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! Introduction

Overview

This chapter starts with a brief introduction on the bulk semiconductors and quantum
confinement in nanocrystals (NCs). This is followed by an outline of the journey of lead
halide based perovskites as an emerging optoelectronic material. Specific attention is
given to the perovskite NCs and their surface properties. The importance of doping in
these materials is highlighted. An overview of PL blinking of single NCs and various
mechanisms contributing to the PL fluctuation are presented. A brief discussion on charge
transfer from single NCs is also made. Finally, the motivation behind the thesis work is
presented.
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! Introduction

1.1. Semiconductors: Bulk to nanocrystals

The electrical conductivity of a semiconductor material is between a metal and an
insulator." Semiconductors can be pure elements (like silicon, germanium) or compounds
(like cadmium selenide, gallium arsenide) whose band gap generally lies below 4 eV. For
bulk semiconductors, the band gap energy (Ey), which is the minimum energy required to
excite an electron from valence band (VB) to the conduction band (CB), is composition
dependent. When electron is promoted to the CB by providing energy greater than Eg in
the form of heat or photon, it leaves behind a hole in the VB. The negatively charged
electron and the positively charged hole can act as free carriers and may be mobilized in
presence of external electric field. Their lowest energy state is electrostatically bound
electron-hole pair, known as the exciton. Consequently, the exciton has slightly less
energy than the unbound electron and hole. Often this bound pair moves together in the
lattice and is considered as neutral gquasi-particle. Relaxation of the electron back to the
VB annihilates the exciton and may be accompanied by radiative recombination with
emission of photon. The recombination of exciton is limited by resonance stabilization

due to overlap between the wave functions of the electron and hole.

In general, exciton can be of two types, Frenkel and Wannier-Mott depending on the
binding energy.? Frenkel exciton has strong binding energy (0.1-1 eV), and is observed in
materials of low dielectric constant. However, the Wannier-Mott exciton possesses weak
exciton binding energy (typically ~0.01 eV), and is observed in materials with high
dielectric constant, where the columbic interaction between the electron and hole is
reduced due to electric field screening. Wannier-Mott kind of exciton is found in most of
perovskite materials® which is the subject matter of my thesis. Energy of exciton in

crystal is approximated considering Hydrogen atom model system and is expressed as*®

_R_y+ﬂ (11)

Eexciton = 9" 2 " 2(mprmy)
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! Introduction

Where n is an integer, Ry is exciton Rydberg energy, # is the reduced Plank’s constant
and m.* and my* represent the effective mass of electron and hole respectively and « is
the exciton wave vector.

Another important parameter to consider in this context is the exciton Bohr radius, which

is most probable distance between the electron and hole of exciton. Although exciton is

hydrogen like system but the binding energy is smaller, because of smaller effective mass

and screening of Coulomb force between the electron and the hole. Exciton Bohr radius

(ao) is expressed as®
e _ h%e

ag=a = L=
0= %hm, ™ e2 my  my

) (1.2)

Where, a, is the hydrogen Bohr radius. Exciton Bohr radius depends on the dielectric
constant of the materials (€) and effective mass of the electron and the hole. Depending

on the nature of the material the exciton Bohr radius can vary from 0.5 nm to more than

50 nm.
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The semiconductor materials in their nanocrystalline form possess some interesting
properties compared to their bulk form like carrier multiplication and photoluminescence
blinking.”® If the size of the NC is smaller than the size of exciton Bohr radius, the
electron and the hole wave functions become spatially confined. Thus, whether a
semiconductor is in the bulk or quantum confined regime depends on the exciton Bohr
radius and the size of the crystal. In the quantum confined regime the nanocrystals show
size dependent optical and electronic properties.” ° As the size of semiconductor
crystallites becomes smaller and approaches the exciton Bohr radius, quantum
confinement effect becomes effective and blue shift of exciton energy is observed. NC
with dimension smaller than the exciton Bohr radius shows size dependent absorption and
emission spectra with discrete electronic transition, shown in Figure 1.1. Now depending
on the extent of confinement in different spatial directions, the nanocrystals can be three-
dimensional (3D, bulk), two-dimensional (2D, confined in one direction), one-
dimensional (1D, confined in two direction) and zero-dimensional (0D, confined in three
direction). With increase in confinement, the band gap increases and the energy levels
become more discrete in nature, which is shown in Figure 1.2."* The band gap energy of a

quantum confined system is generally expressed as® *°

h?m?

2
Eq=Eg+—2 (mi + T:h) — 2T 0.248Ej, (L.3)
Epy = 136058 (o2 + T2)71 (1.4)
e h

Where Eq and E, represent the band gap of the quantum confined and bulk system
respectively and R is the radius of the NC. The second term represents confinement
energy of electron and hole. The third term arises due to Coulombic attraction between
electron and hole. The last term arises due to spatial correlation between electron and hole

and corresponds to the Rydberg energy. This last term is generally neglected, but
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Figure 1.2: Effect of quantum confinement on the density of states of different systems
(adapted from ref. 11).

becomes important for material with small dielectric constant. All these calculations have
been done considering the spherical effective mass of both electron and hole and the
spherically symmetric confining potentials for spherical quantum dots. Strong
confinement regime is found to be valid for R=2a,.? In recent years, effect of quantum
confinement has been studied extensively and the quantum confined materials have been
applied in LEDs, lasers, biological imaging, photovoltaic devices etc. because of their
tunable band gap, high PL efficiency, small size, and sharp emission properties.

1.2. Perovskites materials

CaTiOz; was named as perovskite material after mineralogist L. A. Perovski, which was
discovered in 1839 in Ural mountain of Russia by Gustav Rose. Later, materials having
similar crystal structure and general formula ABX; are termed as perovskite materials.
Here, A and B are cations, where size of A is greater than B and X is an anion. In
traditional ABX; perovskites, the B cation is octahedrally coordinated in BXg

configuration, shown in Figure 1.3. The A cation resides at the octahedral void. The

Page 7


https://en.wikipedia.org/wiki/Gustav_Rose

! Introduction

crystal structure strongly depends on the size of those ions. The stability of crystal
structure of 3D perovskite is determined by the Goldschmith tolerance factor (t),** **

ra+Tyx

= W/Z(TB'I-Tx) (15)

Where, ra, s, and ry represent the ionic radii of A, B and X respectively. Empirically, for
favorable structure the value ranges 0.81 < t < 1.0. Along with the tolerance factor the

second constraint is the octahedral factor () which lies in the range 0.44 < p < 0.9, can

be expressed as

(b) 325 . . , . - . \
t=081 t=10
3004 Pb E
——sn
275 ] // ................ L AL
250 n=044

225: | // 7

2004. Br

1753 ¢ + 3
™3 /u=o.9 E
1259 °: / _____________ // I E
100

Cs MA FA EA
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150 175 200 225 250 275 300
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Figure 1.3: (a) Schematic representation of perovskite structure with general formula
ABX3, (b) Formability of 3D tin (blue) and lead (red) halide perovskites as a function of

1
X W >
r, (pm)
i
b
N
NS

75

halide anion and A-site cation radii. Dashed and solid lines mark the bounds of the

octahedral and tolerance factors, respectively (adapted from ref. 14).

Recently synthetic metal halide based perovskites have attracted immense attention of
researchers because of their intriguing optical and electronic properties which make them
potential candidates for applications in optoelectronic and photovoltaic devices. Metal

halide perovskites were reported first in 1893%, and main focus was on its application in
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light emitting devices and transistors. However, it has come into the limelight in 2009
because of its application in solar cell as shown by Miyasaka and co-workers.'® Since
then, several developments have taken place either to improve the properties of materials
or to explore its applications in different photovoltaic and optoelectronic devices.'” In this
case, in ABX3, X is halide anion (CI', Br’, I), B is a bivalent metal cation (Pb2+, Sn%* etc.)
and A is monovalent cation (Cs*, Rb*, CH(NH,)," or FA", CH3;NH;3" or MA" etc.). The
emission can be tuned by varying the halides. Depending on the A cation, it can be all-
inorganic (A= Cs*, Rb") or hybrid organic-inorganic (A= FA*, MA") halide perovskite.*®
Since the first in 2009, within very few years, the power conversion efficiency of solar
cell has reached >25%." High colour purity and low non-radiative rates make them
potential candidates for LEDs and lasers.? ** Unfortunately, bulk perovskites show low
photoluminescence quantum yield (PLQY) because of (a) low exciton binding energy,
and (b) low formation energy of defects arises for ionic mobility. The films prepared from
those precursor solutions also show low PLQY and suffer from intrinsic defects? and
variation of PLQY is observed for different grains, which is lowest at the grain
boundary.?® Then the attention was turned towards NCs not only to improve the PLQY
but also to reach the quantum confinement size regime to tune the emission by varying
the size on NCs. The CsPbX; NCs were first reported very recently in 2015.* Overall,
promising optoelectronic properties of lead halide based perovskites like large absorption
coefficient, colour tunability by changing the halides and sizes of NCs, high defect
tolerance and long carrier mobility make them popular as next generation

semiconductor,** 17 18 20.25

1.3. Perovskite nanocrystals

Kovalenko and co-workers first reported the synthesis of CsPbX; NCs following a
conventional hot-injection method and reached a high PLQY (50-90%).** Since then
various in-situ and post synthetic modification has been done to improve its
optoelectronic properties and explore its potential application in different fields. The band
gap of the NCs can be tuned by changing the halides, which covers emission over the

visible region (Figure 1.4).* Halide exchange can be done even at room temperature.’
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These perovskite materials are composed of highly ionic bonds which is one of the
reasons for the easy synthesis of NCs even at room temperature. Since the first report of

o

CsPb(Cl/Br), CsPb(1/Br),

(b)csPoci,  CsPoer, CsPbl, z
A 4 e
\ i} \
\ < ! \
\‘ FWHM I \\ CSPbBI’Z
\ _/ \&—
E' ‘ 12nm-42nm \
B N CsPb(Br/Cl),
5 ’
zZ ih
CsPbCl,

400 450 500 550 650 700 300 50 700
Wavelength (nm) Wavelength (nm)

Figure 1.4: (a) Colloidal solution of perovskite NCs exhibiting composition dependent

emission over the entire visible spectral region under UV lamp, (b) Tunability of
emission spectra with the variation of halide and (c) Typical optical absorption and

emission spectra of perovskite NCs. Adapted from ref. 24.

NCs, several processes are developed to tune the shape and size of the NCs.'” For
preparation of the NCs organic ligands are used to control the growth of NCs as well as
for passivation of the surface defects. In a conventional synthesis oleic acid and
oleylamine are used as ligands.”® However labile nature of those ligands emphasizes the
need of more studies to find out alternative ligands which bind more strongly to the

surface of NCs.?® %

The VB of lead halide perovskites is formed by the Pb-6s and halide-np orbitals and the

CB is formed by Pb-6p orbitals. In conventional semiconductors (like GaAs, CdSe etc.),
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Figure 1.5: (a) Schematic representation of the electronic structure of perovskites,

highlighting their defect tolerant nature compared to conventional semiconductors
(adapted from ref. 30) and (b) Possible point defects and their formation energy in

perovskites (adapted from ref. 28).

the band gap is formed by the gap between bonding and anti-bonding orbitals. In
perovskite materials, the VB and CB contain anti-bonding and non-bonding orbitals
(shown in Figure 1.5).2 Thus the unpassivated surface defects or point defects form
shallow trap states or are enclosed in the VB and CB. The ‘A’ cation has no-direct
influence on band-structure. This particular nature of band structure makes these lead-

halide perovskites defect-tolerant with high PL efficiency.”®*

Highly ionic nature of perovskite materials makes them soluble in polar solvent and
decomposing the structure. This decomposition is accelerated in presence of moisture,
light, oxygen and heat. So retention of structural and optical stability is highly
challenging for this lead halide perovskites. In this regard, FA based perovskite NCs have
more stability than the MA based NCs, which has low formation energy.”® Hence, for its
practical applications, those NCs should be protected in inert shell such as shell of silica,
alumina, or BaSO,, or polymers.?® Structural instability is observed for red emitting
CsPbl; NCs, where the structure of NCs are changed from a emitting phase to a non-

emitting phase because of large size of the iodides leading to a tilting of the octahedral
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unit.®* Although considerable work has been done to make the NCs stable, still they suffer
from low stability.

Although lead halide perovskite NCs are defect tolerant, they are not completely defect
free. The labile nature of ligands keeps the surface unpassivated and the uncoordinated
orbitals act as traps. Formation of point defects is highly favourable due to low formation
energy. Especially the halide vacancy plays a major role in the formation of traps states
and lowering the PLQY of NCs.?® Due to the large or small size of ions, the crystal
structure of perovskite NCs can be distorted introducing defects in the NCs. For example,
in case of CsPbl; or CsPbCl; NCs, large size of | or small size of CI creates intrinsic

defects in the NCs which act as trapping centres for charge carriers.®"

Due to soft and dynamic nature of the perovskite lattice (define as crystalline liquids), the
photoexcited electrons and holes can couple with the ionic displacement of lattices
(phonon) and form polarons.®* ** Formation of polarons can result self-trapping of charge
carriers. The detrimental effect of polaron formation on the optical properties of NCs is
needed to be understood properly.*

1.4. Surface properties of perovskite nanocrystals

For semiconductor as the size of particle is approached to nanometer scale, the PL
property is largely determined by the quality of the surface on the NCs. As the size of the
material decreases, the ratio of surface to volume increases and the number of atoms
present on the surface increases. The atoms present on the surface of a crystal facet are
not completely bonded within the crystal lattice and hence, are under-coordinated. As a
result, the periodicity of the crystal is disrupted with one or more dangling orbital on each
atom of the surface pointed outward from the crystal.” Now if the energy levels of trap
states fall within the band gap of the semiconductor, they can act as carrier trapping
centre and reduce the overlap of wavefunction of electron and hole promoting
nonradiative recombination of exciton.” Depending on the nature and position of the trap

states, they can act as deep or shallow trap for electron and hole. One of the general
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strategies to eliminate those trap states is passivation of those under coordinated surface
atoms with suitable capping ligands.

(a) (b)

Cs

Q cation © bromide

Figure 1.6: Schematic illustration of surface termination with (a) CsX or (b) PbX, of
CsPbX3, (c) Surface stabilization by dynamic oleylammonium bromide, where oleic acid
is not acting as ligand, and (d) Surface passivation of perovskite NCs by

oleylammonium ions, replacing surface Cs" ions. Adapted from ref. 17.

In case of perovskite NCs, the surfaces are passivated by ligands with long hydrocarbon
chain which also inhibits the aggregation of NCs and maintains the structural integrity.'”
26 Conventionally oleic acid and oleylamine are used as capping ligand.”® These ligands
on the surface are highly dynamic in nature, which undergo rapid adsorption and
desorption process on the surface.®*® The mode of capping depends on the surface

stoichiometry and two possibilities of surface termination are [CsX] or [PbX,] (shown in
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Figure 1.6).%° It is reported that oleylammonium ion binds to the Br™ of the surface
through hydrogen bonding and it can also substitute some of Cs-ions from the surface of
NCs.**" The Br-vacancies on the surface of NCs leads naked Pb atoms, which act as
one of the major surface traps and responsible for low PLQY.?® Hence, modification of
surface properties is an important process for modulation of the optical properties of
NCs.?

1.5. Doped perovskite nanocrystals

Doping is a fundamental strategy to alter the properties of any semiconducting materials.
In contrast to composition engineering, doping needs incorporation of small amount of
impurities in the crystal. It does not change much of the host crystal structure, but
modifies the fundamental properties of the semiconductor, like stability of crystal,
optoelectronic property, and magnetic property.®® * With the aim to endow this

Esilplslc|ar

Ge | As| Se| Br| Kr
Ru| Rh| Pd Ag Nl Sn| Sb| Te| | | Xe

Pb Po' At Rn
Hs H

La| Ce PrlNd Pm| Sm| Eu| Gd| Tb| Dy Ho| Er| Tm
Ac' Th Pal U Np Pul Am| Cm| Bk Cf| Es| Fm Md No|

H Optoelectronic performance control _ Crystal growth control

i Structural stability control I Light conversion/

Figure 1.7: Various dopants used to alter the properties of perovskites for different

purposes (adapted from ref. 42).
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perovskite material with new properties several studies have been performed in the last
five years. All A, B or X ions can be replaced with various dopants, but here | have
discussed about B cation doping, which is the subject matter of the thesis. Several
isovalent and heterovalent ions with respect to the B cation (Pb?*) are doped for different
purposes such as structural stability, controlling the optoelectronic performance, crystal
growth, light conversion and partial replacement of toxic lead (see Figure 1.7 ).***2 The
dopants are chosen in such a manner that they do not disrupt the crystal structure. The
soft and ionic nature of perovskite crystal makes it feasible to exchange the Pb? ion with
dopants during the synthesis as well as in post synthetic manner (Figure 1.8).
26, 32, 43, 44

Interestingly, doping with ions smaller in size than Pb** (Cd**, Mg**, Ni** etc.),

results in unprecedented enhancement of PLQY of CsPbCl; NCs due to correction of
|.44

short-range disorder of the crysta
Mn2+

On the other hand, doping with metal ions, like

K~ = G (guest cation) @ =A

Figure 1.8: Schematic representation shows doping at B site. Replacement of B cation
(Pb?") with dopant.

Sr**, Bi®* etc. improves the stability of the photoactive phase of CsPbl; NCs with the
release of crystal strain.*> * Doping of Mn?** and several lanthanide ions in CsPbCl; NCs

introduces additional emission peak due to internal electronic transition of the dopants.*”

* Among the several heterovalent dopants less toxic Bi** has attracted attention because
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of similar electronic configuration and ionic radii of Pb**.*° It is reported that Bi** doping
increases the conductivity and the concentration of free carriers as well.”® Very recently,
it is successfully doped in CsPbBr; NCs which show a decrease of PLQY.* Despite
several attempts to alter the PL properties of perovskites through metal ion doping, the
photoexcited carrier dynamics is not clearly understood yet and needs to be studied

extensively to utilize the full potential of these substances.
1.6. Single particle photoluminescence blinking

Under constant illumination, most of the single emitters exhibit random fluctuation of PL
intensity with time, which is called PL intermittency or blinking. At the ensemble level,
PL blinking becomes undetectable as fluctuation is smoothed out. In case of
semiconductor NCs, blinking was first observed for CdSe based NCs by Nirmal et al. in
1996.°" Blinking is attributed to the interaction of charge carriers with defect site of
NCs.>***

PL blinking was observed previously for fluorescent proteins and dye molecules. In case
of simple emitter, blinking is attributed to the intersystem crossing to the triplet state,
where a single rate is observed for blinking. However, in case of more complex NCs, the
reason for blinking is the interaction of charge carriers (electron or hole) with the defect
site of NCs, which can be present on the surface or internal to the NCs.*> ** Charge
trapping hinders both radiative recombination of photo-generated excitons and their
transport in the NCs, and limits the efficiency of devices.”*>* Depending on the nature of
defects charge carriers can reside on those trap states for a range of time (ns to ms) and
promote non-radiative recombination of exciton causing PL blinking. PL fluctuation can
happen over several intensity levels, where the high intensity states are called ON states
and the low or non-emitting states are called OFF states (Figure 1.9). In most of the cases
several intermediate states (or GREY) are also observed between ON and OFF states. A
distribution of blinking rate is observed in case of NCs and is expressed properly with
power law function.” ** In case of metal chalcogenide quantum dots, the blinking time is
observed spanning from few microsecond to hundreds of second.’® ** In case of
perovskite NCs, the blinking rate is observed to be faster.’” *> * This highly distributed
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blinking rate is attributed to the static and time dependent variation of trapping and

detrapping rate of charge carriers. Thus, time resolved and statistical analyses of the
blinking traces provide important information on the nature of trap states, trapping

kinetics in a single NC and heterogeneity of the processes.

c8
h 4
VB
 ON ON ON ON
> _——
B
c
3
[=
OFF OFF OFF /
Time

Figure 1.9: Schematic representation of blinking in semiconductor NCs due to

competitive radiative and non-radiative recombination through trapping of charge

carriers.

Over the past two decades of research several mechanisms have been proposed to
describe the reason for blinking of single particle and development of those mechanisms
are ongoing and highly debatable.”® Among these mechanisms charging-discharging
model is very common and well accepted.®® Under continuous excitation, particles
become charged due to trapping of a photoexcited carrier (electron/hole) to long-lived

trap states. Generation of another exciton forms trion (positive/negative) by coupling with
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the charged nanoparticle.”” ** ® The trion recombines following non-radiative Auger

~

short-lived
trap

recombination and quenches the PL of nanoparticles via transferring the exciton

(a)

PL Intensity
PL Intensity

Lifetime Lifetime

AC blinking NBC blinking

(c)

Higher
Trap

Lifetime
HC blinking

Figure 1.10: Three different types of PL blinking mechanisms are observed in

semiconductor NCs. Illustration of their FLID patterns (left) which is represented by false

PL Intensity

color coding and the corresponding recombination processes of the photoexcited charge
carriers (right). Green arrows indicate the radiative processes, whereas the red arrows

indicate nonradiative processes (adapted from ref. 69).

recombination energy to the third carrier (either electron or hole).** ** Trion can also
recombine in a radiative manner, whose rate is almost double of that neutral exciton
recombination.”® > This kind of trion mediated recombination is denoted as AC blinking
(Figure 1.10 a).>* The blinking cycle is completed once the charged nanoparticle returns
back to its neutral position and restores the original high PL intensity (ON) state.
However the process of neutralization is not known and remains as an active area of
research. Later, this charging model is confirmed by the intensity-lifetime scaling of
different intensity regions of the PL trace.”>" Intensity-lifetime scaling represents the

ratio of radiative rate of two different intensity levels (OFF to ON) and is represented as

N = Kon: Korr = lon/Ton: lore/Tore (1.7)
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Where, | and 1 are the PL intensity and lifetime of the corresponding state.

In case of trion recombination, as the extra charge exerts double Coulombic interaction,
the rate for trion recombination is almost double of the neutral exciton. Hence the n value
becomes 2 for trion recombination.”>" In this case correlation between intensity and
lifetime is observed, but not in a linear way. A convenient way to check the correlation
between intensity and lifetime is the analysis of fluorescence intensity lifetime
distribution (FLID) pattern. In this representation, probability of occupying different
states is shown in two dimensional lifetime-intensity space by false color coding. For AC
blinking a curved trajectory is observed in FLID pattern, shown in Figure 1.10 a.°® *® Two
completely discrete states are also observed for binary switching between ON and OFF
states.”® ©” Elementary kinetics predicted single exponential decay of distribution of ON
and OFF blinking time duration. However, experimentally it is found that the decay
follows power law behavior, indicating wide distribution of rates. Several modifications
have been made on the charging mechanism to explain such widely distributed kinetics,
such as static distribution of tarp states and later dynamically changing trapping rate is

also included.>* *3

Recently, it is observed that charging model alone cannot be enough to explain the low
PLQY of the OFF state, which is observed to be lower than that, is predicted from the
Auger quenching. Another blinking model is proposed, referred as NBC blinking, that
does not need any charging of NCs or long-lived trap.? In this case, the trap states are
short-lived (< 1ps) and the trapped charge recombines rapidly to its counter-charge before
formation of another exciton. Several continuous emissive states are reported with fixed
radiative rate with dynamic fluctuation of trapping rates.”” This leads to the intensity-
lifetime scaling, 0 value 1.° Intensity and lifetime are linearly correlated, and hence, a
linear trajectory in the FLID pattern is observed (Figure 1.10 b). The variation of
recombination rates leads to power law distribution of the ON-OFF events, which are
better explained by the multiple recombination centers (MRC) model proposed by

Frantsuzov et al. According to this model, there are several trap states in the NCs, which
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switch between active and inactive conformation.® *® The fluctuation of trapping rate is

determined by the changes in the number of available active trapping sites.

There is another mechanism, which is distinct from the NBC blinking and arises due to
the interception of hot carriers.”® ® ® This mechanism is denoted as HC blinking.
Although both the NBC and HC mechanisms are related to the rapid nonradiative
recombination through trap states, but the competition between the radiative and
nonradiative pathway is different. Unlike NBC, in HC-blinking, some hot carriers are
trapped before cooling down to the band-edge and recombines with counter charges
nonradiatively. These charges do not contribute to the PL intensity and lifetime in the
measurement. Therefore, in FLID pattern it shows states with abrupt change in intensity

without any change in lifetime (Figure 1.10 c).

