bind preferentially to surface Pb**, are found to be quite
effective.”” A recent work shows the utility of the amino
functionality in the passivation of surface trap states (by dative
bond formation with Pb*>" on the surface) and transfer of
hole.*

Recognizing the excellent charge transport property of the
pyrene core and considering the recent report on the
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Figure 1. TEM images of (A) CsPbBr; and (B) CsPbl; NCs. Scale bar is 100 nm. Respective HRTEM images are given in insets. (C) PXRD

patterns of both the NCs.

effectiveness of the amino functionality in surface passivation
and hole movement,'** we pick up 1-aminopyrene (AMP), a
simple commercially available pyrene derivative with an amino
functionality, to find out whether/how it can help extraction of
charge carriers from photoexcited perovskite NCs, CsPbBr; and
CsPbl; using femtosecond transient absorption (TA) measure-
ments. We note that the literature on the interfacial charge
transfer dynamics from the perovskite NCs is rather
limited.””** While a number of electron acceptors have been
tried out, to the best of our knowledge, phenothiazine and 4,5-
dibromofluorescein are the only two molecular systems which
have been investigated as hole acceptors from the perovskite
NCs 272830

2. EXPERIMENTAL METHODS

2.1. Materials. Cesium carbonate (99.9%), lead bromide
(>98%), octadecene (ODE, 90%), oleic acid (OA, 90%), and
oleylamine (OLA, 70%) were purchased from Sigma-Aldrich.
Lead iodide (99.9985%) was obtained from Alfa Aesar. All
chemicals for synthesis were used without further purification.
Dried toluene was used as solvent in all spectroscopic studies.

2.2. Preparation of the NCs. CsPbBr; and CsPbl; NCs
were prepared by following a reported hot injection method.”
In brief, 0.16 g of Cs,CO;, 6 mL of octadecene (ODE), and 0.5
mL of oleic acid (OA) were added together in a S0 mL double-
necked round-bottom flask (RB), which was heated under
vacuum at 120 °C for 1 h. Subsequently, it was heated at 120
°C under nitrogen atmosphere until all Cs,CO; reacted with
OA to form Cs-oleate complex. This solution was maintained in
heating condition for its use to avoid precipitation. In another
50 mL double-necked RB, 0.069 g of PbBr, (for synthesis of
CsPbBr;) or 0.084 g of Pbl, (for CsPbl;) along with S mL of
ODE, 0.5 mL of OA, and 0.5 mL of OLA were added and
heated under vacuum at 105 °C for an hour. The temperature
was then increased to 165 °C under nitrogen atmosphere and
0.45 mL of hot Cs—oleate solution was injected swiftly followed
by immediate cooling of the solution in ice cold water. The
synthesized NCs were collected by centrifuging the suspension
at ~8000 rpm and then dispersed in toluene for further study.

2.3. Structural Characterization. Transmission electron
microscopy (TEM) measurements of the synthesized NCs
were performed with a Tecnai G2 FE1 F12 transmission
electron microscope at an accelerating voltage of 120 kV.
Powdered X-ray diffraction (PXRD) patterns were recorded on

a Bruker D8 Advance diffractometer using Cu Ka X-radiation
(A = 1.5406 A).

2.4. Steady State and Time-Resolved PL Measure-
ment. The steady-state absorption and PL spectra were
measured by Cary100 (Varian) UV—visible spectrophotometer
and FluoroLog-3 (Horiba Jobin Yvon) spectrofluorimeter,
respectively. The PL decay profiles of the NCs were recorded
by using a time-correlated single photon-counting (TCSPC)
spectrometer (Horiba Jobin Yvon IBH). A diode laser (481
nm) with a repetition rate of 10 MHz was used as the excitation
source and an MCP photomultiplier (Hamamatsu R3809U-50)
as the detector. The instrument response function was 150 ps
for this excitation source. The PL decay curves were analyzed
using a nonlinear least-squares iteration procedure through
decay analysis software (IBH DAS6, V 2.2).”*