For perovskite NCs, the ON and OFF states switch rapidly and show fast blinking. In
several cases, no distinct states are observed, rather a continuous distribution of emissive
states are noticed, which is called as PL flickering. The blinking mechanism of perovskite
NCs seems to be diverse depending on the composition and surface properties. In most of
the cases, AC mechanism is reported as the reason of blinking.>® "' Co-existence of
both NBC and AC type mechanisms on the same perovskite NC is also observed.”
Blinking limits the efficiency of devices, but elimination of the processes (discussed
above) responsible for blinking is highly challenging.”" Suppression of blinking has
been achieved for metal chalcogenide QDs by surface modifications or by putting shells
around QDs. However, very few reports on the effect of surface treatment on the

blinking mechanism of the perovskite NCs are available.>> ®" "

1.7. Interfacial charge transfer from single particle

Photoinduced charge (electron/hole) transfer processes from semiconductors are widely
studied, mostly because of its applications in solar cells and photocatalysis. Especially,
for application in solar cells, it has been studied more intensely because of emerging
demand of renewable solar energy source. Therefore, it is essential to understand those

processes at the fundamental level to utilize the full potential and optimize the
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performance of the devices. For a molecular adsorbate, electron (hole) transfer from the
semiconductor requires that the LUMO (HOMO) level lies below (above) the conduction
band (valence band) of the harvester.”” Efficient quenching of PL is observed on

successful charge transfer.””

O W )
J, LUMO l i
hv, hv, T
QD Ihvz QD /\_o_o_
q q HOMO
h* L h*
\_ "QDA —> QD"-A" *QD-D —> QD~-D* _J

Figure 1.11. Schematic representation of electron transfer (a) from and (b) to the

photoexcited QD in presence of electron or hole acceptor (adapted from ref. 77).

The electron transfer dynamics can be resolved by comparing lifetime of emitter before
and after charge transfer. The lifetime of the emitter before charge transfer can be written

as

1 1
To = P = k_o (18)

where 1, is the fluorescence lifetime before charge transfer and k; and ki, are the radiative

and nonradiative decay rates respectively.

The lifetime of the emitter after charge transfer can be written as

T=— (1.9)

ko+kct

where Kk is the interfacial charge transfer rate.
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In case of perovskite NCs, most of the studies have been performed at the ensemble level,
where all the parameters are averaged out.”®®? Understanding the distribution of charge
transfer rate is difficult from the ensemble measurements. PL spectroscopy study at the
single particle level explores the hidden dynamic and static heterogeneity of processes.>*
83,84 Thus, charge transfer study at the single particle level exposes how the rate of charge
transfer can vary from one particle to another, how the rate can vary with time for a single

particle, and how the charge transfer dynamics can affect the PL properties.
1.8. Motivation behind the thesis work

The growing demand for electricity all over the world makes it essential to find an
alternative to fossil fuels, both to overcome the shortage of energy supply and to stop the
detrimental effect on the environment. Renewable energies are inexhaustible natural
source and have received enormous attention of researchers. Solar energy in particular is
one of the most promising renewable energy sources. Until now, silicon has been the
material used in commercialized solar cell, but these are still quite expensive. In this
context, an emerging material is perovskite with promising optoelectronic properties,
because of their low cost and high efficiency. A rapid progress has been made on the way
towards the increase of conversion efficiency. Within very few years, the efficiency has
reached from 3% to more than 25%.'° Not only in solar cells but also this lead halide
based perovskites have shown encouraging application in LEDs, lasers and other
optoelectronic devices. In this regard, understanding the photophysical processes in these
perovskites is important for utilization of full potential of these materials and
development of devices. This is where the importance of spectroscopic tools comes. The
major focus of the thesis is studying the photophysical processes in different photoexcited
perovskite materials in their nanocrystalline form using various spectroscopic techniques,

especially the single particle fluorescence techniques.

These CsPbX; nanocrystals possess crystal defects which have detrimental effect in the
performance of the devices made of these materials. The PL properties of these
substances are, however, highly sensitive to the synthetic conditions and compositions.
Although the perovskite NCs are defect tolerant, they are not completely free from
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defects. These defects act as trapping centers for the charge carriers and lower the PL
efficiency of the systems. PL properties of the NCs are largely determined by the quality
of the surface because of high surface to volume ratio of them. Hence, surface treatment
by appropriate reagent is key to obtaining defect-free samples with superior PL properties
for light-based applications. With this motivation, we quest for a common method for
improvement of the PL properties of a wide variety of CsPbX; NCs following a post

synthetic treatment.

Efficiency of an optoelectronic device made of these materials depends on the fate of the
charge carriers. Hence, understanding of the nature of trap states and dynamics of
different competitive radiative and nonradiative charge carrier recombination processes is
essential for proper utilization of these materials. The charge carrier recombination
process can be investigated by monitoring the PL properties of individual NCs in
immobilized and freely diffusing states of NCs. Single NCs show random PL fluctuations
or blinking, due to involvement of trap states in carrier recombination processes. Hence,
the nature and the position of trap states can be understood from the blinking mechanism
it follows. This is why we have chosen CsPbBr; NC to study the PL blinking mechanism

and effect of post synthetic surface treatment on the carrier dynamics.

The performance of photovoltaic devices depends on the charge transfer processes to and
from the semiconducting materials along with the other processes. Hence, investigation of
the exciton dissociation processes in presence of electron or hole acceptor, are important.
Charge transfer processes introduce new nonradiative recombination channels for the
photo-excited particle. The blinking dynamics of single NCs can be modulated by the
charge transfer activity. More insights into the heterogeneity of charge transfer dynamics
are provided from single particle level study. With this motivation, we investigate the
effect of hole transfer from single FAPbBr; NC to PTZ on the PL blinking behavior.

Doping is a fundamental strategic route, through which semiconducting materials can be
endowed with new properties. Quite naturally, the perovskite NCs also have been doped

with various dopants, which include both isovalent and heterovalent ions with respect to

Pb* for different purposes. Among different heterovalent dopants, less toxic Bi** has
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received utmost attention as its ionic radius and electronic structure are very similar to
those of Pb®*. Hence, we have investigated the effect of Bi doping on the PL behavior of
these NCs and heterogeneity of carrier dynamics depending on the extent of doping using

several spectroscopic techniques at the ensemble and single particle level.

References

1. YU, P.; Cardona, M., Fundamentals of Semiconductors: Physics and Materials
Properties. Springer: 2010, ISBN 978-3-642-00710-1.

2. Pope, M.; Swenberg, C. E. Electronic Processes in Organic Crystals and Polymers,
Oxford University Press: 1999.

3. Tilchin, J.; Dirin, D. N.; Maikov, G. I.; Sashchiuk, A.; Kovalenko, M. V.; Lifshitz, E.,

Hydrogen-like Wannier-Mott Excitons in Single Crystal of Methylammonium Lead
Bromide Perovskite. ACS Nano 2016, 10, 6363—6371.

4, Brus, L. E., A Simple Model for the lonization Potential, Electron Affinity, and
Aqueous Redox Potentials of Small Semiconductor Crystallites. J. Chem. Phys. 1983, 79,
5566.

5. Henderson, B.; Imbusch, G. F., Optical Spectroscopy of Inorganic Solids.
Clarendon Press, Oxford: 1989.

6. Gaponenko, S. V., Introduction to Nanophotonics. Cambridge University Press.
2010, ISBN-10: 0521763754.

7. Smith, A. M.; Nie, S., Semiconductor Nanocrystals: Structure, Properties, and
Band Gap Engineering. Acc. Chem. Res. 2010, 43, 190-200.

8. Kayanuma, Y., Quantum-Size Effects of Interacting Electrons and Holes in
Semiconductor Microcrystals with Spherical Shape. Phys. Rev. B 1988, 38, 9797.

9. Chou, K. F.; Dennis, A. M., Forster Resonance Energy Transfer between Quantum

Dot Donors and Quantum Dot Acceptors. Sensors 2015, 15, 13288-13325.

10. Einevoll, G., Confinement of Excitons in Quantum Dots. Phys. Rev. B 1992, 45,
3410.

11. Jayawardhana, M. R. P. |.; Gamalath, K. A. I. L. W., Electronic Structures of CdSe
Quantum Dots Embedded in ZnSe. World Sci. News 2017, 86, 205-225.

12. Goldschmidt, V. M., Die Gesetze Der Krystallochemie. Naturwissenschaften
1926, 14, 477-485.
13. Pen~a, M. A.; Fierro, J. L. G., Chemical Structures and Performance of Perovskite

Oxides. Chem. Rev. 2001, 101, 1981-2017.

14. Manser, J. S.; Christians, J. A.; Kamat, P. V., Intriguing Optoelectronic Properties
of Metal Halide Perovskites. Chem. Rev. 2016, 116, 12956-13008.

15. Wells, H. L., Uber die Casium- und Kalium-Bleihalogenide. Z. Anorg. Allg. Chem.
1893, 3, 195-210.

Page 24



! Introduction

16. Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T., Organometal Halide Perovskites
as Visible-Light Sensitizers for Photovoltaic Cells. J. Am. Chem. Soc. 2009, 131, 6050-
6051.

17. Shamsi, J.; Urban, A. S.; Imran, M.; Trizio, L. D.; Manna, L., Metal Halide
Perovskite Nanocrystals: Synthesis, Post-Synthesis Modifications, and Their Optical
Properties. Chem. Rev. 2019, 119, 3296-3348.

18. Jena, A. K.; Kulkarni, A.; Miyasaka, T., Halide Perovskite Photovoltaics:
Background, Status, and Future Prospects. Chem. Rev. 2019, 119, 3036-3103.

19. NREL Best Efficiency Chart: https://www.nrel.gov/pv/assets/pdfs/best-research-
cell-efficiencies.20200104.pdf.

20. Le, Q. V.; Jang, H. W.; Kim, S. Y., Recent Advances toward High-Efficiency Halide
Perovskite Light-Emitting Diodes: Review and Perspective. Small Methods 2018, 2,
1700419.

21. Stranks, S. D.; Snaith, H. J., Metal-Halide Perovskites for Photovoltaic and Light-
Emitting Devices. Nat. Nanotechnol 2015, 10, 391-402.

22. Yin, W. J,; Shi, T. T.; Yan, Y. F., Unusual Defect Physics in CH3;NH;Pbl; Perovskite
Solar Cell Absorber. Appl. Phys. Lett. 2014, 104, 63903.

23. deQuilettes, D. W.; Vorpahl, S. M.; Stranks, S. D.; Nagaoka, H.; Eperon, G. E;
Ziffer, M. E.; Snaith, H. J.; Ginger, D. S., Solar Cells. Impact of Microstructure on Local
Carrier Lifetime in Perovskite Solar Cells. Science 2015, 348, 683-686.

24. 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 (CsPbX;, X = Cl, Br, and I): Novel Optoelectronic Materials Showing Bright
Emission with Wide Color Gamut. Nano Lett. 2015, 15, 3692-3696.

25. Swarnkar, A.; Chulliyil, R.; Ravi, V. K.; Irfanullah, M.; Chowdhury, A.; Nag, A,
Colloidal CsPbBr; Perovskite Nanocrystals: Luminescence beyond Traditional Quantum
Dots. Angew. Chem. Int. Ed. 2015, 54, 15424-15428.

26. Seth, S.; Ahmed, T.; De, A.; Samanta, A., Tackling the Defects, Stability, and
Photoluminescence of CsPbXs; Perovskite Nanocrystals. ACS Energy Lett. 2019, 4,
1610-1618.

27. Roo, J. D.; lbafiez, M.; Geiregat, P.; Nedelcu, G.; Walravens, W.; Maes, J.;
Martins, J. C.; Driessche, I. V.; Kovalenko, M. V.; Hens, Z., Highly Dynamic Ligand Binding
and Light Absorption Coefficient of Cesium Lead Bromide Perovskite Nanocrystals. ACS
Nano 2016, 10, 2071-2081.

28. Akkerman, Q. A.; Raino, G.; Kovalenko, M. V.; Manna, L., Genesis, Challenges
and Opportunities for Colloidal Lead Halide Perovskite Nanocrystals. Nature Mater 2018,
17, 394-405.

29. Huang, H.; Bodnarchuk, M. I.; Kershaw, S. V.; Kovalenko, M. V.; Rogach, A. L,
Lead Halide Perovskite Nanocrystals in the Research Spotlight: Stability and Defect-
Tolerance. ACS Energy Lett. 2017, 2, 2071-2083.

Page 25


http://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200104.pdf
http://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200104.pdf

! Introduction

30. Kovalenko, M. V.; Protesescu, L.; Bodnarchuk, M. I., Properties and Potential
Optoelectronic Applications of Lead Halide Perovskite Nanocrystals. Science 2017, (358),
745-750.

31. 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 -CsPbl; Perovskite for High-Efficiency Photovoltaics. Science 2016, 354, 92—95.

32. Mondal, N.; De, A.; Samanta, A., Achieving Near-Unity Photoluminescence
Efficiency for Blue-Violet-Emitting Perovskite Nanocrystals. ACS Energy Lett. 2019, 4, 32-
39.

33. Ghosh, D.; Welch, E.; Neukirch, A. J.; Zakhidov, A.; Tretiak, S., Polarons in Halide
Perovskites: A Perspective. J. Phys. Chem. Lett. 2020, 11, 3271-3286.

34. Miyata, K.; Meggiolaro, D.; Trinh, M. T.; Joshi, P. P.; Mosconi, E.; Jones, S. C.;
Angelis, F. D.; Zhu, X.-Y., Large Polarons in Lead Halide Perovskites. Science 2017, 3,
1701217.

35. Roo, J. D.; Ibaiez, M.; Geiregat, P.; Nedelcu, G.; Walravens, W.; Maes, J.;
Martins, J. C.; Driessche, I. V.; Kovalenko, M. V.; Hens, Z., Highly Dynamic Ligand Binding
and Light Absorption Coefficient of Cesium Lead Bromide Perovskite Nanocrystals. ACS
Nano 2016, 2071-2081.

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

37. Ravi, V. K.; Santra, P. K.; Joshi, N.; Chugh, J.; Singh, S. K.; Rensmo, H.; Ghosh, P.;
Nag, A., Origin of the Substitution Mechanism for the Binding of Organic Ligands on the
Surface of CsPbBr3 Perovskite Nanocubes. J. Phys. Chem. Lett. 2017, 8, 4988-4994.

38. Abram, R. A.; Rees, G. J.; Wilson, B. L. H., Heavily Doped Semiconductors and
Devices. Adv. Phys. 1978, 27, 799-892.

39. Khana, A.; Das, A., Diffusivity-Mobility Relationship for Heavily Doped
Semiconductors Exhibiting Band Tail. Phys. B 2010, 405, 817-821.

40. Luo, B.; Li, F.; Xu, K.; Guo, Y.; Liu, Y.; Xia, Z.; Zhang, J. Z., B-Site Doped Lead Halide
Perovskites: Synthesis, Band Engineering, Photophysics, and Light Emission Applications.
J. Mater. Chem. C 2019, 7, 2781-2808.

41. Swarnkar, A.; Mir, W. J.; Nag, A., Can B-Site Doping or Alloying Improve Thermal-
and Phase-Stability of All-Inorganic CsPbX; (X = Cl, Br, 1) Perovskites? ACS Energy Lett.
2018 3, 286-289.

42, Zhou, Y.; Chen, J.; Bakr, O. M.; Sun, H.-T., Metal-Doped Lead Halide Perovskites:
Synthesis, Properties, and Optoelectronic Applications. Chem. Mater. 2018, 30,
6589-6613.

43, Das, S.; De, A.; Samanta., A., Ambient Condition Mg2+ Doping Producing Highly
Luminescent Green- and Violet-Emitting Perovskite Nanocrystals with Reduced Toxicity
and Enhanced Stability. J. Phys. Chem. Lett. 2020, 11, 1178-1188.

Page 26



! Introduction

44, Yong, Z.-).; 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,; al., e., Doping-Enhanced Short-Range Order of Perovskite
Nanocrystals for Near-Unity Violet Luminescence Quantum Yield. J. Am. Chem. Soc.
2018, 140, 9942-9951.

45, Dutta, A.; Pradhan, N., Phase-Stable Red-Emitting CsPbl; Nanocrystals: Successes
and Challenges. ACS Energy Lett. 2019, 4, 709-719.

46. Hu, Y.; Bai, F.; Liu, X.; Ji, Q.; Miao, X.; Qiu, T.; Zhang, S., Bismuth Incorporation
Stabilized a-CsPbl; for Fully Inorganic Perovskite Solar Cells. ACS Energy Lett. 2017, 2,
2219-2227.

47. Pan, G.; Bai, X.; Yang, D.; Chen, X.; Jing, P.; Qu, S.; Zhang, L.; Zhou, D.; Zhu, J.; Xu,
W.; Dong, B.; Song, H., Doping Lanthanide into Perovskite Nanocrystals: Highly Improved
and Expanded Optical Properties. Nano Lett. 2017, 17, 8005-8011.

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

49, Begum, R.; Parida, M. R.; Abdelhady, A. L.; Murali, B.; Alyami, N. M.; Ahmed, G.
H.; Hedhili, M. N.; Bakr, O. M.; Mohammed, O. F., Engineering Interfacial Charge
Transfer in CsPbBr; Perovskite Nanocrystals by Heterovalent Doping. J. Am. Chem. Soc.
2017, 139, 731-737.

50. Abdelhady, A. L.; Saidaminov, M. |.; Murali, B.; Adinolfi, V.; Voznyy, O.; Katsiev,
K.; Alarousu, E.; Comin, R.; Dursun, |.; Sinatra, L.; Sargent, E. H.; Mohammed, O. F.; Bakr,
O. M., Heterovalent Dopant Incorporation for Bandgap and Type Engineering of
Perovskite Crystals. J. Phys. Chem. Lett. 2016, 7, 295-301.

51. Nirmal, M.; Dabbousi, B. O.; Bawendi, M. G.; Macklin, J. J.; Trautman, J. K;
Harris, T. D.; Brus, L. E., Fluorescence intermittency in single cadmium selenide
nanocrystals. Nature 1996, 383, 802—804.

52. Cordones, A. A.; Leone, S. R., Mechanisms for Charge Trapping in Single
Semiconductor Nanocrystals Probed by Fluorescence Blinking. Chem. Soc. Rev. 2013, 42,
3209-3221.

53. Efros, A. L.; Nesbitt, D. J., Origin and Control of Blinking in Quantum Dots. Nat.
Nanotechnol. 2016, 11, 661-671.

54. Jin, S.; Hsiang, J.-C.; Zhu, H.; Song, N.; Dicksonb, R. M.; Lian, T., Correlated Single
Quantum Dot Blinking and Interfacial Electron Transfer Dynamics. Chem. Sci. 2010, 1,
519-526.

55. Seth, S.; Ahmed, T.; Samanta, A., Photoluminescence Flickering and Blinking of
Single CsPbBr3 Perovskite Nanocrystals: Revealing Explicit Carrier Recombination
Dynamics. J. Phys. Chem. Lett. 2018, 9, 7007-7014.

56. Park, Y. S.; Guo, S.; Makarov, N. S.; Klimov, V. |, Room Temperature Single-
Photon Emission from Individual Perovskite Quantum Dots. ACS Nano 2015, 9, 10386-
10393.

57. Yuan, G.; Gémez, D. E.; Kirkwood, N.; Boldt, K.; Mulvaney, P., Two Mechanisms
Determine Quantum Dot Blinking. ACS Nano 2018, 12, 3397-3405.

Page 27



! Introduction

58. Galland, C.; Ghosh, Y.; Steinbruck, A.; Sykora, M.; Hollingsworth, J. A.; Klimov, V.
l.; Htoon, H., Two Types of Luminescence Blinking Revealed by Spectroelectrochemistry
of Single Quantum Dots. Nature 2011, 479, 203-207.

59. Frantsuzov, P. A.; Volkan-Kacso, S.; Janko, B., Model of Fluorescence
Intermittency of Single Colloidal Semiconductor Quantum Dots Using Multiple
Recombination Centers. Phys. Rev. Lett. 2009, 103, 207402.

60. Busov, V. K.; Frantsuzov, P. A., Models of Semiconductor Quantum Dots Blinking
based on Spectral Diffusion. Optics and Spectroscopy 2019, 126, 70-82.

61. Frantsuzov, P.; Kuno, M.; Janko, B.; Marcus, R. A., Universal Emission
Intermittency in Quantum dots, Nanorods, and Nanowires. Nature Physics 2008, 4.

62. Frantsuzov, P. A.; Marcus, R. A., Explanation of Quantum Dot Blinking without
the Long-Lived Trap Hypothesis. Phys. Rev. B: Condens. Matter Mater. Phys. 2005, 72,
155321.

63. Park, Y.-S.; Lim, J.; Makarov, N. S.; Klimov, V. |., Effect of Interfacial Alloying
versus “Volume Scaling” on Auger Recombination in Compositionally Graded
Semiconductor Quantum Dots. Nano Lett. 2017, 17, 5607-5613.

64. Rosen, S.; Schwartz, O.; Oron, D., Transient Fluorescence of the Off State in
Blinking CdSe/CdS/ZnS Semiconductor Nanocrystals Is Not Governed by Auger
Recombination. Phys Rev Lett. 2010, 104, 157404.

65. Tenne, R.; Teitelboim, A.; Rukenstein, P.; Dyshel, M.; Mokari, T.; Oron, D.,
Studying Quantum Dot Blinking through the Addition of an Engineered Inorganic Hole
Trap. ACS Nano 2013, 7, 5084-5090.

66. Park, Y. S.; Bae, W. K.; Pietryga, J. M.; Klimov, V. |, Auger Recombination of
Biexcitons and Negative and Positive Trions in Individual Quantum Dots. ACS Nano 2014,
8, 7288-7296.

67. Yarita, N.; Tahara, H.; Saruyama, M.; Kawawaki, T.; Sato, R.; Teranishi, T.;
Kanemitsu, Y., Impact of Postsynthetic Surface Modification on Photoluminescence
Intermittency in Formamidinium Lead Bromide Perovskite Nanocrystals. J. Phys. Chem.
Lett. 2017, 8, 6041-6047.

68. Trinh, C. T.; Minh, D. N.; Ahn, K. J.; Kang, Y.; Lee, K.-G., Verification of Type-A and
Type-B-HC Blinking Mechanisms of Organic—Inorganic Formamidinium Lead Halide
Perovskite Quantum Dots by FLID Measurements. Sci Rep 2020, 10, 2172.

69. Kim, T.; Jung, S. I.; Ham, S.; Chung, H.; Kim, D., Elucidation of Photoluminescence
Blinking Mechanism and Multiexciton Dynamics in Hybrid Organic—Inorganic Perovskite
Quantum Dots. Small 2019, 15, 1900355.

70. Yarita, N.; Tahara, H.; lhara, T.; Kawawaki, T.; Sato, R.; Saruyama, M.; Teranishi,
T.; Kanemitsu, Y., Dynamics of Charged Excitons and Biexcitons in CsPbBr; Perovskite
Nanocrystals Revealed by Femtosecond Transient-Absorption and Single-Dot
Luminescence Spectroscopy. J. Phys. Chem. Lett. 2017, 8, 1413-1418.

71. Hu, F.; Zhang, H.; Sun, C,; Yin, C,; Lv, B.; Zhang, C.; Yu, W. W.; Wang, X.; Zhang,
Y.; Xiao, M., Superior Optical Properties of Perovskite Nanocrystals as Single Photon
Emitters. ACs Nano 2015, 9, 12410-12416.

Page 28



! Introduction

72. Yarita, N.; Aharen, T.; Tahara, H.; Saruyama, M.; Kawawaki, T.; Sato, R.;
Teranishi, T.; Kanemitsu, Y., Observation of Positive and Negative Trions in Organic-
Inorganic Hybrid Perovskite Nanocrystals. Phys. Rev. Mater. 2018, 2, 116003.

73. Zhang, A.; Bian, Y.; Wang, J.; Chen, K.; Dong, C.; Ren, J., Suppressed Blinking
Behavior of CdSe/CdS QDs by Polymer Coating. Nanoscale 2016, 8, 5006-5014.

74. Li, B.; Zhang, G.; ZaoWang; Li, Z.; RuiyunChen; ChengbingQin; YanGao;
LiantuanXiao; lJia, S., Suppressing the Fluorescence Blinking of Single Quantum Dots
Encased in N-type Semiconductor Nanoparticles. Sci Rep. 2016, 6, 32662.

75. Tang, X.; Yang, J.; Li, S.; Liu, Z.; Hu, Z.; Hao, J.; Du, J.; Leng, Y.; Qin, H.; Lin, X.; Lin,
Y.; Tian, Y.; Zhou, M.; Xiong, Q., Single Halide Perovskite/Semiconductor Core/Shell
Quantum Dots with Ultrastability and Nonblinking Properties. Adv. Sci. 2019, 6,
1900412.

76. Mabhler, B.; Spinicelli, P.; Buil, S.; Quelin, X.; Hermier, J.-P.; Dubertret, B.,
Towards Non-Blinking Quantum Dots: The Effect of Thick Shell. Proc. of SPIE 2009, 7189,
718903-9.

77. Avellini, T.; Lincheneau, C.; Vera, F.; Silvi, S.; Credi, A., Hybrids of Semiconductor
Quantum Dot and Molecular Species for Photoinduced Functions. Coord. Chem. Rev.
2014, 263-264, 151-160.

78. De, A.; Mondal, N.; Samanta, A., Hole Transfer Dynamics from Photoexcited
Cesium Lead Halide Perovskite Nanocrystals: 1-Aminopyrene as Hole Acceptor. J. Phys.
Chem. C2018, 122, 13617-13623.

79. Kobosko, S. M.; DuBose, J. T.; Kamat, P. V., Perovskite Photocatalysis. Methyl
Viologen Induces Unusually Long-Lived Charge Carrier Separation in CsPbBr;
Nanocrystals. ACS Energy Lett. 2020, 5, 221-223.

80. DuBose, J. T.; Kamat, P. V., Surface Chemistry Matters. How Ligands Influence
Excited State Interactions between CsPbBr; and Methyl Viologen. J. Phys. Chem. C 2020,
124, 12990-12998.

81. Sarkar, S.; Ravi, V. K.; Banerjee, S.; Yettapu, G. R.; Ganesh B. Markad; Nag, A,;
Mandal, P., Terahertz Spectroscopic Probe of Hot Electron and Hole Transfer from
Colloidal CsPbBr; Perovskite Nanocrystals. Nano Lett. 2017, 17, 5402-5407.

82. Wu, K.; Liang, G.; Shang, Q.; Ren, Y.; Kong, D.; Lian, T., Ultrafast Interfacial
Electron and Hole Transfer from CsPbBr; Perovskite Quantum Dots. J. Am. Chem. Soc.
2015, 137, 12792-12795.

83. Song, N.; Zhu, H.; Jin, S.; Lian, T., Hole Transfer from Single Quantum Dots. ACS
Nano 2011, 5, 8750-8759.

84. Issac, A.; Jin, S.; Lian, T., Intermittent Electron Transfer Activity From Single
CdSe/ZnS Quantum Dots. J. Am. Chem. Soc. 2008, 130, 11280-11281.

Page 29



! Introduction

Page 30



CHAPTER 2

Materials, Instrumentation and
Methods

__________________________________________________

Page 31



! Materials, Instrumentation and Methods

Page 32



! Materials, Instrumentation and Methods

Overview

In this chapter, details of preparation of different materials, their characterization,
instrumental techniques and methodologies used for the studies have been discussed.
Details of the chemicals used for the work have been enlisted here. Details are on the
preparation of different perovskite nanocrystals (NCs) and doped NCs are provided.
Basic principles of single molecule fluorescence spectroscopy measurements and
methodologies for the measurements including sample preparation have been discussed in
detail. The instrumental details of time-resolved confocal fluorescence microscope have
been described, especially for the fluorescence correlation spectroscopy and
photoluminescence (PL) time-traces measurements. The methods used for analysis of
data for single molecule spectroscopy techniques are provided. The femtosecond transient
absorption and fluorescence up-conversion setups are outlined. The instrumental details
of time-correlated single photon counting, spectrofluorimeter and UV-Vis
spectrophotometer are provided. Information on various instruments used for
characterization of materials is also provided along with the details of photoluminescence

guantum yield (PLQY) measurement.
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2.1. Materials

Caesium carbonate (99.9%), octadecene (ODE, 90%), oleic acid (OA, 90%), oleylamine
(OLA, 70%), trioctylphosphine (TOP, 97 %), lead chloride (99.999%), lead bromide
(99.999%), lead iodide (Pbl,, 99%), toluene (99.8%, anhydrous), hexane (>99%,
anhydrous) ammonium tetrafluoroborate (99.99%), sodium tetrafluoroborate (99.99%),
bismuth bromide (98%), methyl acetate (Me-OAc, 99.5%, anhydrous), formamidinium
acetate (FA-OAc, 99%), lead oxide (99%), N-bromosuccinimide (NBS, 99%) were
purchased from Sigma-Aldrich. Hexane (HPLC grade) was purchased from Finar. All the

chemicals were used without any purification.
2.2. Synthesis of perovskite materials
2.2.1. CsPbX3 nanocrystals

CsPbX; (X = Cl, Br, 1) perovskite NCs were synthesized following a reported procedure,’
hot injection method at temperature ranges between 150 °C and 180 °C. First caesium-
oleate (Cs-oleate) was prepared by mixing Cs,CO; (0.10175 g) and OA (0.3125 mL) in
ODE (5 mL) taken in a 50 mL double-necked round-bottom (RB) flask and kept in
vacuum for 1 hr at 120 °C. Later, for complete solubilization of the solid material, the
temperature was raised to 160 °C which led to the formation of a clear solution of Cs-
oleate. This mixture was kept at 100 °C under N, atmosphere (as Cs-oleate precipitates
out of ODE at room temperature) for its further use. ODE (5 mL), PbX, (0.188 mmol),
OA (0.5 mL) and OLA (0.5 mL) were loaded in a 50 mL double-necked RB flask and the
mixture was heated under vacuum at 120 °C for at least 1 hr. After complete
solubilization of the PbX, salt, the mixture was transferred into N, atmosphere. The
temperature was raised up to 170 °C and kept for 20 minutes followed by injection of pre-
prepared Cs-oleate solution (0.4 mL). The reaction mixture was cooled in an ice-water
bath after 5 sec. For chloride containing perovskite NCs, synthesis was carried out at
higher temperature (180 °C) and 1 mL of TOP was used additionally for complete

solubilization of PbCl, The obtained crude solution was centrifuged at 8000 rpm for 10
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min. The precipitated NCs were dispersed in hexane, toluene or ODE (for different
experimental purpose) after washing with the same solvent.

2.2.2. FAPbBr; nanocrystals

FAPbBr; NCs were synthesized following a reported procedure.” The 1% step involved
preparation of FA-oleate and in the 2™ step, the NCs were prepared. For the preparation
of FA-oleate, FA-acetate (2.5 mmol, 260 mg) was loaded into a two-necked 50 mL RB
flask along with 10 mL oleic acid. It was then kept at 120 °C in N, atmosphere for 30 min
to obtain a clear solution and was kept at 100 °C before its use. Next, 0.2 mmol of PbO
(0.044 g) and 0.6 mmol of NBS (0.108 g) were taken into a double-necked 50 mL RB
flask along with ODE (5 mL). The reaction mixture was kept under vacuum for 15 min at
120 °C and then transferred in N, atmosphere. OA (1 mL) and OLA (1 mL) were injected
into the reaction mixture for complete solubilization of the reaction mixture. Then the
temperature was increased to 200 °C and preheated FA-oleate solution (0.5 mL) was
swiftly injected into the reaction mixture. The reaction mixture was cooled in an ice-
water bath after 15 sec. Me-OAc (8 mL) was added to the crude solution and centrifuged
for 5 min at 7000 rpm. Finally, the precipitate was dispersed in hexane or ODE, which
was again centrifuged at 12000 rpm for 10 min and the supernatant solution was stored

for further studies.
2.2.3. Bi-doped CsPbBr3; nanocrystals

Bi-doped CsPbBr; NCs were prepared following a reported procedure with few
modifications.® Cs-oleate was prepared by following a method described in section 2.2.1.
Before injection, Cs-oleate was kept at 100 °C (as Cs-oleate precipitates out of ODE at
room temperature) under N, atmosphere. In another 50 mL RB flask, PbBr, (0.188
mmol), BiBr; (2%, 5%, 10% or 20 mole % of PbBr,), ODE (5 mL), OA (0.5 mL) and
OLA (0.5 mL) were mixed and heated at 120 °C under vacuum for 1 hr. The mixture was
transferred into N, atmosphere after complete solubilization of PbBr, and BiBr;. Then the
temperature was raised to 170 °C and 0.4 mL pre-prepared Cs-oleate solution was

injected into it. The reaction mixture was cooled in an ice-water bath after 10 sec. Then
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Me-OAc was added to the reaction mixture in 1:2 (v/v) ratio (reaction mixture: Me-OAc)
and then centrifuged at 6000 rpm for 10 min. The precipitate was dispersed in ODE or
hexane. These synthesized NCs were subsequently treated with a moderate mixture of
OA (0.1 mL) and OLA (0.1 mL).

2.3. Methods and instrumentation
2.3.1. Single molecule fluorescence spectroscopy

Single molecule spectroscopy (SMS) is an advanced and constantly growing technique to
investigate the properties of single molecule and its applications continues to span over
several fields, from biology to physics to chemistry. In case of ensemble measurements,
we get average value of a parameter for a large number of molecules. On the contrary,
SMS completely eliminates the ensemble averaging and allows construction of the actual
distribution of values for an experimental parameter. This is important for systems which
are heterogeneous and reveals information about the “nanoenvironments”.* Along with
this, for the SMS techniques, fluctuation of fluorescence intensity with time is observed
for a single molecule with a constant irradiation of light due to change in its local
environment or photophysical parameters. Such fluctuations of fluorescence are
important to reveal unprecedented insight into behavior of molecules which is generally
masked by ensemble averaging. In single molecule fluorescence spectroscopy to probe
the molecule, a light beam is used for an electronic transition and the emitted photon
(fluorescence) from the single molecule is detected.* To probe a single molecule in
mobilized or immobilized state of sample, two points are important. Firstly, assuring that
single molecule is present in the probe optical volume and secondly, a good enough
single to noise ratio (S/N) to detect a single molecule and to accomplish this combination
of small probe volume (~fL) and ultralow concentration of interested molecules (~ nM-
pM) are needed. In this context, confocal fluorescence microscope (CFM) coupled with

avalanche photodiode (APD) is used widely.
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2.3.2 Time-resolved confocal fluorescence microscope

The resolution of optical microscope is given by Abbe’s law
d = A2NA (2.1)

where A is the wavelength of the light used for excitation, NA is the numerical aperture of
the lens, defined as NA = n sin0, for a medium with refractive index ‘n’ and ‘0’ is
maximum half angle of the cone of light entering or leaving the working lens. Now in
conventional wide field microscope, the whole sample is excited at a time which results
into unwanted out-of-focus background signals. To avoid this limitation in CFM, point
illumination is used by placing a pinhole at the conjugate focal plane of the excitation
focus before the detector to eliminate the unfocused signal and improve the resolution.
The observation volume defined by the combination of objective and the pinhole is
ellipsoidal (shown in inset of Scheme 2.1). A schematic diagram of a CFM is shown in
Scheme 2.1.

For our measurements, we have used time resolved CFM of model MicroTime 200 from
PicoQuant, which consists of an inverted microscope (Olympus IX71) that forms the
microscope body. For the excitation of samples, 405 nm and 485 nm pulsed diode laser
(FWHM of 176 ps and 144 ps, respectively) were used. The tunability of repetition rates
of the lasers was ranges between 1-80 MHz. The output of the diode laser was coupled to
the main optical unit (MOU) by polarization maintained single mode optical fiber. In the
MOU, the excitation light was directed to the microscope body through dichroic mirror
and was focused to the sample droplet placed on the coverslip through the water
immersion objective (UPlansApo NA 1.2, 60X). A photo-diode (PD) was used to record
the excitation power. The back-scattered light was directed to a charged couple device
(CCD) through a beam splitter to adjust the focus and light distribution. The same

objective was
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7 Observation

volume

Optical Fiber

Fiber coupling unit ~ | TCSPC Microscope
(FCU, Excitation subsystem) | module > controller

Scheme 2.1: Schematic diagram of time-resolved confocal fluorescence microscope

setup. PD = photodiode, DM = dichroic mirror, PH = pinhole, BS = beam splitter, M; =

mirror and inset shows ellipsoidal observation volume.

used to collect the emission from the sample and was passed through a dichroic mirror
followed by 430 and 510 nm long-pass filter for 405 and 485 nm laser light, respectively
to remove the excitation light. A 50 um pinhole was placed before detectors to assure the
collection of tightly focused signal which was recollimated and directed to the single
photon avalanche photodiode (SPAD) detector. A single or double SPAD detector was
used to collect photons. A (50/50) beam splitter was used to direct the light to the two
SPADs. Maximum area of 80 um x 80 pum was scanned employing raster scan. All the
data acquisitions were performed using a TCSPC module (PicoHarp 300) in time-tagged
time-resolved (TTTR) mode. In this TCSPC mode the time difference between the
excitation to the detection of the photon from the sample is recorded using the start-stop
technique, described latter. Along with this, the time-tagged mode events are also

recorded in the real time, i. e., arrival of each photon from the start of the experiment. We
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employed this CFM with TTTR data acquisition mode to study the fluorescence
properties and photo-excited carrier recombination processes of single perovskite NC. For
that we have used fluorescence correlation spectroscopy (FCS) measurements of freely
diffusing NCs and also studied the PL intermittency in the immobilized state of NCs

using PL intensity time traces.
2.3.2.1 Fluorescence correlation spectroscopy measurement

FCS is based on fluctuation of fluorescence intensity with time of freely diffusing
molecules through the observation volume. To get a sharp fluctuation there must be
present single or few molecules in the tiny observation volume, where CFM is suitable
for this purpose (Scheme 2.4). For nM concentration of the sample and ~ 1 fL observation
volume, the average number of fluorophores present in this volume is 0.6. As
fluorophores diffuses randomly in and out of the volume and the number of fluorophores

in the volume is described by the Poisson distribution.

In FCS measurement, an autocorrelation function is generated from the fluctuation of
fluorescence intensity of fluorophores during passing through the observation volume. It
contains information related to all the dynamical processes which lead to fluorescence

intensity fluctuation. The autocorrelation function is defined by the following equation® °

G(t) =< S§F(t)6F(t+ 1) >
< F(t) >2

(2.2)
where <F(t)> is the average fluorescence intensity. The fluctuations of fluorescence
intensity from the average fluorescence intensity at time t and (t+t) are oF(t) and 0F(t+1),

respectively, and are given by
OF(t) = F(t) — <F(t)> and O&F(t+t) = F(t+t) — <F(t)> (2.3)

At different lag times (t), the self-similarity of fluorescence intensity time trace with itself
is measured in FCS, where G(t) gives the probability of finding photon at time (t+t) for a

fluorescence photon detection event at time t,.
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The correlation function for fluctuation of fluorescence only due to 3-dimensional
diffusion of fluorophores in and out of observation volume is given by

1 Ty-1 T 1
Glr) =< (1+ s il e I

(2.4)
where, 1p is the diffusion time, N is the average number of fluorophore in the observation
volume, x (= w,/wyy) is the structure parameter of the observation volume; w,and
wyyare axial and lateral radii, respectively. The diffusion coefficient (D) of the
fluorophore can be derived as

2
D=2 (2.5)

4-TD
The fluorophores can also undergo fast photophysical process including transitions of
fluorescence between bright and dark (non-emissive) state during the passing time

through the observation volume. Several factors that can cause rapid fluctuation of

4 8F(t) \

F(t) bo-fmoll L\ <F(t)>

v

G(1)

Scheme 2.2: Basic working principle of FCS measurements. Fluctuations of fluorescence

intensity due to random diffusion of fluorophore in and out of the observation volume.
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fluorescence like intersystem crossing in the fluorophores, conformational change of
molecules, trapping of charge carriers in semiconductors, etc. In these cases, the

correlation function can be expressed as

Gtotal(T) = Gdiffusion (™ Gfaster @) (2.6)

The form of Gyer(t) depends on the nature of the fast process. However, in case of
perovskite NCs, the fast fluctuation of fluorescence can arise due to trapping of photo-
generated charge carriers. The appropriate form of Gy(t) will be discussed in the
relevant portions of the subsequent chapters.

Sample droplet

Objective lens

-Laser

Dichroic mirror
Mirror

Emission filter

Lens l

Mirror
Pinhole >| SPAD |,
Lens Cross-
Lens >-/ correlator
Mirror m

50/50 beam splitter

Scheme 2.3: Schematic diagram of CFM for FCS measurement, which shows cross-

correlation of signals obtained from two detectors.

All FCS measurements were performed at the room temperature using the CFM in the
TTTR mode; details description of the CFM set-up is already discussed (Scheme 2.1),
where a basic configuration is shown is Scheme 2.3. The measurements were performed
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using two detectors to remove the artifacts introduced by detectors. A 50/50 beam splitter
was placed before the detectors to direct the fluorescence signal to the two SPAD
detectors which were then cross-correlated. All data were analyzed using the

SymphoTime software.
2.3.2.2. Photoluminescence intensity time-trace

PL intensity time trace is generated in real time scale by constant excitation of an
immobilized single fluorophore to study PL characteristics of that single fluorophore. In
most of the single fluorophores, a random fluctuation of PL intensity is observed over

several intensity levels with time, which is termed as PL intermittency or
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B
o
L
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Scheme 2.4: Schematic diagram of CFM for PL blinking measurement in the

Computer

PL Intensity

Time

immobilized states of fluorophores, shows signal is obtained from a single detector.
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blinking.” The high intensity levels are called as ON states and the lowest intensity levels
close to the background are called as OFF states (shown in Scheme 2.4). A threshold is
set to separate the ON and OFF states. To increase the signal to noise ratio and separate
the ON and OFF states properly, photon arrival times are averaged over time and this bin
time was used 10-20 ms for our study. To understand the mechanism of blinking, the
intensity levels are separated into different regions. Analysis of lifetime of those states
gives information about the possible recombination processes of the photoexcited
fluorophores. When there are several intensity levels, setting a threshold becomes
difficult to separate the ON and OFF states. Fluorescence lifetime intensity distribution
pattern provides important information on the processes responsible for the blinking. In
our study, all the measurements were performed by using CFM (Scheme 2.4) in the
TTTR mode. The fluorescence signal was directed to single SPAD for detection. To get a
film with well separated distribution of the fluorophores, a very dilute sample solution
(pM) was drop casted on the coverslip by adding non-interacting polymers like
polymethyl methacrylate (PMMA). All the measurements were performed keeping low
excitation intensity of laser to avoid formation of multiexcitons. For the analysis of data
SymphoTime software was used. Details of analysis will be discussed in the relevant
portions of the subsequent chapters.

2.3.3. Femtosecond transient absorption (TA) measurement

TA measurement is used to measure those processes occurring in the fs-ps time region for
both fluorescent and non-fluorescent sample and fs pulsed lasers are employed for the
excitation of sample. In this technique, the sample is excited to higher energy states by
optical pump and the fate of the excited (transient) sample is investigated by using a
broad band probe at delayed time with respect to the pump. This technique is also

referred as pump-probe method.?

The femtosecond setup we used (Shown in Scheme 2.5) consist of a mode-locked
Ti:sapphire laser as oscillator (Mai-Tai, Spectra Physics) producing < 100 fs pulses

centred at 800 nm (30 nJ, 80 MHz). The pulse was directed to a regenerative amplifier
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(Spitfire Ace, Spectra Physics), and was pumped by frequency-doubled output of
Nd:YLF laser at 527 nm (Empower, Spectra Physics) to produce amplified pulse of
frequency 1 KHz and pulse energy ~ 4.2 mJ (800 nm, < 100 fs). The amplified laser was
divided into two parts. The intensity portion (~ 3.2 mJ) was directed to an optical
parametric amplifier (TOPAS-Prime, Spectra Physics) to obtain the excitation pump
beam (wavelength tenability 290-2600 nm) at 400 nm for our study. The pump beam was
guided to the transient absorption spectrometer (ExciPro, CDP systems) to excite the
sample and to modulate it a mechanical chopper. The remaining portion (~ 1 mJ) was
passed through a step motor controlled optical delay line (~ 4 ns) and directed to CaF,
crystal to generate white probe light (320-900 nm). The probe was divided into two

beams, one used as

| OReference“?""
BN
1 [ »
®
H P

signal ¥

"
S
@

Scheme 2.5: Layout of optical components of the spectrometer of the pump-probe setup

used for our study (adapted from ref 9).

Probing beam and another as reference beam and focused on a rotating quartz sample cell

(1 mm path length). For better overlap, a collimated geometry was maintained between
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pump and probe beam. The transmitted probe and reference beam were directed to a
polychromator and detected by multichannel photodiode array and processed to record
difference in absorbance (AA) in presence and absence of pump beam.® To avoid any
undesired non-linear processes, all our measurements were performed at low pump
fluence (2 pJ cm™). All data were analysed using ExciPro (CDP system) and Igor Pro

software. The differential absorption is given by

AA(At) = Apump on 1t) - Apump of f 1) = Aexe A t) — Aground @) (2-7)

AA(A, t) = log (%) — log (%) = log (I“;’;Z—?i?) (2.8)

Where A and Agoung are the absorbance of the excited and ground state species
respectively and I, and | are intensities of incident and transmitted probe light. To avoid
multiphoton processes, the intensity of probe light was kept low compared to the pump.
The main processes which may contribute to TA spectrum for molecular systems are
ground state bleach (GSB), excited state absorption (ESA) and stimulated emission (SE).®
The pump excites fraction of molecules to the excited states and hence when probe comes
it experiences less number of molecules in the ground state than the unexcited sample for
pump-off condition (more transmitted intensity). As a result AA appears as negative
signal in the spectral region of ground state absorption. The photoexcited molecules
(pump-on) can further be excited to the higher energy state or generate new transient
species. In that case there is absorption of probe light at those wavelength and transmits
less light, lgouna™> lexe. COnsequently, AA appears as positive. Lastly, the probe pulse
brings back those photo excited sample (pump on) to ground state through stimulated
emission, which results additional photons and lgroung< lexct,. results negative AA signal at

the spectral region corresponding to the emission.
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2.3.4. Femtosecond PL up-conversion setup

PL up-conversion (UC) provides high temporal resolution for PL decay of fluorescent
samples. In this technique, the PL is up-converted when it is mixed with a delayed probe
(or gate) beam in a sum frequency crystal (shown in Scheme 2.6). For efficient UC, phase
matching of both the beam is necessary and the temporal resolution is limited by the gate
pulse width. The up-converted signal is recorded with respect to the excitation pulse at
different delay time of the gate pulse.

/ ) \
Fluorescence wy Phase matching angle e Excitation !
laser pulse {1\ Fluorescence
"uUsp-converted signal Weym
Laser pulse Wy, . =
----------------------------- Delayed gate pulse

N R

Scheme 2.6: Basic principle for the generation of up-converted signal and basic working

principle of PL UC measurement.

All our measurements were made in up-conversion spectrometer (FOG 100, CDP
systems, Russia) shown in Scheme 2.7, where a part of the output from Mai Tai (800 nm,
80 MHz, < 100 fs) was received. For second harmonic generation, 800 nm beam was
focused onto a B-barium borate (BBO) crystal and 400 nm beam was generated and used
for excitation of the sample. The 400 nm laser beam was reflected by using a dichroic
mirror and the transmitted 800 nm beam (called gate bean) was passed through a

mechanical
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Scheme 2.7: Layout of optical components of PL UC setup used for our study (adapted

from ref 9).

delay line ~ 4 ns. The 400 nm output was passed through a Berek plate, which was set at
magic angle. A filter was placed to remove residual gate beam and was focused on the
rotating sample cell. The fluorescence from the sample was focused to a second BBO
crystal after passing through a collimating lens and a filter (to remove excitation beam,
400 nm). The gate beam was directed to the BBO crystal and after mixing with the
fluorescence, up-converted signal was produced. The up-converted signal was passed
through the monochromator (adjusted according to the up-converted signal) and was
detected in a PMT.