2.5. Transient Absorption Measurement. The details of
the experimental setup is described elsewhere.” Briefly, the
setup consisted of a mode-locked Ti:sapphire seed laser (Mai-
Tai, Spectra Physics) with 80 MHz repetition rate and a center
wavelength of 801 nm. A part of its output was directed to the
regenerative amplifier (Spitfire Ace, Spectra Physics), which
was pumped (at 527 nm) by a frequency doubled Nd:YLF laser
(Empower, Spectra Physics). The amplified output of 801 nm
(42 W), operating at a repetition rate of 1 kHz was then
divided into two parts. One part was directed to an optical
parametric amplifier (TOPAS-Prime, Spectra Physics) to
generate required excitation pulse and the other was passed
through a delay unit followed by a CaF, crystal to generate
white light continuum for broad band probe pulses of 350—800
nm. The white light was split by a beam splitter to generate a
signal and a reference beam. Both the beams were directed to
the detector (photodiode array) to record the pump induced
changes at different time delay of probe beam. The incident
pump power was adjusted by neutral density filters. All spectra
were chirp-corrected for group velocity dispersion of white light
continuum by using the TA signals of neat ethanol. The
instrument resolution was ~100 fs. All samples were taken in a
rotating sample cell (1 mm path length) in toluene and during
measurements it was kept in rotating condition to ensure no

photobleach of the samples.

3. RESULTS AND DISCUSSION

3.1. Characterization. The TEM images of CsPbBr; and
CsPbl, NCs (Figure 1) show a cubic morphology with an edge
length of 8 & 0.5 nm for CsPbBr; and 10 + 0.5 nm for CsPbl;
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Figure 2. (A) Individual absorption spectra of CsPbBr;, CsPbl; and AMP in toluene at room temperature and PL spectra of CsPbBr; and CsPbl,
NCs. (B) PL quenching of CsPbl; NCs upon successive addition of AMP in toluene. The inset depicts the change in the corresponding absorption

spectrum.

NCs. The monodispersity of the NCs is evident from the
images shown in 100 nm scale bar. The PXRD patterns of the
NCs (Figure 1C) show characteristic peaks corresponding to
the cubic phase of the NCs.*> The HRTEM images show high
crystallinity of the NCs. As CsPblj is prone to transformation
into nonemissive orthorhombic phase at room temper-
ature,”>° all studies have been performed with freshly prepared
NCs dispersed in toluene.

3.2. Steady State Measurements. Individual absorption
and PL spectra of CsPbBr; and CsPbl; NCs, which are
characterized by well-defined excitonic peaks at ~505 and 671
nm and corresponding PL peaks at 510 and 685 nm, are shown
in Figure 2A. The PL quantum yields of CsPbBr; and CsPbl;
NCs are found to be ~68 and 60%, respectively. Progressive
addition of AMP leads to drastic decrease in the PL of the NCs
(Figures 2B and S1). A noticeable red shift (~5 nm) of the
peak wavelength is also noticeable. These observations are
illustrated in Figure 2B for CsPbl; NCs. The changes in the
absorption spectra of the systems in the 425—750 nm region
(Figure 2B, inset), where AMP does not absorb (Figure 2A),
clearly indicates ground-state complexation between the NCs
and AMP.” Therefore, we can attribute AMP induced PL
quenching to the formation of a nonluminescent complex with
the NCs. The static interaction between the two interacting
species is responsible for PL quenching and further
substantiated by time-resolved PL measurements in the
following section.

3.3. Time-Resolved Measurements. The PL decay curves
of CsPbBr; and CsPbl;, recorded in our TCSPC setup
following excitation at 481 nm using a laser diode source, are
found to be multiexponential in nature. A triexponential fitting
to the decay profiles gave acceptable values of residuals and chi-
squares. The individual lifetime components and their
weightages are provided as Supporting Information (Tables
S1 and S2). The average lifetimes of CsPbBr; and CsPbl; NCs
are estimated to be 5.9 and 41.8 ns, respectively and these
values are consistent with literature.” Figure 3 depicts the PL
decay curves of CsPbl; in the absence and presence of largest
amount of AMP (which was used in steady state measure-
ments). Contrary to the dramatic decrease in PL intensity the
change in PL lifetime is rather small confirming static
interaction responsible for PL quenching of the system.
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Figure 3. PL decay of CsPbl; NCs without and in the presence of
AMP. The shown PL decay in the presence of AMP is for the
maximum PL quenched sample (corresponding PL spectra shown as
an inset).