2.3.5. Picosecond time-correlated single photon counting (TCSPC) setup

PL decays were measured using TCSPC spectrometer (Horiba Jobin Yvon IBH) in the
picosecond to microsecond region. It works on the basic principle of a stop watch, where

the emitted single photon events are detected and the time of detection is correlated to the
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arrival time of the excitation laser pulse.'® The schematic diagram of the setup is shown in

Scheme 2.8.
/ Beam Splitter \
Pulsed Laser l x I

N Emission
source -
Polarizer
[ Polarizer
] [N Monochromator o |gs
5 53
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—
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Scheme 2.8: The main components of the TCSPC setup and working principle.

The experiments start when a laser pulse simultaneously excites the sample and sends a
signal to the constant fraction discriminator (CFD) (forward mode). CFD measures the
arrival time of the laser and diverts the signal to time-to-amplitude convertor (TAC) and
START the voltage ramp. The emitted photon is detected by photo multiplier tube (PMT)
and directed to another CFD to measures the arrival time of the photon and makes TAC
to STOP the voltage ramp. The time difference between START and STOP pulse comes
as the output of TAC. The resultant voltage is amplified by programmable gain amplifier
(PGA) and converted to numerical value by analog-to-digital convertor (ADC). This
process is repeated several times and a histogram of PL intensity change over time is

generated.

For our studies, we have used PicoBrite (405 nm, 1 MHz, 60 ps FWHM) diode laser as
the excitation source and micro-channel plate (MCP) PMT (Hamamatsu R3809U-50) as
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the detector. A dilute solution of Ludox (as scatterer) was placed inside the sample

chamber to measure the instrument response function (IRF).

Lifetimes were estimated by deconvoluting the IRF and decay profiles using nonlinear
least-square iterative fitting procedure (software IBH DAS6, Version 2.2).

2.4. Photoluminescence Quantum Yield Measurement

The PLQYs of the perovskite NCs were estimated by comparing with a reference
standard dye whose PLQY (QY?R) is known and excitable at the same wavelength of the
sample, having almost similar emission wavelength range. PLQYs were calculated by

following the equation
QYs = QYg x (Is/Ig) x (ODR/ODs) x (ns’/ng?) (2.9)

Where OD is the optical density, | represents integrated area under the PL spectra excited
at the same wavelength and under similar experimental condition and n is the refractive
index of the medium used. The subscript R and S refer to reference and sample
respectively. 9,10-diphenylanthracene* in toluene medium (QY = 0.93), cumarine 153"
in ethanol (QY = 0.546) and rhodamine 6G™ in aqueous medium (QY = 0.95) were used

as references.
2.5. Materials Characterization with Other Experimental Techniques

All steady state absorption and emission spectra were recorded using UV-vis
spectrophotometer (Cary 100, Varian) and spectrofluorimeter (FluoroLog-3, Horiba Jobin
Yvon), respectively. To measure the size and shape of NCs transmission electron
microscope (TEM) were used (Tecnai G2 FE1 F12) with an accelerating voltage of 200
keV. The high resolutions TEM (HRTEM) of NCs were taken with the same instrument,
which was used for estimation of the lattice spacing using the Gatan Digital Micrograph
software. Powder X-ray diffraction (PXRD) patterns of the NCs were obtained using
Bruker D8 advance diffractometer using Cu-Ka X-radiation (A = 1.5406 A). Elemental

composition analysis was done using energy-dispersive X-ray spectrometer (EDX)
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coupled with field emission-scanning electron microscope (FESEM, Ultra 55 Carl Zeiss
instrument). Bruker Tensor Il spectrometer was used to measure FTIR spectra. X-ray
photoelectron spectroscopy (XPS) measurements were performed using Thermo
Scientific K-Alpha + spectrometer using micro-focused monochromatic X-ray source,
generated at 70 W with a spot size of 400 um. The energy resolution of the spectrometer

was set at 0.5 eV at pass energy of 50 eV.
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CHAPTER 3

. Boosting the Photoluminescence of
CsPbX; (X=Cl, Br, I) Perovskite
Nanocrystals Covering a Wide
Wavelength Range by Post-Synthetic

Treatment with Tetrafluoroborate Salts
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Overview

While the caesium lead halide (CsPbX; X= CI, Br, I) perovskite nanocrystals (NCs) are
in limelight for their promising optical and opto-electronic properties, the trapping of
charge carriers by the defect states greatly diminishes their photoluminescence quantum
yield (PLQY). Herein we show how a simple treatment with sodium or ammonium
tetrafluoroborate salt can dramatically improve the PL properties of a series of CsPbX;
NCs emitting in the blue-yellow region. We have achieved near-unity PLQY for CsPbBr;
and CsPbBr,Clz and substantially high PLQY for CsPbCl; and CsPbBryls« NCs by this
method. The effect of this treatment is also reflected from much-improved PL decay
profiles of the NCs. The findings, which demonstrate the effectiveness of
tetrafluoroborate ion in producing high quality photo-luminescent perovskite NCs by
removing excess Pb from the surface, are expected to boost the utility of these materials

in practical applications.
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3.1. Introduction

Cesium lead halide perovskite (CsPbXs;, X=ClI, Br, 1) NCs have received enormous
attention in recent years as promising optoelectronic materials™ due to their broad
absorption, intense PL with narrow band width, high defect tolerance, and band gap
tunability over the entire visible range.>”

The PL properties of these substances are, however, highly sensitive to the synthetic
conditions and compositions. Several reports show low PLQY of these perovskites.®*™
Even the highly luminescent perovskite NCs prepared by the hot injection method are not
free from defects, which act as trapping centers for the charge carriers and lower the PL
efficiency of the systems.® The complex multi-exponential PL decay kinetics of these

1011131519 \vhich can arise from the surface®

NCs is also the consequence of defects,
and/or intrinsic in nature.?* Due to high surface to volume ratio of these NCs their PL
properties are largely determined by the quality of the surface. Hence, surface treatment
by appropriate reagent is key to obtaining defect-free samples with superior PL properties
for light-based applications.

Attempts have been made previously to improve the PLQY of perovskite NCs by

W17 or after the synthesis.****24%% QY value of near unity

surface modification, during
is observed for CsPbBr; NCs upon treatment with Na/NH, thiocyanate salts** and lead
bromide.  Upon  treatment  with  didodecyldimethylammoniumbromide,™
didodecyldimethylammoniumsulfide® and metal bromide*® PLQY of 70-83% is
achieved for these NCs. For CsPbl; NCs, PLQY of ~100% is achieved by treatment with
trioctylphosphine-Pbl, or 2, 2’-iminodibenzoic acid.'”? It is thus evident that no given
method of surface treatment is effective for all or a large number of CsPbX3; NCs. During
our quest for a common method (post—synthetic treatment) for improvement of the PL
properties of a wide variety of CsPbX; NCs, we have observed that a simple treatment
with sodium/ammonium tetrafluoroborate salt is highly effective. It enhances the PLQY
of several CsPbX; NCs emitting in the 400-600 nm region substantially. Particularly
noteworthy in this context is 90-96% PLQY for CsPbBr,Cls,, and 50-fold enhancement

for CsPbCls.
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3.2. Results

3.2.1. Post synthetic surface treatment of NCs

The colloidal CsPbX; NCs studied in this work were synthesized following the
procedure reported by Protesescu et al.® with minor modifications (see Chapter 2 for
details). Then, the precipitate was finally dispersed in toluene for measurements. 2-4 mL
of NC (few micro-molar) solution was stirred with solid NaBF, or NH,BF, for 30
minutes at room temperature and open atmosphere. Majority of the changes in the NC
occurs within first 10 minutes and become unaffected after 30 minutes of the treatment.
Since the ionic tetrafluoroborate salts have very limited solubility in nonpolar toluene,
they were separated easily from the NC solution by centrifuging for 5 minutes at 6000
rpm. Outcome of the treatment is highly reproducible. The tetrafluoroborate salts were
used directly after purchase in this method. Colloidal dispersion of the NCs remained

unaffected after the treatment.

3.2.2. Characterization of NCs

Figure 3.1: TEM images of CsPbBr; NCs before (a) and after (b) treatment showing an
edge-length of ~9.7 nm. High resolution-TEM images in the insets show similar inter-
planar distance of 0.59 nm. (c) Powder X-ray diffraction patterns of CsPbBr3NCs before

and after the treatment.

Page 57



! Boosting the photoluminescence...

To see the change in morphology and crystal structure of the NCs, before and after
treatment, TEM images and powder XED patterns are used. TEM images of the as-
synthesized CsPbX; NCs show a regular cubic morphology with edge length of ~7-12 nm
(depending on halide composition). No change in size of the samples after treatment is
observed from TEM images (Figure 3.1, Al.1 and Al.2). The HR-TEM images (insets to
Figure 3.1) show a lattice spacing of 0.59 nm for the (100) plane for CsPbBr; before and
after the treatment.® No change in crystal structure is also evident from close match of the

powder XRD patterns of treated and untreated NCs.
3.2.3. Steady state measurements

The emission peak position (Anax) Of the samples studied here vary between ~402nm
(CsPbClI3) and ~595nm [CsPb(Br/l)s] (Figure Al.3), thus covering a large part of the
visible spectrum. Representative PL spectra (Figure 3.2) of CsPbCl; and CsPbBr; show
PL peaks at 402 nm (FWHM = 14 nm) and 507 nm (FWHM = 20 nm), respectively. The
PLQYs of these as-synthesized samples are measured to be ~1 % and ~30 %,
respectively. Even though no noticeable change in size, shape or crystal structure of the
NCs was found on treatment with the tetrafluoroborate salt, a huge improvement of the
PL properties of the samples is observed. For example, the PLQY of treated CsPbBr;
reaches a value of almost unity (>95%). CsPbCl; shows ~50-fold enhancement of PLQY
to reach a value of 50%. The other mixed halides also show excellent improvement of
PLQY (Table 3.1). The PLQY values achieved for the mixed halides vary between 63-
96%. We also note that no improvement of PLQY is observed only for CsPbl; NCs. The
photographs in Figure 3.2 highlights the PL enhancement over a wide range of
wavelengths is achieved in this work. The high PLQY values obtained for so many

individual NCs by a single method is unprecedented. In all cases, a small but reproducible
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Figure 3.2: Absorption and PL spectra of (a) CsPbBr;, (b) CsPbCl; and (¢) Photographs
of PL of colloidal solutions of CsPbX; NCs in toluene (under 365 nm UV lamp) before
and after treatment covering the visible spectral region of 400-600 nm. Both sodium and

ammonium tetrafluoroborate salts show similar effect.

Table 3.1.PL peak and QY of the NCs before and after treatment and comparison
with literature values.

PLQY (%)
Materials Amax Before After Literature

(nm)” treatment | treatment | (after treatment)
CsPbClj 402 1+0.4 5045 | -
CsPbClI,Br 427 1+0.5 903 |  ------
CsPbCly5Bry s 442 2+1 0542 | -
CsPbBr,Cl 458 41 96+3 | -
CsPbBr;, 507 30+8 95+2 ~100% 71701
CsPbBr;l 540 105 7045 | -——---
CsPbBr5l; 5 595 1345 63£2 | -
CsPbl, 690 405 4045 >95%

*pbefore treatment

blue shift of the PL maximum (by 1-4 nm) is observed (Figure 3.2); though similar shift
in the absorption spectra is absent. This blue shift of the PL peak for treated and more
luminescent samples could be due to the removal of shallow emissive energy levels of the

as-synthesized NCs 2911121424
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3.2.4. Time resolved measurements

—— Before treatment

—— After treatment

0 20 40 60 80
Time (ns)

Figure 3.3: Photoluminescence decay curves of CsPbBrs (Aex = 405nm). Inset shows the

curves in 0-25 ns time window.

Table 3.2. Lifetime (t/ns) components of CsPbBr; NCs before and after treatment.

CSPbBrS Tl(al*) ‘Cz((X.g) ’53(0.3) Tav_q# ‘
Before 3.0(0.24) 19.8(0.02) 0.9(0.74) 1.78
treatment
After treatment 3.6(0.96) 9.3(0.04) 3.82

*a;’s are amplitudes of the lifetime components. #ra\,g is defined as Yoyt X0

The PL decay profiles of the samples are also significantly improved by the treatment
(Figure 3.3). The multi-exponential decay, which is characteristic of the complex/multiple

radiative de-excitation pathways,®*%%%%

of the as-synthesized samples, is transformed to
nearly single-exponential one in some cases with significant enhancement of PL lifetime.
Table 3.2 shows three-component decay of CsPbBr; becomes nearly single exponential

after the treatment. This aspect is better seen from the decay curve shown in the 0-25 ns
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time window (inset of Figure 3.3). The ~3 ns (t1) component is attributed to excitonic

recombination considering the literature values,®**?

and enhancement of the amplitude
(o) of this component on treatment. As the 0.9 ns component, which was the major
radiative recombination process before treatment, vanishes after the treatment, it can be
attributed to the trap states arising from the surface defects, which are eliminated after the
treatment. The long lived component with very small (4%) contribution is presumably
arising from shallow trap-mediated radiative recombination. Striking effect of the
treatment is also noticed for other mixed halide NCs (Figure Al.4). The tri-exponential
PL decay patterns change to bi-exponential one in almost all cases with low contribution

from the long-lived component (Table Al.2).

3.2.5. Mechanism of PL enhancement

Before treatment

4712

4f5/p

After treatment £

4772 A\

135 138 141 144
Binding energy (eV)

XPS Intensilty (a. u.)

147

Figure 3.4: XPS spectra due to Pb 4f7/2 and 4f5/2 before and after treatment. Spectra are
calibrated with respected to C 1s peak (at 285.35 eV).
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1

P .

Hexane + tetrafluoroborate salt

Before treatment

I
]

IR intensity

1000 1500 2000
Wavenumber(cm'1)

Figure 3.5: Fourior transformed infrared spectroscopy (FTIR) transmission spectra of
tetrafluoroborate salt treated hexane, CsPbBr; NCs before treatment and after treatment
with NH,BF,.

In order to understand the mechanism of tetrafluoroborate salt induced PL enhancement
we have carefully examined the analytical data. The observation of similar PXRD pattern,
lattice spacing and absorption spectrum of the samples before and after the treatment
indicates that the crystal structures of the NCs are not affected by the treatment and
hence, it is the surface that is modified in the process.

X-ray photoelectron spectroscopy (XPS), Infrared (IR) and energy dispersive X-ray
(EDX) spectroscopy measurements have been used to assess the surface modification of
the NCs and to understand the mechanism of PL enhancement. Quantitative XPS analysis
for CsPbBr; indicates a Pb:Br ratio of 3.8 for the untreated surface, which is higher than
the expected ratio of 3.0 in the bulk, but is understandable as excess Br on the NC surface
arises from the capping ligands.****Following the salt treatment, this ratio increases to 4.0
indicating removal of some Pb from the surface. Deconvolution of the high resolution
XPS spectrum of untreated NCs for Pb 4f yields 4 peaks as shown in Figure 3.4. Two
intense peaks are located at 138.9 eV (4f;,) and 143.8 eV (4fs;,) with a spin-orbit splitting

of 4.9 eV, which corresponds to Pb in 2+ oxidation state. Additional weaker peaks at
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137.6 eV and 142.6 eV, which are absent after the treatment, are attributed to Pb in its
metallic state.**** It is known that formation of Pb(0) nanoparticles (NPs) during the
synthesis of perovskite NCs by hot injection method cannot be avoided.**As it is known
that BF,  can easily strip off capping ligands and labile lead atoms from lead

chalcogenide NC surface,

one expects BF, salt treatment to remove the labile Pb
adatoms and nanoparticles. This removal of lead is confirmed by the presence of excess
lead (Figure AL8) in the EDX spectrum of the salts after the treatment. Even though, no
signature of fluorine (Figure Al.6) could be observed from the XPS measurements, the
FTIR spectra of the NCs after the treatment (Figure 3.5) do show a broad peak around
1080 cm™ due to the B-F stretching of BF,” bound to lead.*” Another peak at 1712 cm™
corresponding to C=0 stretching of oleic acid obtained from the reaction with counter ion

and oleate.?*

3.3. Discussion

Considering IR and XPS data, long term colloidal stability and inter-particle packing of
these NCs (as evident from TEM images), we conclude that BF, ions access only to
limited places on the NC surface (sites from where stripping occurs) and do not remove
all surface capping ligands as observed in earlier report.®® The fact that these under-
coordinated lead ions and lead NPs act as traps for charge carriers and facilitate
nonradiative decay leading to low PLQY of NCs is well documented.?*®* This
mechanism of PL enhancement is quite similar to that observed in the case of Na/NH,

thiocyanate-treated samples.?*

Having understood the mechanism of PL enhancement, it is not difficult to rationalize
its observed trend as we move from CsPbCl; to CsPbls. Low PLQY of CsPbCl; and its
50-fold enhancement indicates the presence of both intrinsic and surface defects in the
sample before treatment and effective removal of the surface defects after the treatment.
This is confirmed by the presence of a large quantity of lead NPs in as-synthesized NCs
and their removal after the treatment (vide TEM images, Figure ALl and Al.2). As we
move towards CsPbBr; the crystals become nearly defect-free after treatment indicating

that the defects in these systems arise mostly from lead-rich surface. No noticeable
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enhancement for CsPbl; suggests that the defects in these NCs are mostly due to
structural distortion arising from larger iodine (intrinsic point defects).*’

3.4. Conclusion

In short, an extraordinary improvement of the PL properties of a series of CsPbX; NCs
covering a wide wavelength range (~200 nm) in the visible region is achieved by
following a simple protocol. Unlike the previous reports, the present method enhances the
PLQY of CsPbBr; and CsPbClI,Brs, NCs to near unity with almost single-exponential PL
decay profile in some cases. Further, even for blue-emitting CsPbCIl; NCs, we have
accomplished 50-fold enhancement, which is quite remarkable for this system. These
findings, which demonstrate the effectiveness of tetrafluoroborate ion in producing high
quality photo-luminescent perovskite NCs by removing excess lead atoms from the
surface, are likely to boost the utility of these materials in high performance

optoelectronic devices.
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CHAPTER 4

__________________________________________________

Mechanistic Investigation of the
Defect Activity Contributing to the
Photoluminescence Blinking of

CsPbBr; Perovskite Nanocrystals
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Overview

Exploration of the full potential of the perovskite nanocrystals (NCs) for different
applications requires a thorough understanding of the pathways of recombination of the
photo-generated charge carriers and associated dynamics. In this work, we have tracked
the recombination routes of the charge carriers by probing photoluminescence (PL)
intermittency of the immobilized and freely diffusing single CsPbBr; NCs employing a
time-tagged-time-resolved method. The immobilized single CsPbBr; NCs show a
complex PL time-trace, a careful analysis of which reveals nonradiative band-edge
recombination through trap states, trion recombination and trapping of the hot carriers
contribute to the blinking behavior of any given NC. A drastically suppressed PL blinking
observed for the NCs treated with a tetrafluoroborate salt indicates elimination of most of
the undesired recombination processes. Fluorescence correlation spectroscopy (FCS)
study on the freely diffusing single NCs shows that enhanced PL and suppressed blinking
of the treated particles is the outcome of an increase in per-particle brightness, not due to
any increase in the number of particles undergoing “off’-“on” transition in the
observation volume. The mechanistic details obtained from this study on the origin of
blinking in CsPbBr; NCs provide deep insight into the radiative and nonradiative charge
carrier recombination pathways in these important materials and this knowledge is
expected to be useful for better design and development of bright photoluminescent

samples of this class for optoelectronic applications.

Page 71



! Mechanistic investigation of....

4.1. Introduction

Caesium lead halide CsPbX; (X= CI, Br & 1) perovskite NCs are in limelight as
promising materials for photovoltaic and optoelectronic applications because of their
excellent properties such as broad absorption with high absorption cross-section, narrow
tunable emission, high PLQY, long carrier diffusion length and intrinsic defect
tolerance." These ‘defect-tolerant’ NCs are, however, not completely free from charge
carrier trapping centres.®> %" These are largely free from deep-trap states, but they do
possess shallow trap states, which facilitate nonradiative recombination of the charge
carriers and decrease PLQY of the system.™ 8% As efficiency of an optoelectronic
device made of these materials depends on the fate of the charge carriers, a thorough
understanding of the nature of the trap states and dynamics of different competitive
radiative and non-radiative charge carrier recombination processes is essential for proper

utilization of these substances.

The charge carrier recombination process can be investigated by monitoring the PL
properties of individual NCs. Extensive studies on (mostly CdSe based) semiconductor
qguantum dots have shown that these single NCs show random PL fluctuations, termed as
PL intermittency or blinking, due to participation of the trap states in carrier
recombination processes.”” Random fluctuation of PL between the bright (on), dim (grey)
and dark (off) states arises from a number of processes depending on the size,
composition and nature (density and position of the trap states) of the NCs and several
models have been proposed to explain PL blinking.”*?® These studies have revealed the
contribution of the following processes on their PL blinking.**** % When a charge
carrier gets trapped in a short-lived shallow trap state, it relaxes rapidly through a
nonradiative route before another exciton is generated. In this case, time-dependent
fluctuation of the carrier trapping rate leads to PL blinking behaviour.? > 2% % p|_
fluctuation due to these shallow trap states mediated nonradiative band-edge carrier
(NBC) recombination is known as NBC blinking.?> * * When the charge carrier is
trapped for a longer period, the NC becomes charged. Absorption of another photon by

this charged NC, when creates an exciton, the system becomes a trion.” 3" 3% % 3" ynder
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this condition, two situations can arise; (i) the exciton recombination energy can be
nonradiatively transferred to a third carrier (called, Auger recombination),?* * * and (ii)
the exciton can recombine radiatively at a faster rate, which is almost twice that of neutral
exciton recombination.?* 3 PL blinking arising from trion mediated recombination
(radiative and nonradiative) is termed as AC blinking.?? Both AC and NBC
recombination can cause blinking of the same NC.?> % Apart from these two processes,
trapping of the hot carrier prior to its relaxation to the band edge can also lead to PL
blinking. When this happens, the trapped hot carrier relaxes rapidly (through a
nonradiative recombination route) before generation of another exciton and one observes
a large drop of PL intensity without any significant change in lifetime. This phenomenon,
which is known as hot carrier (HC) blinking, is not a common process. 2* 34!

As far as the perovskite NCs are concerned, it is already known that a number of
recombination processes contribute to their blinking.'%*# 1" % 3394131 15 some cases, it is

10.12. 45 \nhereas in some other

claimed that PL blinking is due to the AC recombination,
cases, NBC recombination is found to be responsible for PL fluctuation.*® The occurrence
of both NBC and AC recombination in a single CsPbBr; NC is also reported.* Very
recently, HC recombination, which was earlier observed in core-shell CdSe/CdS NCs,*
has been reported for hybrid (organic-inorganic) perovskite NCs.* ** Suppression of the
recombination processes contributing to blinking is a challenging task, but has been
achieved for metal chalcogenide quantum dots.>*>* However, very few studies exploring
the effect of surface treatment on the blinking behaviour of the perovskite NCs have been

made so far, % 3% %

In this work, we investigate PL blinking of both immobilized and freely diffusing
CsPbBr; NCs and demonstrate that all three recombination processes (NBC, AC and HC)
contribute to the PL blinking of each single NC. By examining the PL blinking behaviour
of the tetrafluoroborate salt treated NCs, we determine which of these processes are

actually suppressed by the surface treatment.
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4.2. Results
4.2.1 PL blinking study before treatment of NCs

CsPbBr; NCs with an average edge length of 8 £ 1.5 nm and PLQY of ~(30-40)% were
synthesized for this study following hot-injection method (details in ‘Chapter 3.2.1°).%
The first absorption onset and PL peak of these NCs appear at ~495 nm and ~505 nm,
respectively (Figure All.1). For single-particle study, dilute solutions of the NCs in
toluene (picomolar concentration) were drop-casted on a coverslip and dried under
vacuum. Confocal PL microscopy image of a typical film of the NCs is shown in Figure
4.1a. The film was excited at 405 nm by a pulsed laser (FWHM 176 ps) with a repetition
rate of 4 MHz and average power of 0.05 uW. The low laser power was used to avoid any
non-linear process. Under the experimental condition, each NC was found to absorb on
average ~ 0.08 photons per pulses. *****>*® The number of excitons generated per pulse
was calculated using the formula, <N> = J, x &, where J, is per-pulse photon fluence and

the absorption cross section is, 6 = 1.5 x 10~* ¢m?.1% 1242

We examined the PL blinking of 55 single NCs among which 39 (~70%) exhibited a
blinking pattern, labelled as Class-1 blinking, shown in Figure 4.1b. The occurrence of
different PL intensity levels (Figure 4.1c) indicates a broad distribution of the high-
intensity “on” state and a much narrower distribution of the low-intensity “grey” state; the
latter is not clearly separable from the “off” states (Figure 4.1 and All.2). To determine
the origin of different intensity states we have divided the PL intensity into six levels,

marked as R1 to R6, and measured the decay profiles (Figure 4.1d) for each level.
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Figure 4.1: (a) PL intensity image of a film of CsPbBr; NCs as obtained using a confocal
microscope, (b) PL intensity time-trace (binning time 10 ms) of a NC exhibiting Class-1
blinking. The zoomed portion of the circled region shows that the low intensity “grey”
states are very close to the background (red line) or the “off” state. (¢) Occurrences of the
measured PL intensities, (d) PL decay profiles for levels, R1 to R6, and (e) FLID of a

single CsPbBr; NC with false colour representation.

Table 4.1: Average lifetime components (t;) and their weightages (o;) of different PL

levels of the untreated NCs.

Region
R1 8.210.3
R2 7.8+0.1
R3 7.1+0.3
R4 6.410.1
R5 6.1+0.2(0.62) 1.1+0.1(0.38)
R6 6.5+4(0.40) 0.94+0.1(0.60)
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For the high intensity levels (R1 to R4), PL decay is found to be single-exponential, but
for the lower intensity levels (R5 and R6), the decay profile is bi-exponential (Table 4.1
and All.1).” The highest intensity level, which is associated with a single lifetime
component of ~8.2 ns (Table 4.1), is attributed to excitonic emission.’® 3 ** #* The
lifetime gradually decreases with decrease in PL intensity (Table All.1). The computed
intensity-lifetime scaling (n) of the top four different intensity regions (R1, R2, R3 and
R4) is given below.

1 =Kg; 1 Kg, i Kgs 1 Kry :h:l—zzk:|—4:1.1:1.0:0.92:0.75

O T T3 Ty

A near-unity ratio of the radiative recombination rates of the three high intensity

levels indicates the competition between a fixed radiative rate and variable nonradiative

rates in the NC. This is typical signature of PL blinking due to NBC recombination.? **

Even though our measurements were performed on well-separated single NCs (Figure
4.1a), one may argue that the multistate emission is not from single NC rather comes
from clusters. Let us assume that each particle represents a cluster of 2 NCs. If the 2 NCs
have different PL lifetime, the PL decay curve for the R1 level would have been
biexponential, which is not the case. If the 2 NCs have same lifetime, the PL intensity of
the particle would have been twice as large with same lifetime and hence, n would have
been >1.0, which again is not the case. Hence, it is evident that each luminescent particle

consists of a single NC.

A deviation of the n value (from near-unity) from level R4 onwards indicates
involvement of additional process(es) competing with the NBC recombination and
contributing to the lower intensity levels. For these levels, a second lifetime component
(~1 ns) is observed, whose contribution increases from level R5 to R6 (Table 4.1). As
multiexciton recombination processes are ruled out under our experimental condition, the
short-lived component must be arising from trion recombination. The observed lifetime
of this process is in agreement with literature.’® 3 “® It is thus evident that AC

recombination also contributes to the blinking of each NC. The involvement of two
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simultaneously occurring recombination processes can be found out from the
fluorescence lifetime-intensity distribution (FLID) patterns.” * * However, in the
present case, this is not very clear from the FLID pattern (Figure 4.1e), presumably due to

low occurrence of the “grey” state population.

For further investigation of the processes contributing to PL fluctuations, we have
constructed PL lifetime traces corresponding to the intensity traces and compared them
together (Figure 4.2, AllL.3). It is seen that the PL intensity correlates quite well with the
lifetime in most of the regions, but there are some specific regions (indicated by a dashed
lines, in Figure 4.2), where the lifetime is significantly high for a very low intensity state.
This suggests trapping of the carriers prior to their cooling. Thus it is evident that hot-
carrier trapping also contributes to PL blinking along with AC and NBC recombination

processes.
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Figure 4.2: (a) PL intensity and (b) lifetime trajectories of a NC exhibiting Class-1
blinking. The region indicated by two dashed red lines shows no correlation between

intensity and lifetime.
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The PL time-trace and corresponding intensity histogram of the remaining 30% of the
NCs, classified as Class-2 blinking, are shown in Figure 4.3. Unlike in the previous case,
here the occurrence of the “grey” state is greater than that of the “on” state. Analysis of
the PL decay profiles at higher intensity levels reveals contribution of the NBC
recombination similar to what is observed for Class-1 NCs (Figure All.5). As the “grey”
states have greater contribution for Class-2 NCs (Figure 4.3b), the low intensity states are
now more clearly visible in the FLID pattern (Figure 4.3c and All.6). One can easily
identify two distinct lifetime components for the low intensity region. The ~7.5 ns
component (indicated by an arrow) is similar to the lifetime of neutral exciton. For a low
intensity state, a lifetime closer to that of the neutral exciton can be explained only if the
carriers are trapped before they relax to the band edge.”” This implies that hot carrier
mediated HC recombination also contributes to the blinking of CsPbBr; NC. Another low
intensity region (circled) in Figure 4.3c, with lifetime (~1.6 ns, Table All.2) significantly
shorter than that of the neutral exciton (~8 ns), must be due to trion recombination.'® 3 4
Thus we find that three different channels of recombination (AC, NBC and HC)
contribute to the observed blinking of these single CsPbBr; NCs as well. The blinking
pattern of these NCs differs from that of the Class-1 blinking ones in respect of the

weightages of the three recombination processes.
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Figure 4.3: (a) PL intensity time-trace (binning time 10 ms) of a NC exhibiting Class-2
blinking. (b) Occurrences of the measured PL intensities, (c) FLID of a single NC with

false colour representation.
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4.2.2 PL blinking study after treatment of NCs

We have also examined the PL intensity time-trace of 51 single CsPbBr; NCs, which
were treated with tetrafluoroborate salts to enhance the PLQY to near-unity following a
recently developed method (details in ‘Chapter 3”)."* Nearly 90% of these treated NCs
show significantly suppressed PL blinking displaying only one high intensity level
(Figure 4.4). The disappearance of the contributions of the “grey” and “off” states, which
makes the PL intensity distribution much narrower and indicates that PL blinking is
effectively suppressed by the surface treatment. To investigate this aspect little deeper,
we examined the PL decay profiles corresponding to three narrow intensity levels (T1, T2
and T3), as shown in Figure 4.4c. The highest intensity region (T1) exhibits single-
exponential decay with a lifetime of ~ 8.8 ns (Table 4.2 and All.3), which is not very
different from that before treatment. The other two levels exhibit bi-exponential decay
Kinetics comprising a short component (~1.9 ns) in addition to the long one. The
amplitude of this short component (~29% for T2, ~38% for T3) due to trion
recombination is almost half of that before treatment (~60% for R6 in Class-2 NC). This
indicates that even though trion formation is suppressed significantly due to surface
treatment, it is not completely eliminated in the treated sample. A higher PLQY (evident
from higher PL intensity counts), suppressed blinking and narrow distribution of the
events (the “off” and “grey” states are removed) in the FLID pattern (Figure 4.4d)
indicate radiative recombination as the main recombination pathway of the carriers after

the treatment with highly suppressed HC and NBC processes.
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Figure 4.4: (a) PL intensity time-trace (binning time 10 ms) of a NaBF,-treated NC. Red
line indicates the background signal intensity. (b) Occurrences of the measured PL
intensities, (c) PL decay profiles of the levels marked T1 to T3 and (d) FLID of single

CsPbBr; NC after treatment with false colour representation.

Table 4.2: Average lifetime components (t;) and their weightages (o;) of different PL
levels of the treated NCs.

Region T1(ay) NS T(ap) NS
T1 8.8£0.5
T2 9.1+0.4(0.71) 2.1+0.2(0.29)
T3 8.2+0.4(0.62) 1.9+0.1(0.38)
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4.2.3 FCS study

As stated earlier, we have also studied the freely diffusing NCs (a colloidal solution of
the NCs in octadecene) of same concentration before and after NaBF, treatment to
understand the effect of the treatment on PL blinking dynamics. The fluorescence
correlation curves are found to be best represented by equation 1 (Figure 4.5), which
involves a three-dimensional diffusion along with a stretched exponential decay
component due to PL blinking. The quality of the fits can be assessed from Figure All.10

and the fitting parameters are presented in Table 4.3.

1
G(z) = [1+—exp(- i)ﬁ] S+ (1+ KZTTD) 2] (1)
Where T, is the diffusion time of the NCs, N the average number of particles
undergoing reversible PL intensity fluctuation in the observation volume, T the fraction
of the “off” state, and T the dark-state relaxation time or blinking time. B is the
stretching exponent with a value between 0 to 1 and is related to the distribution of 7. «
(= wylwyy) is the structure parameter of the observation volume; w, and w,,, are the

longitudinal and transverse radii, respectively.
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Figure 4.5: Fluorescence correlation curves of the CsPbBr; NCs in octadecene before

and after treatment.

The B-value (0.56) obtained for the untreated NCs is substantially different from unity.
This indicates a distributed kinetics of fluorescence blinking suggesting the involvement

of multiple trap states. % 2% %6

Interestingly, the P value of unity for the treated samples
(Figure 4.5) indicates that PL fluctuation is now due to a single nonradiative
recombination channel. A decrease in the T value from ~0.55 to ~0.37 upon treatment
reduced off-state fraction (T) of before treatment (Table 4.3) implies that the treated
particles remain mostly in the “on”-state; an observation that confirms the suppression of
blinking. We note that the number of particles (N) undergoing “on”-“off” transition in the
observation volume, is not altered significantly by the treatment; but, per-particle
brightness (PPB) is increased (Table 4.3) by a factor of ~2.2 fold (from ~9.3K
cps/particle to ~19.7K cps/particle) as a result of the treatment. This value is in agreement
with ~3-fold enhancement of PLQY of the system on treatment, as we reported in an

earlier work.*

Table 4.3: Estimated values of the off-state fraction (T), average number of
observable particle (N) within the observable volume, stretching exponent () and

per-particle brightness (PPB).

NCs T [\ B PPB(cps/particle)
Before 0.55+0.03  1.89+0.15 0.56+0.02 9.3+0.85
treatment
After 0.37£0.02  1.84+0.16 1.0+£0.01 19.7£0.91
treatment
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4.3. Discussion

Before Treatment

M h’\
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Scheme 4.1: Different recombination processes in a single CsPbBr; NC before and after
surface treatment. The black and brown dashed horizontal lines show the deactivated and
activated trap states, respectively. For the sake of clarity, intra-band relaxation of the hot
electrons is not shown while illustrating AC and NBC blinking. Also, hot hole cooling is

not shown in all cases for the same reason.

It is generally believed that the surface defects of CsPbBr; NCs arise from uncoordinated
lead and lead nanoparticles.'* ** * % These defects give rise to states near the conduction

band that are highly effective in trapping the charge carriers. Considering these trap states
Page 83



! Mechanistic investigation of....

and the findings of this work, we illustrate the mechanistic details of different
recombination events in single CsPbBr; NCs in Scheme 4.1. When the traps are in their
passive state,'’ the excitons recombine radiatively with zero nonradiative rates. However,
the excitons may as well recombine nonradiatively via the trap states when the latter are
active.” This study reveals that, when the exciton at the band-edge recombines through
those shallow trap states before generation of another exciton (<250 ns), no charging of
the NCs occurs and the blinking is due to the NBC mechanism. On the other hand, when
electron is trapped for a longer duration (>250 ns) in trap states, which are relatively
deeper than those involved in NBC recombination, a trion is formed on generation of
another exciton. The trap states, which lie above the conduction band-edge, are involved
in capturing the hot-electrons. This trapped hot electron relaxes rapidly and
nonradiatively before another exciton is generated. Simultaneous occurrence of three
different recombination processes in a single NC is a reflection of highly dynamic nature
of the trap states due to ion migration and mobility of the charge carriers.'” °®
Interestingly, though the treatment removes the “off” states, the AC recombination
process is not eliminated completely after treatment, presumably because intrinsic defects

and/or labile nature of the ligand on the surface. **°

4.4. Conclusion

We show that three separate processes, namely NBC, HC and AC recombination,
contribute to the PL blinking of each single CsPbBr; NC. Significant suppression of
blinking, as evident from the disappearance of “off” and “grey” PL states on surface
treatment of these NCs, indicates significant removal of the trap states contributing to the
HC and NBC recombination processes. The AC blinking is also suppressed on treatment,
but not eliminated completely. The FCS study reveals an increase in per-particle
brightness of the particles on surface treatment is responsible for highly suppressed PL
blinking in treated samples. The study provides new insight on the mechanism of PL
blinking in CsPbBr; NCs, which will be useful in designing non-blinking PL materials of
this class. The results also show that the treated CsPbBr; NCs can serve as ideal single-

dot light source in optoelectronic applications.
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Overview

Transfer or extraction of charge carriers from photoexcited perovskite nanocrystals (NCs)
is a process of great interest in photovoltaic applications. In this work, we report our
findings interfacial hole transfer dynamics from immobilized and freely diffusing single
NCs of FAPbBr; to surface adsorbed phenothiazine (PTZ) by using single particle
fluorescence spectroscopy employing time-tagged-time-resolved method. While FAPbBr;
NCs show two-state (ON-OFF) blinking, FAPbBr;—PTZ NCs exhibit a complex blinking
pattern comprising several levels of photoluminescence (PL) intensity due to the hole
transfer process. A careful analysis of the PL decay behavior of different intensity levels
and fluorescence lifetime intensity distribution (FLID) pattern reveals a heterogeneous
nature of the hole transfer dynamics. Both particle to particle and time-dependent
variation of hole transfer rate of a given particle are identified. Direct observation of
short-lived (<100 ns) charge separated state, FAPbBry-PTZ", in immobilized state of
NCs, is again supported by the FCS measurement. Increase of dispersive nature of
blinking dynamics due to heterogeneity in hole transfer rate is further revealed by FCS

measurements.
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5.1. Introduction

Lead halide based perovskites NCs continue to receive enormous attention as a
promising semiconducting material for photovoltaic and optoelectronic applications
because of their excellent properties such as broad absorption with high absorption cross-
section, tunable emission with narrow band width, high photoluminescence quantum
yield (PLQY), long carrier diffusion length, and intrinsic defect tolerance.'’ Since the
first report in 2009,® the power conversion efficiency of solar cells based on these
materials has improved rapidly and reached to 25% till now.” As the performance of these
devices depends on the efficiency of the extraction/transfer of the charge carriers from

these semiconducting materials along with the other processes,'®

investigation of the
exciton dissociation processes in presence of electron or hole acceptor is important. In
this regard most of our current understanding of charge carrier dynamics from perovskite
is derived by wusing ultrafast transient spectroscopy and ensemble-averaged

11-17

measurements, where most of the time, we get an average of charge transfer

dynamics.

However there is possibility that these processes can generate heterogeneity of charge
transfer rates, which is difficult to estimate in ensemble-averaged measurement. The
heterogeneity can be static (varies among different single NCs) and dynamic (varies with
time for a single NC) depending on the number of adsorbed charge acceptors on the
surface of NCs as well as fluctuating electronic coupling strength among them.'*** In this
context single particle fluorescence spectroscopy is a powerful tool to probe those

distributions '® 2% 2> 26

and can provide further insights into the heterogeneity of charge
transfer dynamics. Hence it is important to study the charge transfer processes at the
single particle level to understand the distribution of processes and the nature of those

NCs.

Distribution of charge transfer processes has been studied most extensively for single
metal chalcogenide based quantum dots (QDs) by studying the PL intermittency or

18-24

blinking. PL blinking arises due to participation of trap states in the charge carrier
recombination processes.”’ " Several mechanisms have been proposed to understand the
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blinking behavior and, radiative and nonradiative recombination paths. Among them
trion-mediated recombination (AC blinking) through long-lived trap states and,”
nonradiative band-edge carrier recombination (NBC blinking)*® and hot-carrier trapping
mediated recombination (HC blinking)*® through short-lived trap states, are widely
accepted mechanisms for blinking of semiconductors. Now in presence of charge
acceptor there is introduction of another nonradiative recombination channels (along with
the trap mediated recombination) in the photo-excited QDs and the blinking dynamics of
those QDs is modulated by the charge transfer process. More insights into the
heterogeneity of charge transfer dynamics have been obtained through studies of charge

transfer in single metal chalcogenide based QD-charge acceptor complexs.'*>*

Single perovskite nanocrystals (NCs) exhibit PL blinking due to the involvement of trap
states in recombination of the photo-generated charge carriers.””>* Although the blinking
mechanism can be quite diverse for the perovskite NCs depending on the composition
and surface properties, they show many similarities with PL blinking in conventional
metal chalcogenide QDs.*” * ** 37* Introduction of additional pathways for charge
recombination/transfer leads to a change in PL blinking pattern of the NCs. There is
modulation of blinking dynamics of the single FAPbBr; perovskite NCs for electron
transfer to ITO and n-type TiO,’"*® and hole to CuSCN™. There are very few reports

Scheme 5.1: Alignment of the energy levels of FAPbBr; NCs and PTZ."*’
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available till now which probe the interfacial charge transfer from single NCs. Hence
further extensive studies are needed at the single particle level for different charge
acceptors to understand charge transfer process and its distribution in details and have an

efficient charge acceptor to build novel devices.

In this work, we investigate hole transfer from single FAPbBr; NCs to phenothiazine
(PTZ) whose HOMO and LUMO Ilevels and the valence and conduction bands of the
FAPbBr; NCs (Scheme 5.1) permit hole transfer from photoexcited NCs to PTZ.
Ensemble averaged measurements, ultrafast transient and time resolved terahertz
spectroscopy,”™ '® has been used previously for studying hole transfer dynamics from
CsPbBr; perovskite NCs to PTZ. For the former study half-life of hole transfer and
subsequent charge recombination are reported as 49 ps and 1 ns respectively'® and for the
later hot-hole transfer is observed with time scale of sub-300 fs.”° However,
understanding those processes at the single particle level and studying the distribution of
hole transfer rate is still lacking. This study of PL blinking in the mobilized and freely
diffusing state of FAPbBr; NCs with and without PTZ provides further details of hole
transfer dynamics and heterogeneity of hole transfer rate. We observed not only static but
also dynamic heterogeneity of hole transfer rate. Finally we proposed a model to account

for the observed effects of hole transfer on single NC blinking dynamics.

5.2. Results

5.2.1. Steady-state measurements

The FAPbBr; NCs (average edge length ~12 nm, Figure AIIL.1), prepared following a
reported procedure,® details of which are provided in the ‘Chapter 2’, were centrifuged
and dispersed in hexane or ODE for studies. Absorption and emission spectra of the NCs
are presented in Figure 5.1a. These NCs are highly fluorescent (PLQY >90%) and the
emission peak is observed at 527 nm. PTZ adsorbed NCs (indicated hereafter as
FAPDbBr;-PTZ NCs) were obtained by sonication of a mixture of a colloidal dispersion of
the NCs and PTZ. While the absorption spectra of FAPbBr; and FAPbBr;-PTZ NCs are
- Page9%
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almost identical, the PL of FAPbBr;-PTZ NCs much lower (Figure 5.1a) due to hole
15, 16

transfer from photoexcited FAPbBr; NCs to the adsorbed PTZ moiety.
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Figure 5.1: (a) Absorption and emission spectra (A = 405 nm) of FAPbBr; and FAPbBr3-
PTZ NCs. (b) PL intensity image of a film of a very dilute solution of the sample with

well separated NCs obtained using confocal microscope.

5.2.2. PL blinking study

To examine the effect of hole transfer on the blinking dynamics of single NCs, by
confocal fluorescence microscopy technique employing a time-tagged time-resolved PL
(TTTR-PL) method. For this study, a diluted dispersion (~ pM) of the NCs was mixed
with polystyrene (PS) in toluene and drop-casted on a cover glass and dried under
vacuum. This film was excited by a 485 nm pulsed laser (fwhm 176 ps) with a repetition
rate of 10 MHz and average power of 0.05 uW. Under this experimental condition, each
NC was found to absorb on an average ~0.08 photon per pulse. A confocal PL
microscopy image of a typical film of well separated NCs is shown in Figure 5.1b.

Among the ~50 single FAPbBr; NCs examined, a large majority of these particles (44
NCs) show low fluctuations of PL intensity and remains mostly in the high intensity (ON)
state. A representative PL trace of this class of single FAPbBr; NCs is shown in Figure
5.2a. The corresponding histograms of fluorescence intensity indicates very low

occurrence of low intensity states compared to the ON states. The binary switching
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between ON and OFF states (states near to background) are prominent in rest of the NCs,

which is discussed in Figure AIIL3.
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Figure 5.2: PL intensity trajectories with bin time of 20 ms (where the background is
shown by red line) and their corresponding PL intensity and lifetime distributions of

FAPbBT; (a), FAPbBr;-PTZ1 (b) and FAPbBr;-PTZ2 (c) NCs.

Interestingly FAPbBr;-PTZ NCs exhibit strikingly different blinking behavior. These NCs
exhibit several intermediate states between the ON and OFF states. Moreover, the
blinking pattern is found to vary from particle to particle. Among the 50 NCs examined,
PL intensity traces of two such representative NCs (labelled as FAPbBr;-PTZ1 and
FAPbBr;-PTZ2) are shown here in Figure 5.2b and 5.2c. A wide distribution of the PL
intensity states with low occurance for the high intensity states is clearly evident. This
blinking pattern is quite different from the observation of a single intermediate state in
case of CuSCN as hole acceptoer.”” It is also evident from those occurrence histograms
(Figure 5.2a, 5.2b and 5.2c¢) that after hole transfer the fraction of ON states has decreased

along with the increase of OFF state fraction. A decrease of average lifetime in FAPbBr;-
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PTZ NCs (Figure 5.2b and 5.2¢) compared to FAPbBr; NCs (Figure 5.2a) alone is due to
the hole transfer process. The decrease in lifetime is more in case of FAPbBr;-PTZ2 NC
compared to FAPbBr;-PTZ1 presumably because of a large number of adsorbed PTZ on
the surface of NCs in the case of former.”’

To understand the origin of different intensity states we have analyzed the PL decay
dynamics of different PL intensity levels. For FAPbBr;, we have analyzed two different
levels, denoted as R1 and R2 (Figure 5.3a), whereas for FAPbBr;-PTZ NCs, as there are
several intermediate states, we have examined four different levels (T1, T2, T3 and T4 for
FAPDbBr;-PTZ1 and P1, P2, P3 and P4 for FAPbBr;-PTZ2), displayed in Figure 5.3b and
5.3c. The PL decay curve corresponding to the highest intensity level of all the NCs is
single exponential. For FAPbBr; NCs, the highest intensity level (R1) is associated with a
lifetime component of 12 ns (t;), and is attributed to the neutral exciton emission.””*' For
the lowest intensity level (R2) of FAPbBr; NCs, the PL decay profile is biexponential
with lifetime components of 3.5 ns (t;) and 0.45 ns (1). This short component (1,) can be
attributed to trion recombination, based on literature.”® This suggests trion mediated
recombination; referred to earlier as AC mechanism is responsible for blinking of
FAPbBr; NCs. Due to low occurrence compared to exciton recombination, the trion
recombination is not visible from the fluorescence lifetime intensity distribution (FLID)
pattern (Figure 5.3b). For the rest of the NCs (5 NCs out of 49) along with the AC, hot
carrier trapping mediated HC kind of blinking is also observed (Figure AIIL.3), but that
kind of NCs are less in number.

For FAPbBr;-PTZ1 and FAPbBr;-PTZ2 NCs, the lifetime component of the highest
intensity level is 8 ns (for T1 region) and 6 ns (for P1 region), respectively. Average
exciton lifetimes for the highest intensity ON state calculated for all the ~50 studied NCs
are ~12 ns and ~6.5 ns for the FAPbBr; and FAPbBr;-PTZ NCs respectively (Figure
Alll.2). A lower lifetime of the highest intensity state is attributed to the hole transfer
process, which introduces a new non-radiative recombination channel that increases the
exciton decay rate. A distribution of lifetime of the highest intensity state (Figure AIIL.2)

indicates a heterogeneity of the hole transfer rates. This heterogeneity is much greater in
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FAPbBr;-PTZ NCs compared to FAPbBr; due to the different number of PTZ molecules

adsorbed on the NCs surface in addition to different surface environment.'®
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Figure 5.3: PL intensity trajectories (in short time region) for (a) FAPbBr3;, (d) FAPbBr;-
PTZ1 and (g) FAPbBr;-PTZ2 NCs. Different intensity levels of which PL decay profiles
were measured are indicated by color bars, FLID patterns and PL intensity decay of

corresponding intensity regions.