3.4. Transient Absorption Measurement. We have
studied the charge-transfer dynamics between the NCs and
AMP using femtosecond time-resolved pump—probe techni-
que.”” For this purpose, we have excited a toluene suspension
of CsPbBr; at 470 nm and CsPbl; at 530 nm to ensure that
AMP is not excited when present. We have also maintained a
low pump fluence in all measurements to ensure that the
average number of excitons per NC is less than 0.1 and
negligible contribution of the multiexciton generation process
to the measured dynamics.***’

As can be seen from Figure 4A, the TA spectra of bare
CsPbBry; NCs consist of a photoinduced bleach (PB) in the
~490—512 nm wavelength region with peak at 505 nm. The PB
maximum is consistent with the excitonic peak position in the
absorption spectra. As PL of these samples does not exhibit
large Stokes shift, the stimulated emission signal can also
contribute to the bleach signal.** The positive absorptions on
both sides of the bleach signal arises from the lowest excitonic
states, as reported in an earlier study.'® In presence of AMP
(Figure 4B), one observes hardly any change in the spectral
profile of CsPbBr; including the bleach position. However, the
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Figure 4. TA spectra of CsPbBr; and CsPbl; NCs without (A, C) and with (B, D) AMP. The excitations were made at 470 and 530 nm for CsPbBr;
and CsPbl;, respectively and the spectra were recorded up to 2.5 ns total delay.

bleach recovery dynamics becomes significantly faster in the
presence of AMP. For example, compared to ~10% bleach
recovery in 400 ps, ~90% recovery is observed in the presence
of AMP during the same period.

In the case of Cd-based quantum dots (QDs), the bleach
signal is dominated by the electrons due to high effective
masses of the holes relative to the electrons (for CdTe, nmy*/
m* = 4) and negligible/very little acceleration of bleach
recovery is observed for hole extraction from those QDs.*'~*’
However, as the effective masses of electrons (m,*) and holes
(my*) are quite similar for the lead halide perovskites (for
CsPbBr;, m,* = 0.15m, and m,* = 0.14m,, where m, = rest
mass of electron), both electrons and holes can contribute to
the bleach signal.28 However, in view of higher degeneracy of
the valence band, the relative contribution of the electrons and
holes toward bleach works out to be ~67.2 and 32.8%, for
CsPbBr; NCs, respectively.”® Therefore, in the present case, the
bleach signal is sensitive to both electrons and holes and the
acceleration in bleach recovery in the presence of AMP can be
due to the transfer of both electron and hole or one of them. In
order to determine the identity of the species being transferred
from the NCs, we look into the band edge potentials of both
the NCs and the HOMO—LUMO levels of AMP. The energy
levels of the valence and conduction band edges of the NCs are
taken from a recent literature considering similar size of the
NCs.* In an earlier study also we used these values.”
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The HOMO energy level of AMP (—5.04 eV) was estimated
through cyclic voltammetry measurement. By considering the
optical band gap of AMP as the energy difference between
HOMO and LUMO levels, we estimated the LUMO energy as
—1.95 eV. These values agree well with earlier literature.™ It is
evident from Figure S that the LUMO level of AMP is far above
the conduction band edge of both the NCs and hence, the
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Figure S. Band alignment of CsPbBr; and CsPbl; NCs and HOMO—
LUMO levels of AMP molecule.
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Figure 6. Bleach recovery kinetics of (A) CsPbBr; and (B) CsPbl; NCs without and with AMP monitored at their respective bleach maxima.

photoinduced electron transfer from NCs to AMP can be
completely ruled out. It is also evident from Figure S that
photoinduced hole transfer from the valence band of the NCs
to the HOMO level of AMP (—5.04 eV) is the only
energetically feasible process and the driving force for this
process is higher for CsPbBr; compared to CsPbl;. Thus, we
can conclude that acceleration of the bleach recovery in the
presence of AMP is solely due to selective removal of holes
from the photoexcited NCs. To obtain quantitative information
on hole transfer dynamics, we have compared the bleach
recovery kinetics of CsPbBr; in presence and absence of AMP.
For bare CsPbBr; NCs, the bleach recovery is represented by a
single exponential decay function with a time constant >1 ns.
The single exponential nature of the decay profile with long
lifetime indicates absence of any fast nonradiative carrier
trapping and nonlinear phenomenon like exciton—exciton
annihilation under this low pump fluence.”® This long time
constant must be due to electron—hole recombination
process.”® In the presence of AMP, in addition to the long
time component, another short component is observable for
both the NCs (Figure 6 and Table 1). This short-component is