We have analyzed the PL decay profiles for the lower intensity levels for FAPbBr;-PTZ
NCs to understand the reason for appearance of several PL intensity levels due to hole
transfer. The lifetime decreases as we move from the highest intensity levels (T1 or P1) to
the lower intensity levels of FAPbBr;-PTZ1 and FAPbBr;-PTZ2 NCs. For the FAPbBr;-
PTZ1 NCs PL decay is single exponential up to T3 level and lifetime (t;) gradually
decreases from 8.6 ns to 2.2 ns (Table AIIL.2). Intensity—lifetime scaling of the three
different intensity regions (T1, T2 and T3) is as follows
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A near—unity ratio of the radiative recombination rates of these intensity regions suggests
the competition between a fixed radiative rate and variable nonradiative rates, which is
typical signature of PL blinking following non-radiative band-edge carrier (NBC)
recombination.” This kind of near-unity ratio is also observed for FAPbBr;-PTZ2 for P1
and P2 regions. From this analysis, we obtain two important informations. The
observation of varying nonradiative rate in PTZ adsorbed systems, which in the present
case is due to hole transfer, is dynamic in nature. This consequently results continuous
emissive states of different levels.” Secondly, in our case, n being far from 2, indicates
that hole transfer to PTZ does not lead to formation of trion (as the rate for trion mediated
recombination is almost double of the neutral exciton recombination). Trion (negative)
formation was observed previously for hole transfer from FAPbBr; NC to CuSCN and
also for core-shell CdSe QD to PTZ due to formation of long-lived charge separated
state.”™ *> However, in our case the hole in PTZ and electron in the NC recombines at a
faster rate before generation of another exciton and consequently no negative trion is
formed, which indicates the formation of short-lived (<100 ns, as repetition rate of
excitation pulse 10 MHz) charge separated states (FAPbBry-PTZ"). Moreover at the
lower intensity levels (T4 for FAPbBr;-PTZ1 and P3 and P4 for FAPbBr;-PTZ2) a very
short component of ~0.45 ns arises, which well matches with the value of trion
recombination due to presence of long-lived traps in the NCs which is observed in the
FAPbBr; NC before hole transfer and yet present in FAPbBr;-PTZ NCs also. Unlike to
FAPbBT;, several states are clearly visible in the FLID patterns of FAPbBr;-PTZ NCs
(Figure 5.3b and 5.3c) and presence of those intermediate states is more prominent in
FAPDbBr;-PTZ2 NC than FAPbBr;-PTZ1. The FLID patterns (for 50 FAPbBr;-PTZ NCs
are shown in Figure AIILS5) look like a mixture of linear and curvature nature as along
with trion mediated recombination process (AC, due to presence of electron trap in the
NC) nonradiative band edge carrier recombination through short-lived charge separated

state, FAPbBr; -PTZ" is also responsible for the blinking of PL of FAPbBr;-PTZ NCs.
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Although all the measurements were carried out on well separated single NCs (Figure
5.1b), considering the several intermediate intensity states one can think that the emission
is not from single NC but rather from clusters. This possibility can be nullified
considering the following argument: Let us assume that cluster consist of two NCs. (i) If
the two NCs have different PL lifetime then the decay curve for the P1 and T1 would
have been bi-exponential which is not the case. (ii) If they have same lifetime then n
would have been >1.0, because then intensity would have been twice with same lifetime,
which is again not the case. Hence it is evident that the emission is from single FAPbBr;-
PTZ NC.

Further we provide an estimate range of hole transfer rate distribution. For that we
consider 12 ns as the intrinsic lifetime (1/ky) of FAPbBr; NC, which is the average
lifetime of ON states of ~50 NCs. There is a distribution of hole transfer rates (k = ko +
kut), considering static and dynamic heterogeneity. The latter can be estimated from a
single NC PL trajectory. For FAPbBr;-PTZ1 and FAPbBr;-PTZ2 NCs, the estimated hole
transfer rate (kyr) fluctuates from ~0.5X10° to >0.5X10’ s and ~1X10° to >0.5X10° 5™
respectively. The distribution of lifetime shown in Figure AIIL.2 corresponds to a static
variation of kyr from 0 to >0.4X10° s™. Such heterogeneity of charge transfer rate is

reported previously by Lian group for electron transfer from single CdSe/ZnS QDs.*

5.2.1. FCS study

Additional insight on blinking dynamics due to hole transfer process is obtained from
FCS studies on the freely diffusing NCs with and without PTZ in the ps-ms time domain.
In this technique, fluctuation of PL intensity of a highly dilute solution (nM) of the NCs
in a small volume of the sample (typically ~1 fL) is measured using a confocal
fluorescence microscope. Correlation curves generated from the fluctuation of PL
intensity (which can be due to diffusion, physical or chemical reactions, aggregation, etc)
are analyzed using equations corresponding to different models. In our case, the
fluorescence correlation curves are found to be best represented by equation 5.1 (Figure

5.4), according to which two processes contribute to the PL fluctuation; a three-
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dimensional diffusion process along with a stretched exponential decay component

27, 50

representing hole transfer process. This model has been used previously for metal-

51-53

chalcogenide quantum dots as well as perovskite NCs also. The amplitude of

correlation at time t, G(1), is expressed as

G(1) = [1 +exp (- i)ﬁ] <N>A+t/rp) A+ /K)o

Where, <N> is the average number of particles undergoing reversible PL intensity
fluctuation in the observation volume, Ty, is the diffusion time of the NCs, T is the fraction
of particles in their “off” state, and 7t is the dark-state relaxation time or blinking time. 3
is a stretching exponent having a value between 0 to 1 indicating the distribution of tr.
(= wz/oyy) is the structure parameter of the observation volume; o, and w,, are the

longitudinal and transverse radii, respectively.
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Figure 5.4: Fluorescence correlation curves of FAPbBr; and FAPbBr;-PTZ NC solutions

in ODE in (a) absolute and (b) normalized scale.
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Table 5.1: Estimated blinking parameters, G(0), tp, <N>, B, Tr and T values of the
FAPbBr; and FAPbBr;-PTZ NCs, as obtained from FCS measurements

NCs Tp (ms) G(0) <N> B T1(ms) T ‘
FAPbBr 4.2+0.22 0.75+0.02 1.6+0.10 1 0.96+0.04  0.18+0.02
3
FAPbBr 4.1+0.36  1.2+0.11  1.6+0.31 0.52+0.06  0.15+0.04  0.47+0.03
-PTZ

Figure 5.4 indicates an increase in amplitude of the correlation at zero time delay, G(0),
on addition of PTZ along with a change in shape of the correlation curve. A close
examination of the various parameters associated with blinking (Table 5.1), as obtained
from analysis of the data, shows that for FAPbBr; NCs the correlation data is represented
by simple exponential (B=1), whereas for FAPbBr;-PTZ NCs it fits with stretched
exponential (0<B<1) with B value 0.52+0.02. This indicates that charge carrier trapping
process occurs nearly with a single rate in FAPbBr; NCs (consistent with the high PLQY
of NCs), whereas in FAPbBr;-PTZ NCs B<I indicates that hole transfer opens up
additional non-radiative recombination channels, causing heterogeneous hole transfer
process with distribution of rate constants. It leads to increase of T value from 0.18 to
0.47 and further justifies the increase of G(0) value (from 0.75 to 1.2), as G(0) is defined
as 1/[<N>(1-T)], and <N> remains fixed. Interestingly we observed decrease of dark state
relaxation time (tr) from 0.96 ms to 0.15 ms upon hole transfer. Now in case of only
FAPDbBr; NCs dark states arises due to non-radiative recombination through trap states
whereas in FAPbBr;-PTZ NCs in addition to trap states hole transfer is also responsible.
This decrease of tr consequently suggests that hole transfer induces short-lived charge-
separated state in FAPbBr;-PTZ NCs.?" *! These observations are in agreement with the

blinking kinetics in the immobilized state.
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5.3. Discussion

To account for the effect of the hole acceptor on the blinking of single NC, we propose a
model considering various states and their interconversion in FAPbBrs-PTZ system. As
shown in Scheme 2, a neutral NC is excited from the ground state (1) to excited state
(1*), which can relax to ground state (1) by intrinsic relaxation process. This overall
generates ON state with decay rate of ~10° s. The electron can be trapped (intrinsic trap
state) with rate constant, k. When the electron stays there in this state (at state 2 in
Scheme 2) for a long duration (>100 ns, in our case excitation repetition pulse rate 10
MHz), the excitation of the NC generates a positive trion (2*) which can relax radiatively
or via a rapid nonradiative Auger recombination process (not shown in Scheme 2). This
leads to AC mechanism as the reason for blinking in both the FAPbBr; and FAPbBr;-PTZ
NCs. Those rate constants and states are assumed to be same in free FAPbBr; and
FAPDbBrs-PTZ NCs.

Scheme 5.2: Possible charge separation and recombination processes in FAPbBrs;-PTZ
NCs. 1 and 1* are the ground and excited states of neutral FAPbBrs-PTZ NC in ON state;
k. is the intrinsic decay rate of NCs. Electron trapping (with rate constant k) to long-lived
traps converts 1* to state 2; again excited and converts to 2*, which is low emissive
(grey) or OFF state. In presence of hole acceptor additional pathway is created. 1* can be
guenched due to hole transfer (with rate constant k) to PTZ forming state 3. State 3 is
short-lived and converts back to state 1 (with rate constant ky.). Time dependent

fluctuation of hole transfer rate creates several emissive states [Ke(t)].
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On the other hand, the presence of hole acceptor introduces additional pathways for
relaxation of the carriers in FAPbBr;-PTZ NCs. Hole transfer from excited FAPbBr; NC
to PTZ (with rate ki) generates a charge separated state (3). Now as the charge separated
state has short lifetime (<100 ns), hence before generation of another exciton
(consequently negative trion), the electron in NCs and hole in the PTZ recombines to
neutral state (1). A large dynamic fluctuation of hole transfer rate [ki(t)] is observed in a
single FAPDbBr;-PTZ NC which leads to fluctuation of PL intensity over different
intensity regions. Hence hole transfer induces another mechanism of blinking in single
FAPbBr;-PTZ NC.* This fluctuation of hole transfer rate in a single FAPbBrs-PTZ NC
can be due to change of strength of electronic coupling and driving force with time
between the NC and the adsorbate. Such change is also observed for electron transfer
from CdSe/zZnS QDs and is attributed to fluctuation of conformation of adsorbate or

charge present in the QD.?
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5.4. Conclusion

In summary, photoinduced hole transfer from single FAPbBr; NC to the surface adsorbed
PTZ molecules has been studied in immobilized and freely diffusing state of single NCs
by monitoring the PL blinking. The hole transfer process enhances the fluctuation of the
PL intensity and introduces several intermediate intensity and low intensity states. The
hole transfer process shortens the lifetimes of ON-states in the FAPbBr;-PTZ NCs. A
distribution of hole transfer rate among the particles, likely reflecting the distribution of
PTZ-NC ratio in the sample. Fluctuation of hole transfer rate is observed with fixed
radiative rate for a single FAPbBrs-PTZ NC. Thus dynamic heterogeneity increases the
possibility of more intermediate emissive states. Short lived charge separated state is
evident from no formation of negative trions. This is further supported by the FCS study,
showed shortening of dark state relaxation time. Hence due to presence of long lived trap
states, only FAPbBr; NC shows AC blinking mechanism, whereas in FAPbBr;-PTZ NC
in addition to AC mechanism non-radiative band edge recombination through hole
acceptor is also responsible for blinking. We believe that the fundamental insight

obtained from our study will be helpful in better utilization of these materials in devices.
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Overview

Doping is an important strategy both for introducing new properties and modifying the
intrinsic properties of a semiconductor. In this work, we investigate the Bi-doped
CsPbBr; nanocrystals (NCs), which are less toxic and weakly luminescent compared to
the parent system, employing ultrafast pump-probe and fluorescence upconversion
techniques and single-particle based fluorescence correlation spectroscopy technique to
obtain individual particle-level understanding of the charge carrier recombination
pathways and dynamics in these systems. The results reveal heterogeneity of the system
in terms of photoluminescence (PL) brightness/efficiency of the individual NCs. Three
different types of NCs (bright, dim and dark) have been identified in doped samples that
arise from the difference in extent of doping and consequent variation in the density of
Bi-induced states; the latter act as traps for the electrons and assist in nonradiative
recombination of the charge carriers. An ultrafast trapping process (~2-6 ps), which
renders a majority of the Bi-doped NCs into dark ones, is found to be the primary cause
of weak PL of the doped systems. The individual particle-level information obtained in
this work using a combination of techniques provides new insight on low PL of the Bi-
doped CsPbBr; perovskite NCs.
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6.1. Introduction

The lead halide based perovskites have attracted great attention as next generation
semiconducting materials for photovoltaic and optoelectronic applications because of
their broad absorption with high cross-section, long carrier diffusion length, intrinsic
defect-tolerance and high photoluminescence quantum yield (PLQY)."® Moreover, the
properties of these materials can be tuned by adjusting the composition, size and
dimensionality of the systems.® ° As doping is another strategic route through which

11-13

these materials can be endowed with new properties, a large number of studies have

also been performed on perovskites doped with various dopants, which include both iso-

14-21 21, 22

valent and hetero-valent ions with respect to Pb®* for different purposes, like

controlling the optoelectronic performance, structural stability, crystal growth, light
conversion and partial replacement of toxic lead.'® %2
While the effect of doping iso-valent metal ion on the optical properties of the

141921 not so much has been done with the

perovskites has been studied quite extensively
hetero-valent metal ion dopants.” ** 2*Among different hetero-valent dopants, less toxic
Bi® has received the most attention as its ionic radius and electronic structure are very
similar to those of Pb?.% Bi*" doped perovskite films, nanocrystals (NCs) and large
single crystals (SCs) have been studied.”***As far as the optical properties are concerned,
Bi-doping results in a significant drop of PLQY of the perovskites.? %> 2% 3% 32 For
example, Bi-doping (5%) of the MAPDbBr; SCs leads to ~99% reduction in PL intensity
and carrier lifetime.”® * Very recent ultrafast time-resolved THz spectroscopy study
shows a notable decrease in charge carrier mobility in MAPDbBr; film on Bi-doping,
attributed to enhanced electron-trapping defects, leading to a decrease in PL efficiency
and carrier lifetime.* A decrease of PLQY from 78% to 8% (for 2.1% doping) and
substantial decrease of carrier lifetime is also reported for the CsPbBr; NCs by
Mohammed and co- workers.** % All these measurements provide an average PL
behavior of the NCs, without revealing any information on the PL characteristics of the
individual NCs. For example, an overall decrease in PLQY of the system on Bi-doping
can result from (shown in Scheme 6.1) (i) a decrease in the PL brightness (photon counts
per unit time) of each particle, (ii) a decrease in the number of bright particles due to
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conversion of some of these particles to dark ones and (iii) both due to (i) and (ii). We
attempt to obtain individual particle-level information of these doped NCs employing a
fluorescence correlation spectroscopy (FCS), ultrafast transient absorption (TA) and PL
upconversion (UC) techniques, which were not used previously for the study of these

systems.

Decrease in number

of bright particles - '

Bi-Doping
—_— 8, ({7
M
s
Quenching of PL - -

Scheme 6.1: Possible reasons for PL quenching on Bi-doping

6.2. Results
6.2.1 Synthesis and characterization of Bi-doped CsPbBr; NCS

The undoped and Bi-doped CsPbBr; NCs with different Bi-content were prepared

following reported procedures,® 2

the details of which are provided in the ‘Experimental
Section’. To eliminate any possible contribution of surface-adsorbed Bi on the optical
properties of the NCs, the doped samples were thoroughly washed with methyl acetate
and dispersed in hexane/ODE were treated using optimum amount of OA and OAm and
used for studies (details in ‘Chapter 3.2°). The last treatment, which was not
recommended in the reported procedure,? was to make up for possible removal of some

of protective ligands from the surface during washing.

The Bi-content in doped NCs, estimated by the inductively coupled plasma optical

emission spectrometry (ICP-OES) measurements, was found to be 0.3%, 0.5%, 2.7% and
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8.2%, respectively for the 2%, 5%, 10% and 20% of Bi-feed solutions. The TEM images
(Figure AIV.1) of the undoped and doped (8.2% Bi) CsPbBr; NCs show no noticeable
change in morphology (a cubic shape with an average edge length of ~9 nm). The HR-
TEM images indicate (Figure AlV.1) a lattice spacing of ~0.59 nm for the (100) planes
both for doped and undoped systems and confirm negligible influence of doping on the
crystal structure of the NCs. Similar PXRD peak positions (Figure AlIV.2) for the
undoped and doped NCs further supports this statement. No change in crystal structure of
the NCs upon doping is understandable as both Pb?* and Bi** have an identical ionic radii
(~ 119 pm).®

6.2.2 Steady state measurements

Doping, however, leads to a change in color of the colloidal dispersion, as observed by
naked eyes, from green (0% Bi) to brown (8.2% Bi) (Figure 6.1).** The electronic
absorption spectra of the NCs show (Figure 6.1a and AlV.3) a reduction of the excitonic
peak intensity and slight blue-shift of the peak position with increase in Bi-content. The
PL spectra (Figure 6.1b and AlV.4) of the samples also show a progressive blue shift with
increasing Bi-content in the NCs. A shift in PL peak position from 513 nm to 506 nm is
observed between undoped and 8.2% doped NCs. A similar shift, observed earlier for Bi-
doped CsPbBr; NCs and PbS quantum dots, was attributed to Burstein-Moss effect.?* 3% %
Increase in Bi-content also leads to progressive quenching of PL. The PLQY drops from
~93% (undoped) to ~8% (8.2% Bi-doped) with no significant change in width of the PL
spectra (FWHM 17-20 nm). Although this drastic decrease of PLQY is consistent with

literature,®* %

the PL quenching can be due to surface defects arising from surface-
adsorbed Bi or/and detachment of the surface ligands. These possibilities are however
ruled out by washing the doped NCs with methyl acetate and treating them with the
ligands, OA and OAm. Additional control experiments (vide Appendix V) were
performed to establish that the PL quenching of CsPbBr; NCs in our study was solely due

to Bi-doping.
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Figure 6.1: (a) Absorption and (b) emission spectra (A, = 400 nm) of Bi-doped (0%,
0.3%, 0.5%, 2.7% and 8.2%) CsPbBr; NCs dispersed in hexane.

6.2.3 Transient absorption measurement

We have studied the spectral and temporal characteristics of the transients produced on
photoexcitation of the undoped and doped NCs using femtosecond pulses under similar
experimental conditions to understand the influence of doping on the charge carrier
dynamics. The TA spectra (Figure 6.2a) are found to be characterized by a sharp bleach
signal at ~509 nm, which arises due to filling of the band edge states by the charge
carriers.®*® ¥ Even though the spectral features are quite similar for the undoped and
doped NCs, with increase in Bi-content in the samples, a blue shift (509 nm to 505 nm) of
the bleach peak is observed (Figure 6.2), which is consistent with the shift of the

excitonic peak in the steady state absorption spectra.
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Figure 6.2: TA spectra of (a) 0% (b) 0.5% and (c) 2.7% Bi-doped CsPbBr; NCs
dispersed in hexane (hex = 400 nm). (d) Comparison of the bleach recovery kinetics
monitored at their respective bleach maximum (505-509 nm) of the samples with

different Bi-content.

The bleach recovery kinetics of the undoped CsPbBr; NCs is found to be single
exponential (Figure 6.2d) with a time constant of >500 ps® (Table AIV.2), which
represents the excitonic recombination of the charge carriers.*”*" For the doped samples,
the bleach recovery is, however, biexponential. In addition to the slow component (>500
ps), another ultrafast component, whose value decreases with increase in Bi-content, is
observed. For example, the lifetime decreases from 3.2 to 1.9 ps on increase in dopant
content in the NCs from 0.5% to 2.7% (Table AIV.2). This time constant corresponds to
the trapping process. It is thus evident that Bi-doping promotes rapid nonradiative
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recombination of the charge carriers through the dopant-introduced trap states and
guenches the PL of the NCs. Careful inspection of the data reveals that even though the
maximum bleach amplitude (measured under identical conditions) is similar for undoped,
0.5% and 2.7% doped NCs, it is substantially (75%) lower for 8.2% Bi doped sample
(Figure AIV.5) indicating that for this sample, all photo-generated charge carriers do not
return to the band edge states; some are leaked through another channel in competition
with the hot carrier cooling process.® “° Hence, it is evident that while carrier trapping
becomes faster with increase in Bi-content, for sample with higher Bi-content, trapping of
the hot carriers is also an important process.'” “° The hot carrier trapping process is
further confirmed by acceleration of the formation of the bleach kinetics for 8.2% Bi-

doped NCs as compared to the other samples (Figure AlV.5).%
6.2.4 FCS study

Additional insight on low PLQY of the Bi-doped CsPbBr; NCs is obtained from the FCS
measurements. In this technique, we measure the fluctuations of PL of a highly dilute
solution (nM) of the NCs in a small volume of the sample (typically ~1 fL) using a
confocal fluorescence microscope. For this purpose, we have studied solutions of the NCs
(in ODE) with identical absorbance at the excitation wavelength, 405 nm. The measured
time-dependence of the fluorescence correlation data of the undoped and doped NCs is
shown in Figure 6.3. The data is found to be best represented by a model (equation 6.1)
according to which the PL fluctuations arise from (i) diffusion of the NCs in and out of
the observation volume and (ii) involvement of the trap states, the latter are represented
by a stretched exponential decay component. This model has been used previously for
metal-chalcogenide quantum dots as well as for perovskite NCs.*** The amplitude of

correlation at time 1, G(1), is expressed as
T v\

G(r) = [1 +—exp (— T—) ] 1/< N> +1/tp) A+ 1/K%1p) Y2 (6.1)
- T

Where, tp is the diffusion time of the NCs, <N> is the average number of particles

undergoing reversible PL intensity fluctuation in the observation volume, T is the fraction
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of particles in their “off” state, and T is the dark-state relaxation time or blinking time. 8

is a stretching exponent having a value between 0 to 1 indicating the distribution of 7.
(= wz/wyy) is the structure parameter of the observation volume; w,and w,, are the

longitudinal and transverse radii, respectively. The per-particle brightness (PPB) of the
NCs is given by I/<N>, where, | is the average count rate of the PL intensity trace .**

6

5[" (a) (b)
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Figure 6.3: Fluorescence correlation curves of the Bi-doped (0%, 0.3%, 0.5%, 2.7% and
8.2%) CsPbBr; NC solutions in ODE in (a) absolute and (b) normalized scale.
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Table 6.1: Estimated blinking parameters, G(0), Tp, <N>, B, 71, T and PPB values of
the Bi-doped (0%, 0.3%, 0.5%, 2.7% & 8.2%) CsPbBr; NCs, as obtained from FCS

measurements.

0 0.44+0.02 4.1+0.27 5.6+0.41 0.78+0.01  0.63+0.03  0.52+0.05 3.27+0.21

0.3 0.71+0.03 4.2+0.25 3.01+0.37 0.79+0.02 0.7740.05  0.49+0.02 3.72+0.28

0.5 1.2+015 3.8+0.28 1.73+0.20 0.83+0.06 0.60+0.06  0.47+0.03 3.93+0.20

27 27021 3.9+0.27 0.91+0.15 0.80+0.03  0.65+0.03  0.46+0.04 3.59+0.25

8.2 53+025 4.1+0.26 0.43+#0.02 0.75+0.05 0.75+0.05 0.48+0.02 3.27+0.28

The time—dependence of the fluorescence correlation data of the samples and the fits to
equation 6.1, are shown in Figure 6. 3 With increase in Bi-content, the G(0) value, which
is the amplitude of correlation at time zero, increases (Table 6.1), but the shape of the
correlation curves remains the same despite significant difference in PL efficiency of
different samples. A close look at different parameters associated with blinking (Table
6.1), as obtained from analysis of the data, shows that the  value is not very far from
unity (~0.8) for undoped NCs, indicating that only a few trap states contribute to PL
blinking of these systems. This is in agreement with high PLQY (~93%) of the undoped
NCs.*! Interestingly, even though the doped systems exhibit much lower PLQY, the
blinking parameters such as T, T and PPB values including the B-values are very similar
for doped and undoped samples. No noticeable effect of doping on the blinking dynamics
(in the ps-ms time scale) of the NCs, as observed here, is possible only when undoped
NCs are present in an ensemble of doped NCs. Considering that G(0) is defined as
1/[<N>(1-T)], its value can increase (Figure 6.3a) due to a decrease of <N> or/and
increase in T. However, as the T value remains unchanged on doping (Table 6.1), it is

thus evident that the increase in the G(0) value for higher dopant content is due to a
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decrease in <N> (Table 6.1). This decrease in the <N> value for higher dopant content
could be due to conversion of bright NCs to permanently dark ones or/and due to slowing
down of blinking dynamics (ty >7p). The number of these particles increases with
increase in Bi-content in the sample, which are not observable in these measurements and

causes lowering of PL efficiency.”™*’

6.2.5 Fluorescence up-conversion measurement
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Figure 6.4: PL decays of different Bi-doped (0%, 0.5%, and 2.7%) CsPbBr; NCs
(dispersed in hexane) obtained in PL UC measurement (Aex = 400 nm) in (a) normalized

and (b) absolute scale.