Table 1. Bleach Recovery Parameters of Individual NCs in
the Absence and Presence of AMP

systems 7 (a1) [ps] 7, (a,) [ns]
CsPbBr; - >1
CsPbBr,—AMP 120 + 8.00 (0.70) >1 (0.30)
CsPbl, - >1
CsPbl;—AMP 170 + 10.0 (0.41) >1 (0.59)

clearly due to a process induced by AMP. As it is already shown
that hole transfer from the NCs is the only possibility, the
observed time constant represents the hole transfer kinetics.
The estimated hole transfer times from CsPbBry and CsPbl;
NCs are estimated to be 120 and 170 ps, respectively.

A faster hole transfer from CsPbBr; compared to CsPbl, is
consistent with the band alignment of two NCs and a higher
driving force (-AG) for the former. In this context, we note that
in both cases we could not observe any new absorption feature
due to the product of hole transfer process (AMP*e). This,
however, is not surprising considering strong absorption due to
both NCs throughout the monitoring window. We further note
that Lian and co-workers obtained two different time scales (26
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and 330 ps) for hole transfer using phenothiazine.”® Whereas,
Mandal and co-workers reported a hole transfer time scale of
137—166 ps for the same system.”® The observed hole transfer
time scale of 120—170 ps for CsPbBr; and CsPbl; to AMP is
comparable or better than the above two cases.

4. CONCLUSION

By exploiting the s-framework of the pyrene moiety and
excellent surface anchoring ability of amino functionality on the
perovskite NCs, it is shown here that even very simple system
like AMP can exhibit promising hole transport properties.
Considering this finding and recent literature report of a PCE
of 12.4% in fabricated solar cell with a pyrene derivative as hole
transport material, we think there exists considerable scope of
improving this efficiency by engineering the pyrene core with
suitable functionalities and using them as cost-effective hole
transport materials.
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ABSTRACT: Transfer of the hot charge carriers prior to their cooling to the band-
edge states can enhance the efficiency of a semiconductor-based solar cell much
beyond its Shockley—Queisser (SQ) limiting value. Herein, we explore transfer of
hot holes from the APbBr; nanocrystals (NCs) employing a carefully chosen
molecular system, 4-mercaptophenol. Ultrafast pump—probe and fluorescence
measurements indeed confirm this transfer process, whose efficiency depends on
the energy content of the hole, and a maximum efficiency of ~43% is achieved with
CsPbBr; NCs for a photoexcitation energy of ~1.46E, (E, is the band gap of the
NCs). While the estimated hot hole cooling and transfer rates are quite comparable,
hole transfer from the band edge is found to be a significantly slower process. The
findings of the present study suggest that exceeding the SQ efficiency of the solar

cells based on the perovskites can indeed be a reality.

promising candidates for photovoltaic applications, and

a solar power conversion efficiency (PCE) of >24% has
been achieved within a short period,’ since the pioneering
work of Miyasaka and co-workers in 2009.” One major factor
responsible for low efliciency of the conventional single-
junction solar cells is rapid cooling of the hot carriers,
produced by solar photons of energy higher than that of the
band gap, to the band edge states. Calculations show that
utilization of the hot carriers can push this efficiency to ~66%,
which is well-beyond the Shockley—Queisser limiting value
(33%).>*

Several studies have been undertaken to understand the
mechanism of relaxation of the hot charge carriers in lead
halide perovskites, which indicate that the hot carriers first
thermalize to a quasi-equilibrium state through carrier—carrier
scattering and then attain thermal equilibrium through
carrier—phonon and carrier—impurity scattering in a subpico-
second time scale.’™"* These studies have revealed important
factors like hot phonon bottleneck, large polaron formation,
Auger heating, high carrier densities, and dielectric confine-
ment. However, the transfer of hot carriers prior to their
cooling continues to remain as a challenglng task for the
narrow time window available for this purpose. ' Moreover,
an understanding of the charge transfer dynamics involving the
perovskites is also of considerable importance in photocatalytic
applications.”~**

Herein, we focus on the transfer of hot carriers from APbBr;
[A = Cs', CH;NH;*(MA*) and CH(NH,)," (FA")] nano-
crystals (NCs). Specifically, we investigate the dynamics and

Lead halide-based perovskites have emerged as most

© 2020 American Chemical Society
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transfer efficiency of the hot holes from these NCs to a
molecular system, 4-mercaptophenol (MTH), chosen for its
surface-anchoring thiol unit and energetic considerations of its
HOMO and LUMO vis a vis the valence and conduction bands
of the perovskite NCs, which permit only hole transfer from
photoexcited NCs to MTH (Scheme 1). The cooling dynamics
and transfer efficiency of the hot hole have been studied as a
function of the excitation energy, and a maximum efficiency of
~43% from CsPbBr; NCs is achieved for photoexcitation
energy of ~1.46E, (E, is the band gap of the NCs).

All three APbBr, fA = Cs*, MA*, and FA*] NCs were
prepared by reported methods,” ' the details of which are
provided in the Supporting Information. The average edge
lengths of the NCs lie between 10 and 14 nm (Figures 1A and
S1). The photoluminescence quantum yields (PLQY) of these
NCs lie between 80 and 90%, and the PL maxima appear at
~512 nm (CsPbBr;), 518 nm (MAPbBr;), and 527 nm
(FAPDbBr;). The MTH-adsorbed NCs (indicated hereafter as
APbBr;-MTH NCs) were obtained by a simple ligand-
exchange protocol (sonication of a mixture of a colloidal
dispersion of the NCs and a solution of MTH in hexane;
details are provided in the Supporting Information). The fact
that MTH anchors onto the surface of the NCs through its
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Scheme 1. Alignment of the Energy Levels of APbBr; NCs
and MTH"
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“The indicated energy values are obtained from refs 25—28.

thiol functionality is established by control experiments and
FTIR measurements (Supporting Information) and that the
morphological and structural stability of the system are
unaffected after the ligand exchange is evident from the
TEM image of CsPbBr;-MTH (Figure S2).

Even though the absorption spectra of CsPbBr; and
CsPbBr;-MTH NCs are almost identical (Figure 1A),”* the
PLQY values of the two systems differ by nearly two orders of
magnitude (~90% vs <1%) (Figure 1B). MTH also has a
pronounced effect on PL decay characteristics of the NCs.
Time-correlated single-photon counting (TCSPC) PL decay
measurements show an average lifetime of 5.26 ns for CsPbBr;
NCs (Figure 1B inset and Table S1). However, for CsPbBr;-
MTH, the PL decays too fast to measure the lifetime using this
setup (see below for actual value measured by upconversion
technique), which has a time-resolution of ~60 ps.”* In the
case of MAPbBr; and FAPbBr; NCs, a similar trend was

observed (Figure S4). These PL data indicate strong
interaction between the photogenerated charge carriers of
the three NCs and MTH.

To determine which of the three APbBr; NCs is best suited
for the transfer of a hot carrier (hot hole in the present case),
we first measure their hot carrier cooling (HCC) time using
femtosecond pump—probe technique because a system with
slower HCC provides a greater opportunity for its transfer. As
excitation fluence and quantum confinement can also influence
the estimated HCC time,'””* we maintained sufficiently low
pump fluence (~0.08 x 10" photons/cm?) in all cases to
avoid nonlinear processes’””* and chose NCs with size larger
than their exciton Bohr diameter to minimize the influence of
quantum confinement.”>~*” As the HCC time depends on the
energy content of the carrier,> during estimation of this
quantity we made sure that the hot carriers possess same excess
energy in all three cases. The same excess energy of the carriers
(which we fixed at ~1.46E,) in different systems was
maintained by varying the excitation wavelengths for the
systems. For this purpose, the E, values for different NCs were
first calculated from the derivative plot of the absorption
spectra (Figure S5), and then the excitation wavelength of the
pump—probe study (Figure 2A) for each system was adjusted
such that the excitation energy corresponds to ~1.46E,.