The excited state dynamics of the systems were further studied by monitoring the PL
decay profiles with a time-resolution of ~200 fs using PL UC technique.*® Figure 6.4a
depicts the normalized PL decay profiles of undoped and 0.5% and 2.7% Bi-doped NCs.
While the undoped NCs exhibit a single exponential PL decay with a time constant >500
ps,® the doped NCs show a biexponenetial decay behavior with an additional fast
component due to carrier trapping process. On increase in doping content from 0.5% to
2.7%, this decay component becomes faster (from 6.2 to 3.4 ps) and the PL intensity at
time zero decreases progressively (Figure 6.4b). For the 8.2% Bi-doped NCs, the initial
PL counts drops to such a low level that the PL decay dynamics cannot be measured

under similar experimental conditions. This decrease in time-zero PL intensity can be due
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to (i) hot carrier trapping or/and (ii) increase in the number of dark particles.* However,
as the TA data, indicated same bleach amplitude for 0.5% and 2.7% doped NCs, it is
evident that with increase in Bi-content from 0.5% and 2.7%, the number of
photoluminescent NCs decreases. This finding is consistent with that obtained from the
FCS study confirms the conversion of fraction of bright NCs to permanently dark ones. A
guantitative analysis of the time-zero PL intensity reveals ~43% and ~67% conversion of
the NCs into the dark ones for 0.5% and 2.7% Bi-doped NCs, respectively.

6.3. Discussion

Replacement of Pb?* by Bi** in CsPbBr; NCs creates deep electron trap states, which
serve as nonradiative recombination channels for the carriers and quenches the PL.?* 2>
%0 Our measurements (TA and PL UC) not only confirms that an efficient nonradiative
ultrafast carrier recombination pathway introduced by the dopant is responsible for low
PL efficiency of the system, but they provide the first particle-level insight on the lower
PL efficiency of the Bi-doped CsPbBr; NCs. Let us combine the findings of three
different measurements and attempt to construct the picture that we obtain from this study
(Scheme 6.2).

Bright NC Dark NC Dim NC

P

<2 ps

Deep trap

Deep trap states

states

Scheme 6.2: Recombination processes in Bi-doped CsPbBrz NCs, which comprise a

mixture of three different kinds of NCs.

The FCS study reveals two important pieces of information. First, there remain some

NCs, which exhibit blinking characteristics remarkably similar to those of the undoped

Page 125



! Individual Particle Level....

NCs that remain undoped in the doped samples. Second, the decrease of number of
observable photoluminescent particles upon doping i.e., conversion of the
photoluminescent particles into dark ones could be the one of the possible reasons for
lowering the PL efficiency upon Bi-doping.

The decrease of PL intensity at t=0 in PL UC study further confirms conversion of
some bright NCs into permanently dark ones. However, had there been only the bright
and dark NCs, the PL decay kinetics would not have been affected. The short lifetime
component arises from the NCs with intermediate brightness, is termed as dim NCs.
These are the particles, which are characterized by short PL lifetime, in which
nonradiative recombination of the carriers competes with the radiative recombination
processes, but does not prevent it completely (like in dark NCs). The fraction of bright
NCs converting into dark ones upon doping is estimated to be ~69% (0.5% Bi) and ~84%
(2.7% Bi) in FCS measurements (from the drop in the value of <N>) and ~43% and
~67% for the respective samples in PL UC measurements (from the decrease in PL
intensity at t=0). This difference arises because the dim particles appeared wrongly as
dark NCs in the FCS measurements. That could be due to weak PL intensities of these
particles, too low to be detected under identical experimental conditions and/or slow
blinking dynamics.*® "

A close look at the estimated time constants of the carrier trapping process (Table
AlV.2) shows that the process appears faster in TA measurement than that obtained by
PL UC technique. This is because PL UC measurement probes the dynamics of only the
fluorescent particles (bright and dim NCs), whereas the TA studies captures the data for
all particles (bright, dim and dark). With increase in Bi-content as the density of Bi-
associated trap states increases, the carrier recombination process becomes faster. The
dark and dim NCs differ in terms of the density of the trap states depending on the Bi-

content in the individual particles.”
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6.4. Conclusion

In short, investigation of the Bi-doped CsPbBr; NCs using a combination of techniques
reveals three types of NCs differing in PL brightness and charge carrier recombination
dynamics. Nonuniform doping of the NCs is found to be responsible for the
heterogeneous nature of the sample. A difference in dopant content leads to a change in
the density of the dopant-introduced states and consequent difference in the rate of
trapping of the carriers and PL brightness of the NCs. This study provides first insight
into the individual particle-level information on the carrier dynamics and PL efficiency of
the Bi-doped CsPbBr; NCs.
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7.1 Overview

The thesis deals with photophysical properties of an emerging class of semiconductor
materials, lead halide perovskites, which are the focus of great attention in recent times
due to their potential applications in photovoltaics and light-emitting devices. The
objective of this study is to control photoluminescence (PL) efficiency of perovskite
nanocrystals (NCs) and investigate charge carrier recombination and interfacial charge
transfer processes in those photoexcited NCs. As the efficiency of devices made of these
materials depends on the fate of the charge carriers, a thorough understanding of the
dynamics of different competing radiative and nonradiative charge carrier recombination
processes is essential for proper utilization of these substances. We have studied carrier
relaxation processes in photoexcited perovskite nanocrystals of various compositions and
interfacial hole transfer employing single particle fluorescence spectroscopy technigques
by studying the PL blinking in the immobilized or freely diffusing [fluorescence
correlation spectroscopy (FCS) measurements] states of NCs using a time-tagged time-
resolved confocal fluorescence microcopy setup. Femtosecond transient absorption, PL
upconversion and time correlated single photon counting (TCSPC) technique have also
been employed along with other steady state techniques for various optical measurements
for the works described in the thesis. We have synthesized the perovskite NCs in the
colloidal medium following the hot injection method and characterized those NCs
following techniques such as TEM, FESEM, FTIR, XPS, ICP and PXRD. A summary of

the overall findings of this work is given below.

Even though the perovskite NCs are highly defect tolerant, they are not completely defect
free. The defects mostly arise from the surface and/or intrinsic in nature. The optical
properties of the NCs are highly dependent on the surface quality of them due to high
surface to volume ratio. Hence surface treatment with proper reagent is one of the key
methods to obtain defect-free NCs with superior PL properties for light-based
applications. Here we explore a post-synthetic surface treatment with sodium/ammonium

tetrafluoroborate salts for a large number of CsPbX; NCs. We observed that this simple

Page 135



! Concluding remarks

treatment improves substantially the PL properties of several CsPbX; NCs emitting in the
400-600 nm region substantially. It is noteworthy that unlike previous reports, this
method enhances the PLQY to near-unity, not only for CsPbBr; but also for CsPbBr,Cls 4
NCs. Complex multi-exponential PL decay converts to single-exponential decay in some
cases after treatment. Further, even for blue-emitting CsPbCl; NCs, a remarkable PL
enhancement of 50-fold is achieved. Apart from this we also found that tetrafluoroborate
ion is effective in removing excess lead (lead nanoparticles or under coordinated lead)

from the surface, which acts as non-radiative carrier trapping centers.

Understanding the carrier trapping mechanisms and effect of surface treatment is
important for exploration of the full potential of the perovskite NCs for different
applications. We have tracked recombination routes of the photoexcited charge carriers
by probing the PL blinking of the immobilized and freely diffusing single CsPbBr; NC.
We found that nonradiative band-edge recombination through trap states, trion
recombination, and trapping of the hot carriers are responsible for the blinking of any
given NC. Significant suppression of blinking is observed upon surface treatment with

tetrafluoborate salt, as evident from the disappearance of “off” and “gray” PL states.

Doping is an important strategy to introduce new properties or to modify the intrinsic
properties of a semiconductor. We investigated Bi-doped (less-toxic) CsPbBr; NCs,
which are weakly luminescent compared to the parent system. Using a combination of
ensemble and single particle techniques and varying the Bi-dopant in the NCs, we found
three types of NCs differing in PL brightness in Bi-doped CsPbBr; NCs. We also studied
the change in charge carrier recombination dynamics upon doping. Nonuniform doping is
tracked to be responsible for the heterogeneous nature of the sample. The difference in
the rate of trapping of the carriers and PL brightness of the NCs arises due to difference in
dopant content in the NCs which consequently leads to a change in the density of the

dopant introduced trap states.
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7.2 Future scope and challenges

In first two working chapter (chapter 3), we have shown enhancement of PLQY by post
synthetic surface modifications. However we could not achieve PLQY of near-unity for
CsPbCl; and CsPbl; NCs. Our treatment removes the defects due to excess lead on the
surface. In case of CsPbCl; NCs we could improve the PLQY only upto 50%, which
indicates that along with the surface defects, intrinsic defects are also present in those
NCs. Literature shows that doping is an important strategy to remove such intrinsic
defects. It is reported that dopants like Cd, Ni etc. can improve the PLQY to near-unity
for CsPbCl; NCs. Hence one needs to look for appropriate dopants and protocol to
achieve trap-free violet emitting CsPbCl; NCs. No change in PL efficiency for CsPbls
NCs with our tetrafluoroborate salts indicates that defects in these NCs arise mostly
because of structural distortion. In this regard more studies are needed to obtain defect
free red emitting CsPbl; NCs.

In chapter 4, our study is focused only to blinking and its suppression in CsPbBrs NCs
with the aforementioned surface treatment. It will be interesting to examine the blinking
in other halide NCs, especially in those NCs which emit in the blue region.
Understanding the mechanism of blinking in this region is still lacking. Again, non-
blinking semiconductor NCs is always desirable in high efficiency photovoltaic and
optoelectronic devices. With our surface treatment we have shown suppression of
blinking of CsPbBr; NCs, however for other NCs it is still unexplored. Again several
methods have been developed to prepare near-unity CsPbX; NCs. Investigation of

blinking nature at the single particle level is needed to prepare non-blinking NCs.

Understanding the dynamics of charge transfer to and from the NCs is important for
application in photovoltaic devices. In case of perovskite NCs most of our understanding
of those processes is from ensemble average study. Single particle level study provides
more understanding on the static and dynamic heterogeneity of those processes. There
lies a huge opportunity to explore the charge transfer processes from perovskite NCs to

various suitable charge acceptors at the single particle level.
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! Concluding remarks

Several reports are available on the preparation of different fluorescent lead free
perovskite or perovskite related materials, like Cs4PbBrg semiconductors. In this regard
understanding the nature of trapping and investigation of radiative and nonradiative
recombination in these systems by probing their blinking nature is an interesting and

under-explored area of research.
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Appendix |

Figure Al.1: TEM images of CsPbBr;sCl; s and CsPbBrysl; s before (a & c) and after (b
& d) treatment with tetrafluoroborate salts. Removal of lead NPs on treatment is evident
from the TEM images.
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Figure Al.2: TEM images of CsPbCl; before (a) and after (b) treatment with
tetrafluoroborate salts. Removal of black spots corresponding to Pb(0) nanoparticles on
the NCs on treatment is clearly observable.
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Figure AlL.3: PL spectra of the NCs with different halide composition covering almost

the entire visible range.
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Figure Al.4: Comparison of the photoluminescence decay curves of different mixed
halide NCs before and after treatment. The decay profile for CsPbCl;, CsPbBrCl, and
CsPbBr,sCly 5 before treatment could not be fitted properly as the PL lifetime is shorter

than the instrument resolution (65 ps).
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Figure Al.5: XPS survey spectra of CsPbBr; NCs before and after treatment. No peak for

F could be seen at around 685 eV after treatment.
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Figure Al.6: XPS spectra shows no peak for F 1s after treatment.
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Figure AL7: Overlap of the XPS spectra of Pb 4f7/2 and 4f5/2 before and after treatment
from surface level.
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Figure AlL.8: SEM image, EDX spectrum and atomic composition of constituent
elements of excess unreacted solid tetrafluoroborate salt after treatment upon removal of
NCs from the solid salt by several washing with toluene and centrifugation for five times.
Presence of excess lead is observed (Br:Pb = 0.57:10) which is higher than that of the
lead present in the NCs.
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Table Al.1: Ratio of halides taken during the synthesis and in the NCs (estimated using

Energy dispersive X-ray analysis).

CsPbBrcCl, 2 1:2
CsPbBr;sCly s 1:1 11:1
CsPbBr,ClI 2:1 22:1
CsPbBrislis 1:1 1.2:1
CsPbBr,l 2:1 23:1

Table Al.2: PL decay parameters of the NCs ('PL decay is found to be too fast to be
measured accurately in our setup having a time resolution of ~ 65 ps).

Materials T1(ay) ns (a)ns  T3(@g) s
CsPbCl;7 e e s -
T-CsPbCl; 0.37(0.80)  2.25(0.14)  9.94(0.06) 1.3
CsPbBrCl, - e e -
T-CsPbBrCl, 0.39(0.49)  5.23(0.36) 15(0.15) 4.3
CsPbBrisClis =~ ====--=  emeeeeeeeeen -
T-CsPbBr;sClys 3.51(0.70)  8.38(.30) 4.9
CsPbBr,Cl 0.10(0.85)  5.09(.01)  0.51(0.14) 0.2
T-CsPbBr,Cl 2.41(0.63)  6.1(0.37) 3.8
CsPbBr; 2.99(0.24) 19.8(0.02) 0.86(0.74) 1.8
T-CsPbBrs; 3.55(0.96)  9.26(0.04) 3.8
CsPbBr,l 3.80(0.26)  46(0.04) 1.2(0.70) 3.7
T-CsPbBrl 10.00(0.72)  22.4(0.28) 13.4
CsPbBrisl;s 16.70(0.29)  90.3(0.10) 2.22(0.61) 15.2
T-CsPbBrsl;s 17.60(.82)  47.0(0.18) 22.9
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Appendix I
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Figure All.1: Absorption and PL spectra of untreated and treated NCs in ODE.
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Figure AlL.2: PL intensity time-trace shows the “grey” states very close to the “off”

states.
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Figure AlL3: PL intensity (upper panel) and lifetime trajectories (lower panel) of another
single NC, which shows Class-1 blinking.
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Figure All.4: PL intensity (upper panel) and lifetime trajectories (lower panel) of single
NC, which shows Class-2 blinking.
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Figure AlL5: PL lifetime decay profiles of two high intensity levels (P1 and P2) of NCs

showing Class-2 blinking. n = k(P1):k,(P2) = 1.1.
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Figure AlL.6: PL intensity trajectory (complete range) of the untreated NCs exhibiting
Class-2 blinking (a) and the FLID pattern (b). The FLID pattern for region (i) (“grey”
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states) shows two states for trion and hot carrier recombination and that for region (ii) is
similier to Class-1 blinking which has less grey states.
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Figure AlL.7: The FLID pattern of the background with very low occurrences.
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Figure AIll1.8: PL intensity (upper panel) and lifetime trajectories (lower panel) of the
treated NCs.
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Figure AlL9: PL intensity time traces and occurrences of the measured PL intensities of

untreated (a and b) and treated (c) NCs.
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Figure AIl1.10: The fitted correlation curves with corresponding residuals (shown below)
for untreated (a and b) and treated (c) NCs. For the untreated NCs, it is evident from the
fits and residuals shown in panels (a and b), 3D diffusion model with stretched
exponential (0<p<1) fits the data much better compared to an exponential (f = 1) fit.
Whereas, for the treated sample, the data fits quite with exponential function (f = 1). (d)
Fitted correlation curves (normalized) for treated and untreated samples highlighting the

difference.

Page 152



Table All.1: Lifetime components (t;) and their weightages (a;) of the different PL levels

shown in Figure 4.1.

Region T1(ay) NS T5(ap) NS
R1 8.1
R2 7.4
R3 6.5
R4 6.0
R5 6.9(0.62) 1.1(0.38)
R6 5.6(.40) 0.75(0.60)

Table All.2: Lifetime components and associated amplitudes of different intensity levels

for the untreated NC showing Class-2 blinking, whose PL intensity trace is shown in

Figure 4.3.
Level T1(ay) NS T5(ap) NS
P1 8.8
P2 6.1
P4 6.9(0.60) 1.6(0.40)

Table AllL3: After-treatment lifetime components (t;) and their weightages (a;) of the

different PL levels shown in Figure 4.4.

Region Tl((ll) ns Tz((lg) ns
T1 7.6
T2 8.1(0.71) 1.9(0.29)
T3 6.6(0.62) 1.7(0.38)
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Table All.4: Estimated values of amplitude of correlation at zero time-delay [G(0)] and

diffusion time (7).

NCs €1(0)) Tp (MS)
Untreated 1.19+0.04 4.39+0.47
treated 0.86+0.03 2.28+0.50
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Appendix 11

Figure Alll.1: TEM images of FAPbBr; NCs.
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Figure AllL.2: Lifetime histogram of highest intensity state (ON state) of all the
studied (a) FAPbBr; and (b) FAPbBr3-PTZ NCs.
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Figure AIIL3: (a) PL intensity trajectory, its corresponding (b) intensity
distribution, (c) FLID pattern and (d) PL intensity decay of FAPbBr; NCs, where
along with AC mechanism, HC is also responsible for PL blinking. Out of 49
studied NCs 5 showed this kind of blinking mechanism.
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Figure Alll.4: FLID patterns of all studied FAPbBr; NCs
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Figure AllL5: FLID patterns of all studied FAPbBr3;-PTZNCs.
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Table Alll.1: Lifetime components (t;) and their weightages (a;) of the different
PL levels of FAPbBr; NC shown in Figure 3.

Region T1(01) NS T2(02) NS
R1 12.7
R2 3.7(0.5) 0.45(0.5)

Table Alll.2: Lifetime components (t;) and their weightages (o) of the different
PL levels of FAPbBr;-PTZ1 NC shown in Figure 3.

Region 11(01) NS T(02) NS
T1 8.6
T2 6.7
T3 2.2
T4 1.2(0.6) 0.47(0.4)

Table Alll.3: Lifetime components (t;) and their weightages (o;) of the different
PL levels of FAPbBr;-PTZ2 NC shown in Figure 3.

Region T1(0) NS T2(az) NS
P1 6
P2 4.5
P3 2.8(0.6) 0.67(0.4)
P4 1.5(0.8) 0.45(0.2)
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Appendix IV

Control Experiment: In a post synthetic treatment, 1 uL of a saturated solution of BiBr3
was added to 2 mL of hexane solution (nM) of CsPbBr; NCs and sonicated for 2 mins. A
change in colour of the solution with a decrease in PL intensity is observed almost
immediately. To remove the excess/surface adsorbed Bi, the sample solution was mixed
with methyl acetate in 1: 2 (v/v) sample solutions: methyl acetate ratio and centrifuged at
7000 rpm. The precipitate when dispersed in hexane and then treated with OA and OAm
mixture, the initial green colour of the solution returned and PLQY enhanced to ~90%

like the undoped system.

On the other hand, for the in situ prepared Bi-doped sample using the hot injection
method, the PL did not come back to a state like that of the undoped sample (shown in
Scheme S1). This indicates that decrease in PLQY of the CsPbBr; NCs on post-synthetic
treatment with BiBr; is due to surface-adsorbed Bi. Washing with methyl acetate
followed by the ligand treatment removes them from the surface. This also establishes
that decrease in PLQY of the system prepared by the hot-injection method is due to
incorporation of Bi into the NCs.
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Scheme AIV.1: A pictorial representation of sequential treatment of the Bi-treated

CsPbBr; NCs (post synthetic or in situ) with methyl acetate (MeOAc) and a mixture of

OA-OAM.

Figure AlV.1: TEM images of the (a) undoped and (b) 8.2% Bi-doped CsPbBr; NCs.
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Figure AlV.2: PXRD patterns of the Bi-doped (0%, 0.5%, 2.7% and 8.2%) CsPbBr;

NCs.
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Figure AlV.3: Normalized absorption spectra of Bi-doped (0%, 0.3%, 0.5%, 2.7% and
8.2%) CsPbBr; NCs dispersed in hexane.
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Figure AIV.4: Normalized emission spectra (Aex = 400 nm) of Bi-doped (0%, 0.3%,
0.5%, 2.7% and 8.2%) CsPbBr; NCs dispersed in hexane.

1 @ 8.2% Bi 10] (b)

AA (MOD)

—i— 8.2% Bi

AA (Normalized)

460 480 500 520 540 560 580 600 0.24

0.5 0.0 0.5 1.0 15
Wavelength (hm) Time (ps)

Figure AIV.5: (a) TA spectra (A = 400 nm) of 8.2% Bi-doped CsPbBr; NCs in hexane,
(b) bleach formation kinetics of 0% and 8.2% Bi-doped NCs.
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Table AIV.1: ICP-OES estimated Bi content in the precursor solutions

Bi/Pb (%) Bi/Pb (%)
in feed solutions ICP data

Table AlIV.2: Estimated time constants” from TA and PL UC measurements for different

samples.

Bi-content in
CsPbBr; NCs TA uc
0% e e >500 (1.0) > 500 (1.0)
0.5% 3.2405(0.43)  6.2+0.2(0.59)  >500(0.57) > 500 (0.41)
2.7% 1.9+0.3(0.73)  3.4+0.4(0.72)  >500(0.27)  >500 (0.28)

*For samples with 8.2% Bi-content, the time constants could not be estimated using TA
measurements as due to the dominance of hot carrier trapping process, the bleach
recovery signal does not represent the actual carrier trapping time scale and in PL UC
measurements, the PL intensity (at zero time) of the system is so low that no reliable
decay kinetics could be recorded.
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esium lead halide perovskite (CsPbXs, X = Cl, Br, I) NCs

have received enormous attention in recent years as
promising optoelectronic materials' * due to their broad
absorption, intense photoluminescence (PL) with narrow
bandwidth, high defect tolerance, and band gap tunability
over the entire visible range.””’

The PL properties of these substances are, however, highly
sensitive to the synthetic conditions and compositions. Several
reports show low photoluminescence quantum yield (PLQY)
of these perovskites.é'x_‘4 Even the highly luminescent
perovskite NCs prepared by the hot injection method are not
free from defects, which act as trapping centers for the charge
carriers and lower the PL efficiency of the systems.6 The
complex multiexponential PL decay kinetics of these NCs is
also the consequence of defects,'”""'*'*™'? which can be due
to the surface” or intrinsic in nature. Because of high
surface to volume ratio of these NCs, their PL properties are
largely determined by the quality of the surface. Hence, surface
treatment by appropriate reagent is key to obtaining defect-free
samples with superior PL properties for light-based applica-
tions.

Attempts have been made previously to improve the PLQY
of perovskite NCs by surface modification, during'*'” or after
the synthesis.'”'"'¥**** A PLQY value of near unity is
observed for CsPbBr; NCs upon treatment with Na/NH,
thiocyanate salts®* and lead bromide."” Upon treatment with
didodecyldimethylammonium bromide," " didodecyldimethy-
lammonium sulfide'' and metal bromides,'*"’ PLQY values
of 70—83% are achieved for these NCs. For CsPbl; NCs, a
PLQY of ~100% is achieved by treatment with trioctylphos-
phine-Pbl, or 2,2"-iminodibenzoic acid.'”*® It is thus evident
that no given method of surface treatment is effective for all or
a large number of CsPbX; NCs. During our quest for a
common method (postsynthetic treatment) for improvement
of the PL properties of a wide variety of CsPbX; NCs, we
observed that a simple treatment with sodium/ammonium
tetrafluoroborate salt is highly effective. It enhances the PLQY
of several CsPbX; NCs emitting in the 400—600 nm region
substantially. Particularly noteworthy in this context is 90—96%
PLQY for CsPbBr,Cl;_,, and 50-fold enhancement for
CsPbCl.