Representative transient absorption (TA) spectra of the
CsPbBr; NCs at early times are shown in Figure 2B (TA
spectra of FAPbBr; and MAPDbBr; are in the Supporting
Information, Figure S6). The spectra comprises a sharp
negative (bleach) signal, which represents state-filling of the
photogenerated carriers to the band-edges,>****
absorption band at the lower energy side of the bleach signal
due to polaron formation,”® and a somewhat weak positive
absorption band at the higher-energy side of the same due to
carrier absorption from the band edge states.” The HCC time
is estimated by monitoring the formation of the bleach signal of
the spectra.”>**~*' The HCC times estimated from the bleach
formation profiles (Figure 2C) are 800 + 20, 456 + 10, and
334 + 43 fs for CsPbBr;, MAPbBr;, and FAPbBr;, respectively.
A faster HCC in hybrid perovskites (FAPbBr; and MAPbBr;)
is consistent with the literature.”> As these results show that
the carriers remain hot for the longest duration in CsPbBr;
NCs, this system is expected to be most appropriate for the

a positive
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Figure 1. (A) Absorption spectra of CsPbBr;, CsPbBr;-MTH, and MTH. TEM image (in 50 nm scale) of the CsPbBr; NCs is shown in the
inset. (B) PL spectra of the NCs (A, = 400 nm). Digital images of the solutions and PL decay profiles (1., = 405 nm) of the NCs are also
provided in the insets. The concentration maintained here was ~100 nM and ~25 uM for CsPbBr; and MTH, respectively. PL data of the
MAPDbBr; and FAPbBr; NCs are provided in Supporting Information.
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Figure 3. Bleach formation kinetics of CsPbBr; and CsPbBr;-MTH NCs for excitation wavelengths of (A) 350 nm, (B) 400 nm, and (C) 450
nm. Panels D—F compare the bleach amplitudes of the two systems at the indicated excitation wavelengths.

transfer of hot carriers, and hence, the subsequent measure-
ments and discussion are focused on the CsPbBr; NCs.

Even though the TA spectra (4, = 350 nm) of the CsPbBr;
and CsPbBr;-MTH NCs are very similar (Figures 2B and S7),
the bleach formation time, which represents the relaxation
dynamics of the carriers, differs widely (800 + 20 and 280 +
18 fs, respectively) in two cases. A faster HCC in CsPbBr;-

2248

MTH NCs (Figure 3A and Table 1) is a reflection of a
competitive hot carrier transfer process. As the effective masses
of the electron and hole are very similar (m,*/m;,* = 1.07) in
CsPbBr;,"”"* both hot electron and hot hole are generated in
almost equal energy content on photoexcitation, and hence,
the bleach formation is representative of the relaxation of both
the carriers.*®*° Even though acceleration of bleach formation

https://dx.doi.org/10.1021/acsenergylett.0c01063
ACS Energy Lett. 2020, 5, 2246—2252
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Table 1. Bleach Formation Time of CsPbBr; and CsPbBr;-
MTH NCs for Different Excitation Pump Wavelengths

Aex (nm) Ty [f5]/CsPbBr; Tye [fs]/ CsPbBry-MTH
350 800 + 20 280 + 18
400 440 + 15 210 £ 12
450 149 + 17 109 + 15

in CsPbBr;-MTH NCs can in princifle be due to electron or/
and hole transfer process(es),"”™ in the present case,
thermodynamic consideration of the energetics of the
interacting components suggests hot hole transfer from the
NCs as the only possibility.

An approximate rate of the transfer of hot holes is calculated
(using k = 1/7ycomrn — 1/7ncs) as ~2.3 X 10" s7". This high
hot hole transfer rate is not surprising as it has to compete with
the ultrafast hot hole relaxation rate (~1.25 X 10" s™'). We
have studied the hot carrier transfer dynamics for two other
excitation wavelengths, 400 and 450 nm, corresponding to
energy of ~1.28E;, and ~1.14E, respectively. For lower
excitation energies also, the bleach formation is faster in
CsPbBry-MTH NCs; however, the change is not as
pronounced as it is for higher excitation energy (Figure 3
and Table 1).

As the bleach amplitude is a measure of the number of
carriers relaxing to the band edge, by monitoring this quantity
one can determine whether the carriers are extracted and to
what extent.'">**7* A lower peak bleach amplitude in
CsPbBr;-MTH NCs (Figure 3) compared to CsPbBr; under
identical conditions clearly indicates transfer of the hot holes
to MTH. The dependence of the HC transfer efficiency on the
excitation energy is depicted in Figure 4. Maximum transfer
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Figure 4. Dependence of the hot hole transfer efficiency on
excitation energy.

efficiency of ~43% is observed for an excitation energy of
~1.46E,, and the lowest (11%) is found for ~1.14E,. When
CsPbBr; and CsPbBr;-MTH NCs are excited further closer to
the band gap, at ~1.08E, (470 nm), both bleach formation
dynamics and maximum bleach amplitude are found to be very
similar for the two samples (Figure S8), indicating no hot hole
transfer from CsPbBr; NCs. Such an energy dependence of the
hole transfer efficiency is attributed to the difference in
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electronic coupling of the donor—acceptor wave functions with
variation in excitation energy.”** The higher the energy
content of the hot hole, the larger the spread of its wave
function beyond the NCs surface and consequently the greater
the coupling of the hot hole wave function of the NCs with the
HOMO of the organic moiety.*”**

We have examined the hot carrier transfer process also by
the upconverted PL technique,49 in which the hot carriers were
generated by 400 nm (corresponding to ~1.28E,) excitation of
the NCs using ~200 fs pulses and monitoring time-dependent
formation of the band-edge emission (~512 nm), which
represents the cooling dynamics of the carriers.”” The HCC
time of the CsPbBry NCs obtained by this method is found to
be 460 + 40 fs, which is in agreement with the literature® and
also with our pump—probe measured value (440 + 15 fs) for
400 nm excitation. However, for the CsPbBr;-MTH NCs, the
HCC time is much shorter (245 + 25 fs) (Figure S) and
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Figure S. Formation kinetics of the band-edge PL of the two NCs
measured by upconversion technique.

comparable to the value (210 + 12 fs) obtained by the pump—
probe technique. Comparison of the peak PL counts of the two
samples indicates ~22% hot hole transfer efficiency in
CsPbBr;-MTH (Figure S9), which is consistent with our
pump—probe result.

We have also examined the dynamics of transfer of the
“cold” holes (i.e., those from the band-edge) by pump—probe
technique by monitoring recovery of the bleach amplitude for
Aex = 350 nm (Figures 6 and S10). While bleach recovery is a
single exponential with 7 > 1.2 ns for CsPbBr; NCs
(representing the band edge electron—hole recombination
time),***" in the case of CsPbBr,-MTH, two additional time
components (14.1 = 3 and 166.3 + 1S ps) accompany the
long component. The PL decay profile of the CsPbBr;-MTH
NCs, measured by the upconversion technique, also indicates a
similar picture (Figure S11). Two short time components (16
+ 1.4 and 160 + 10.2 ps) are observable in addition to the
long decay component of >1.2 ns. It is to be noted here that
accurate estimation of the longest time component is not
possible using the femtosecond time-resolved TA and PL UC
setup for nonavailability of a larger time window.*”*"* It is
clear, however, that this long component arises from radiative
recombination of the electron and hole.

https://dx.doi.org/10.1021/acsenergylett.0c01063
ACS Energy Lett. 2020, 5, 2246—2252
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Figure 6. Comparison of the bleach recovery kinetics of CsPbBr;
and CsPbBr;-MTH NCs (4., = 350 nm).

The short 14—16 ps component represents the hole transfer
time (7zyr) from the band-edge states of the NCs
(corresponding to a rate of 6.2—7.6 X 10" s7'). This value
is comparable with hole transfer time from the band-edge
states in other perovskites.”” Interestingly, hole transfer from
the band edge states is relatively slower than that from the
higher energy levels. A faster hot hole transfer could be the
result of a larger driving force (Figure S14) and enhanced
donor—acceptor wave function coupling.*”** The intermediate
160—166 ps component is attributed to a negative trion, which
is formed upon transfer of holes by MTH. Though positive
trion formation is more common in perovskite NCs because of
the intrinsic electron trap states,”* > formation of negative
trion is also reported in the presence of strong hole
scavenger.58 Moreover, the observed negative trion lifetime
agrees well with the literature data.”* The main findings of the
present work are highlighted in Scheme 2 based on the above
discussion.

In short, we demonstrate the transfer of hot holes from
CsPbBr; NCs using a molecular system. We attribute this
success to intrinsic slow hot hole cooling in the system and
strong electronic coupling of the deep energy levels of the
valence band of the NCs with those of the localized HOMO

Scheme 2. Schematic Illustration of Carrier Relaxation
Dynamics in Photoexcited (~1.46Eg) CsPbBr;-MTH NCs
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level of the organic moiety,'” which is facilitated by the thiol
anchoring unit. The findings show that an appropriate choice
of a molecular system can indeed make the transfer process
quite efficient.
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