The colloidal CsPbX; NCs studied in this work were
synthesized following the procedure reported by Protesescu et
al.® with minor modifications (see Supporting Information for
details). Purified NCs were dispersed in distilled, anhydrous
toluene for further measurements. 2—4 mL of NC (few
micromolar) solution was stirred with solid NaBF, or NH,BF,

21-23
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for 30 min at room temperature and open atmosphere. The
majority of the changes in the NC occur within the first 10 min
and become unaffected after 30 min of the treatment. Because
the ionic tetrafluoroborate salts have very limited solubility in
nonpolar toluene, they were separated easily from the NC
solution by centrifuging for 5 min at 6000 rpm. The outcome of
the treatment is highly reproducible. The tetrafluoroborate salts
were used directly after purchase in this method. Colloidal
dispersion of the NCs remained unaffected after the treatment.

TEM images of the as-synthesized CsPbX; NCs show a
regular cubic morphology with edge length of ~7—12 nm
(depending on halide composition). No change in size of the
samples after treatment is observed from TEM images (Figures
1, S1 and S2). The HR-TEM images (insets to Figure 1) show
a lattice spacing of 0.59 nm for the (100) plane for CsPbBr,
before and after the treatment.® No change in crystal structure
is also evident from close match of the powder XRD patterns of
treated and untreated NCs. The emission peak position (4,,,,)
of the samples studied here vary between ~402 (CsPbCl,) and
~595 nm [CsPb(Br/I);](Figure S3), thus covering a large part
of the visible spectrum. Representative PL spectra (Figure 2) of
CsPbCl; and CsPbBr; show PL peaks at 402 nm (fwhm = 14
nm) and 507 nm (fwhm = 20 nm), respectively. The PLQYs of
these as-synthesized samples are measured to be ~1% and
~30%, respectively. Even though no noticeable change in size,
shape or crystal structure of the NCs was found on treatment
with the tetrafluoroborate salt, a huge improvement of the PL
properties of the samples is observed. For example, the PLQY
of treated CsPbBr; reaches a value of almost unity (>95%).
CsPbCl; shows ~50-fold enhancement of PLQY to reach a
value of 50%. The other mixed halides also show excellent
improvement of PLQY (Table 1). The PLQY values achieved
for the mixed halides vary between 63% and 96%. We also note
that no improvement of PLQY is observed only for CsPbl;
NCs. The photographs in Figure 2 highlight the PL
enhancement over a wide range of wavelengths achieved in
this work. The high PLQY values obtained for so many
individual NCs by a single method is unprecedented. In all
cases, a small but reproducible blue shift of the PL maximum
(by 1—4 nm) is observed (Figure 2), though similar shift in the
absorption spectra is absent. This blue shift of the PL peak for
treated and more luminescent samples could be due to the
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Figure 1. TEM images of CsPbBr; NCs before (a) and after (b) treatment showing an edge-length of ~9.7 nm. High resolution-TEM images in the
insets show similar interplanar distance of 0.59 nm. (c) Powder X-ray diffraction patterns of CsPbBr; NCs before and after the treatment.
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Figure 2. Absorption and PL spectra of (a) CsPbBr;, (b) CsPbCl; and (c) photographs of PL of colloidal solutions of CsPbX; NCs in toluene
(under 365 nm UV lamp) before and after treatment covering the visible spectral region of 400—600 nm. Both sodium and ammonium

tetrafluoroborate salts show similar effect.

Table 1. PL Peak and QY of the NCs before and after
Treatment and Comparison with Literature Values

PLQY (%)
Amax Before After Literature (after
Materials (nm)“  treatment  treatment treatment)

CsPbCly 402 1+04 S50+5
CsPbCl,Br 427 1+05 90 + 3
CsPbCl, Br,; 442 241 95 £2
CsPbBr,Cl 458 4+1 96 + 3
CsPbBr; 507 30+8 95 +2 ~100,'2* 71101
CsPbBr,I 540 10+5S 705
CsPbBr, I, 5 595 13+5 63+2
CsPbl 690 40+5 405 >95%°

“Before treatment.

removal of shallow emissive energy levels of the as-synthesized
NCS.S,L),I 1,12,14,24

The PL decay profiles of the samples are also significantly
improved by the treatment (Figure 3). The multiexponential
decay, which is characteristic of the complex/multiple radiative
de-excitation pathways,”'”**™® of the as-synthesized samples,
is transformed to a nearly single-exponential one in some cases
with significant enhancement of PL lifetime. Table 2 shows
three-component decay of CsPbBr; becomes nearly single
exponential after treatment. This aspect is better seen from the
decay curve shown in the 0—25 ns time window (inset of
Figure 3). The ~3 ns (7,) component is attributed to excitonic
recombination considering the literature values,”'*** and
enhancement of the amplitude (@;) of this component on
treatment. As the 0.9 ns component, which was the major
radiative recombination process before treatment, vanishes after
the treatment, it can be attributed to the trap states arising from
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Figure 3. Photoluminescence decay curves of CsPbBr; (4., = 405 nm).
Inset shows the curves in 0—25 ns time window.

Table 2. Lifetime (z/ns) Components of CsPbBr; NCs
before and after Treatment

CsPbBry 7() 7)) 73(a3) 1avgb
Before treatment 3.0(0.24) 19.8(0.02) 0.9(0.74) 1.78
After treatment 3.6(0.96) 9.3(0.04) 3.82

“a/’s are amplitudes of the lifetime components. brwg is defined as

Yaz/Ya

the surface defects, which are eliminated after the treatment.
The long-lived component with very small (4%) contribution is
presumably arising from shallow trap-mediated radiative
recombination. A striking effect of the treatment is also noticed
for other mixed halide NCs (Figure S4). The triexponential PL
decay patterns change to a biexponential one in almost all cases
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with low contribution from the long-lived component (Table
S2).

In order to understand the mechanism of tetrafluoroborate
salt induced PL enhancement, we carefully examined the
analytical data. The observation of similar PXRD pattern, lattice
spacing, and absorption spectrum of the samples before and
after the treatment indicates that the crystal structures of the
NCs are not affected by the treatment and, hence, it is the
surface that is modified in the process.

X-ray photoelectron spectroscopy (XPS), infrared (IR) and
energy dispersive X-ray (EDX) spectroscopy measurements
have been used to assess the surface modification of the NCs
and to understand the mechanism of PL enhancement.
Quantitative XPS analysis for CsPbBr; indicates a Br:Pb ratio
of 3.8 for the untreated surface, which is higher than the
expected ratio of 3.0 in the bulk, but is understandable as excess
Br on the NC surface arises from the capping ligands.*”*
Following the salt treatment, this ratio increases to 4.0
indicating removal of some Pb from the surface. Deconvolution
of the high resolution XPS spectrum of untreated NCs for Pb 4f
yields 4 peaks as shown in Figure 4. Two intense peaks are

— Rawintensity

XPS Intensity (a. u.)

147

144
Bincing energy (eV)

Figure 4. XPS spectra due to Pb 4f;, and 4f;,, before and after
treatment. Spectra are calibrated with respect to C 1s peak (at 285.35
eV).

135 138 141

located at 138.9 eV (4f,),) and 143.8 eV (4f;/,) with a spin—
orbit splitting of 4.9 eV, which corresponds to Pb in 2+
oxidation state. Additional weaker peaks at 137.6 and 142.6 eV,
which are absent after the treatment, are attributed to Pb in its
metallic state.’* It is known that formation of Pb(0)
nanoparticles (NPs) during the synthesis of perovskite NCs
by hot injection method cannot be avoided.’ As it is known
that BF,” can easily strip off capping ligands and labile lead
atoms from lead chalcogenide NC surface,*”** one expects
BF,” salt treatment to remove the labile Pb adatoms and
nanoparticles. This removal of lead is confirmed by the
presence of excess lead (Figure S8) in the EDX spectrum of the
salts after the treatment. Even though no signature of fluorine
(Figure S6) could be observed from the XPS measurements,
the FTIR spectra of the NCs after the treatment (Figure S9) do
show a broad peak around 1080 cm™ due to the B—F
stretching of BF,” bound to lead.*® Another peak at 1712 cm™!
corresponding to C=0 stretching of oleic acid obtained from
the reaction with counterion and oleate.”* Considering this,
long-term colloidal stability and interparticle packing of these
NCs (as evident from TEM images), we conclude that BF,~
ions access only to limited places on the NC surface (sites from
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where stripping occurs) and do not remove all surface capping
ligands as observed in earlier report.36 Removal of these lead
adatoms and lead NPs, which act as traps for charge carriers
and responsible for low PLQY of these NCs, results in
improvement of PL of the system.M'?’l'37 This mechanism of PL
enhancement is quite similar to that observed in the case of
Na/NH, thiocyanate-treated samples.”*

Having understood the mechanism of PL enhancement, it is
not difficult to rationalize its observed trend as we move from
CsPbCl; to CsPbl;. Low PLQY of CsPbCly and its 50-fold
enhancement indicates the presence of both intrinsic and
surface defects in the sample before treatment and effective
removal of the surface defects after the treatment. This is
confirmed by the presence of a large quantity of lead NPs in as-
synthesized NCs and their removal after the treatment (vide
TEM images, Figure S1). As we move toward CsPbBr;, the
crystals become nearly defect-free after treatment indicating
that the defects in these systems arise mostly from lead-rich
surface. No noticeable enhancement for CsPbl, suggests that
the defects in these NCs are mostly due to structural distortion
arising from larger iodine (intrinsic point defects).**

In short, an extraordinary improvement of the PL properties
of a series of CsPbX; NCs covering a wide wavelength range
(~200 nm) in the visible region is achieved by following a
simple protocol. Unlike the previous reports, the present
method enhances the PLQY of CsPbBr; and CsPbClBr;_,
NCs to near unity with an almost single-exponential PL decay
profile in some cases. Further, even for blue-emitting CsPbCl,
NCs, we have accomplished 50-fold enhancement, which is
quite remarkable for this system. These findings, which
demonstrate the effectiveness of tetrafluoroborate ion in
producing high quality photoluminescent perovskite NCs by
removing excess lead atoms from the surface, are likely to boost
the utility of these materials in high performance optoelectronic
devices.
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ABSTRACT: Exploration of the full potential of the
perovskite nanocrystals (NCs) for different applications
requires a thorough understanding of the pathways of
recombination of the photogenerated charge carriers and
associated dynamics. In this work, we have tracked the
recombination routes of the charge carriers by probing
photoluminescence (PL) intermittency of the immobilized
and freely diffusing single CsPbBr; NCs employing a time-
tagged-time-resolved method. The immobilized single
CsPbBr; NCs show a complex PL time-trace, a careful
analysis of which reveals that nonradiative band-edge
recombination through trap states, trion recombination,

PL Intensity

a1 )

Untreated

Time (§) =————

[Treated

and trapping of the hot carriers contribute to the blinking behavior of any given NC. A drastically suppressed PL blinking
observed for the NCs treated with a tetrafluoroborate salt indicates elimination of most of the undesired recombination
processes. A fluorescence correlation spectroscopy (FCS) study on the freely diffusing single NCs shows that enhanced PL
and suppressed blinking of the treated particles are the outcome of an increase in per-particle brightness, not due to any
increase in the number of particles undergoing “off’—“on” transition in the observation volume. The mechanistic details
obtained from this study on the origin of blinking in CsPbBr; NCs provide deep insight into the radiative and
nonradiative charge carrier recombination pathways in these important materials, and this knowledge is expected to be
useful for better design and development of bright photoluminescent samples of this class for optoelectronic applications.

KEYWORDS: perovskite nanocrystals, photoluminescence blinking, trion recombination, Auger recombination, hot carriers,

band-edge carriers

( :esium lead halide CsPbX; (X = Cl, Br, and I)
perovskite nanocrystals (NCs) are in the limelight as
promising materials for photovoltaic and optoelec-

tronic applications because of their excellent properties such as

broad absorption with high absorption cross-section, narrow
tunable emission, high photoluminescence quantum yield

(PLQY), long carrier diffusion length, and intrinsic defect

tolerance.'™'* These “defect-tolerant” NCs are, however, not

completely free from charge carrier trapping centers.”'*”"”

These are largely free from deep trap states, but they do

possess shallow trap states, which facilitate nonradiative

recombination of the charge carriers and decreased PLQY of
the system.'®'57>!
made of these materials depends on the fate of the charge
carriers, a thorough understanding of the nature of the trap

As efficiency of an optoelectronic device

states and dynamics of different competitive radiative and
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nonradiative charge carrier recombination processes is essential
for proper utilization of these substances.

The charge carrier recombination process can be inves-
tigated by monitoring the PL properties of individual NCs.
Extensive studies on (mostly CdSe-based) semiconductor
quantum dots have shown that these single NCs show random
PL fluctuations, termed PL intermittency or blinking, due to
participation of the trap states in carrier recombination
processes.22 Random fluctuation of PL between the bright
(on), dim (gray), and dark (off) states arises from a number of
processes depending on the size, composition, and nature
(density and position of the trap states) of the NCs, and
several models have been proposed to explain PL blink-
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Figure 1. (a) PL intensity image of a film of CsPbBr; NCs as obtained using a confocal microscope. (b) PL intensity time-trace (binning time

»

10 ms) of an NC exhibiting class-1 blinking. The zoomed-in portion of the circled region shows that the low-intensity “gray” states are very
close to the background (red line) or the “off” state. (c) Occurrences of the measured PL intensities, (d) PL decay profiles for levels R1 to
R6, and (e) FLID of a single CsPbBr,; NC with false color representation.

ing.za*28 These studies have revealed the contribution of the
following processes on their PL blinking.mfm’zgf34 When a
charge carrier gets trapped in a short-lived shallow trap state, it
relaxes rapidly through a nonradiative route before another
exciton is generated. In this case, time-dependent fluctuation of
the carrier trapping rate leads to PL blinking behavior.?2>%2¢3°
PL fluctuation due to these shallow trap states mediated
nonradiative band-edge carrier (NBC) recombination is
known as NBC blinking.”>>*** When the charge carrier is
trapped for a longer period, the NC becomes charged. On
absorption of another photon by this charged NC, which
creates an exciton, the system becomes a tric)n.z‘g"“”g‘%'%’37
Under this condition, two situations can arise: (i) the exciton
recombination energy can be nonradiatively transferred to a
third carrier (called Auger recombination)”****® and (i) the
exciton can recombine radiatively at a faster rate, which is
almost twice that of neutral exciton recombination.”**>* PL
blinking arising from trion-mediated recombination (radiative
and nonradiative) is termed AC blinking.”* Both AC and NBC
recombination can cause blinking of the same NC.253% Apart
from these two processes, trapping of the hot carrier prior to its
relaxation to the band edge can also lead to PL blinking. When
this happens, the trapped hot carrier relaxes rapidly (through a
nonradiative recombination route) before generation of
another exciton, and one observes a large drop of PL intensity
without any significant change in lifetime. This phenomenon,
which is known as hot carrier (HC) blinking, is not a common
process.” ¥

As far as the perovskite NCs are concerned, it is already
known that a number of recombination processes contribute to
their blinking,'°™'>!723%341=51 I some cases, it is claimed
that PL blinking is due to the AC recombination,'*%*°
whereas in some other cases, NBC recombination is found to
be responsible for PL fluctuation.” The occurrence of both
NBC and AC recombination in a single CsPbBr; NC is also
reported.®® Very recently, HC recombination, which was
earlier observed in core—shell CdSe/CdS NCs,** has been
reported for hybrid (organic—inorganic) perovskite NCs.>7*
Suppression of the recombination processes contributing to
blinking is a challenging task, but has been achieved for metal

chalcogenide quantum dots.>>~>* However, very few studies
exploring the effect of surface treatment on the blinking
behavior of the perovskite NCs have been made so far.>***

In this work, we investigate PL blinking of both immobilized
and freely diffusing CsPbBr; NCs and demonstrate that all
three recombination processes (NBC, AC, and HC) contribute
to the PL blinking of each single NC. By examining the PL
blinking behavior of the tetrafluoroborate salt-treated NCs, we
determine which of these processes are actually suppressed by
the surface treatment.

RESULTS AND DISCUSSION

CsPbBr; NCs with an average edge length of 8 + 1.5 nm
(Figure S1) and PLQY of ~30—40% were synthesized for this
study following a hot-injection method (details in the Methods
section).”'* The first absorption onset and PL peak of these
NCs appear at ~495 and ~50S nm, respectively (Figure S2).
For single-particle study, dilute solutions of the NCs in toluene
(picomolar concentration) were drop-casted on a coverslip and
dried under vacuum. A confocal PL microscopy image of a
typical film of the NCs is shown in Figure la. The film was
excited at 405 nm by a pulsed laser (fwhm 176 ps) with a
repetition rate of 4 MHz and average power of 0.05 yW. The
low laser power was used to avoid any nonlinear process.
Under the experimental condition, each NC was found to
absorb on average ~0.08 photon per pulse (see Methods
section for details),>>**%%¢

We examined the PL blinking of 55 single NCs, among
which 39 (~70%) exhibited a blinking pattern, labeled as class-
1 blinking, shown in Figure 1b. The occurrence of different PL
intensity levels (Figure 1c) indicates a broad distribution of the
high-intensity “on” state and a much narrower distribution of
the low-intensity “gray” state; the latter is not clearly separable
from the “off” state (Figures 1 and S3). To determine the
origin of different intensity states, we have divided the PL
intensity into six levels, marked R1 to R6, and measured the
decay profiles (Figure 1d) for each level.

For the high-intensity levels (R1 to R4), PL decay is found
to be single-exponential, but for the lower intensity levels (RS
and R6), the decay profile is biexponential (Tables 1 and
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Table 1. Average Lifetime Components (7;) and Their
Weightages (a;) of Different PL Levels of the Untreated
NCs

region 7,(ay), ns 7,(a,), ns
R1 82+ 03
R2 7.8 £ 0.1
R3 71+03
R4 6.4 + 0.1
RS 6.1 + 0.2(0.62) L1 + 0.1(0.38)
R6 6.5 + 4(0.40) 0.94 + 0.1(0.60)

S1)."* The highest intensity level, which is associated with a
single lifetime component of ~8.2 ns (Table 1), is attributed to
excitonic emission.'”*>**** The lifetime gradually decreases
with a decrease in PL intensity (Table S1). The computed
intensity—lifetime scaling (77, for details, see the SI) of the top
four different intensity regions (R1, R2, R3, and R4) is given
below.

L L LKL
N = kyyikpyikpyikpy = —:—:—:— = 1.1:1.0:0.92:0.75

A near-unity ratio of the radiative recombination rates of the
three high-intensity levels indicates the competition between a
fixed radiative rate and variable nonradiative rates in the NC.
This is a typical signature of PL blinking due to NBC
recombination,>”*>**

Even though our measurements were performed on well-
separated single NCs (Figure la), one may argue that the
multistate emission is not from a single NC but rather comes
from clusters. Let us assume that each particle represents a
cluster of 2 NCs. If the 2 NCs have different PL lifetimes, the
PL decay curve for the R1 level would have been biexponential,
which is not the case. If the 2 NCs have same lifetime, the PL
intensity of the particle would have been twice as large with the
same lifetime, and hence, 7 would have been >1.0, which again
is not the case. Hence, it is evident that each luminescent
particle consists of a single NC.

A deviation of the 5 value (from near-unity) from level R4
onward indicates involvement of additional process(es)
competing with the NBC recombination and contributing to
the lower intensity levels. For these levels, a second lifetime
component (~1 ns) is observed, whose contribution increases
from level RS to R6 (Table 1). As multiexciton recombination
processes are ruled out under our experimental condition, the
short-lived component must be arising from trion recombina-
tion. The observed lifetime of this process is in agreement with
literature.'”*>* It is thus evident that AC recombination also
contributes to the blinking of each NC. The involvement of
two simultaneously occurring recombination processes can be
found out from the fluorescence lifetime—intensity distribution
(FLID) patterns.”>*>*> However, in the present case, this is
not very clear from the FLID pattern (Figure le), presumably
due to low occurrence of the “gray” state population.

For further investigation of the processes contributing to PL
fluctuations, we have constructed PL lifetime traces corre-
sponding to the intensity traces and compared them (Figures
2, S4). It is seen that the PL intensity correlates quite well with
the lifetime in most of the regions, but there are some specific
regions (indicated by dashed lines, in Figure 2), where the
lifetime is significantly high for a very low intensity state. This
suggests trapping of the carriers prior to their cooling. Thus, it
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Figure 2. (a) PL intensity and (b) lifetime trajectories of an NC
exhibiting class-1 blinking. The region indicated by two dashed red
lines shows no correlation between intensity and lifetime.

is evident that hot carrier trapping also contributes to PL
blinking along with AC and NBC recombination processes.

The PL time-trace and corresponding intensity histogram of
the remaining 30% of the NCs, classified as class-2 blinking, are
shown in Figure 3. Unlike in the previous case, here the
occurrence of the “gray” state is greater than that of the “on”
state. Analysis of the PL decay profiles at higher intensity levels
reveals contribution of the NBC recombination similar to what
is observed for class-1 NCs (Figure S6). As the “gray” states
have greater contribution for class-2 NCs (Figure 3b), the low-
intensity states are now more clearly visible in the FLID
pattern (Figures 3c and S7). One can easily identify two
distinct lifetime components for the low-intensity region. The
~7.5 ns component (indicated by an arrow) is similar to the
lifetime of a neutral exciton. For a low-intensity state, a lifetime
closer to that of the neutral exciton can be explained only if the
carriers are trapped before they relax to the band edge.”” This
implies that hot carrier mediated HC recombination also
contributes to the blinking of a CsPbBr; NC. Another low-
intensity region (circled) in Figure 3¢, with a lifetime (~1.6 ns,
Table S2) significantly shorter than that of the neutral exciton
(~8 ns), must be due to trion recombination.'”**** Thus, we
find that three different channels of recombination (AC, NBC,
and HC) contribute to the observed blinking of these single
CsPbBr; NCs as well. The blinking pattern of these NCs
differs from that of the class-1 blinking ones with respect to the
weightages of the three recombination processes.

We have also examined the PL intensity time-trace of 51
single CsPbBr; NCs, which were treated with tetrafluoroborate
salts to enhance the PLQY to near-unity following a recently
developed method (details in Methods).'* Nearly 90% of these
treated NCs show significantly suppressed PL blinking,
displaying only one high-intensity level (Figure 4). The
disappearance of the contributions of the “gray” and “off”
states makes the PL intensity distribution much narrower and
indicates that PL blinking is effectively suppressed by the
surface treatment. To investigate this aspect a little deeper, we
examined the PL decay profiles corresponding to three narrow
intensity levels (T1, T2, and T3), as shown in Figure 4c. The
highest intensity region (T1) exhibits single-exponential decay
with a lifetime of ~8.8 ns (Tables 2 and S3), which is not very
different from that before treatment. The other two levels
exhibit biexponential decay kinetics comprising a short
component (~1.9 ns) in addition to the long one. The
amplitude of this short component (~29% for T2, ~38% for
T3) due to trion recombination is almost half of that before
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Figure 3. (a) PL intensity time-trace (binning time 10 ms) of an NC exhibiting class-2 blinking. (b) Occurrences of the measured PL

intensities. (c) FLID of a single NC with false color representation.
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Figure 4. (a) PL intensity time-trace (binning time 10 ms) of a
NaBF,-treated NC. Red line indicates the background signal
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decay profiles of the levels marked T1 to T3. (d) FLID of single
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Figure S. Fluorescence correlation curves of the CsPbBr; NCs in
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Table 2. Average Lifetime Components (7;) and Their
Weightages (c;) of Different PL Levels of the Treated NCs

region 7(a), ns 7(@), ns
T1 88 + 0.5
T2 9.1 + 0.4(0.71) 2.1 + 0.2(0.29)
T3 8.2 + 0.4(0.62) 1.9 + 0.1(0.38)

treatment (~60% for R6 in class-1 NC). This indicates that
even though trion formation is suppressed significantly due to
surface treatment, it is not completely eliminated in the treated
sample. A higher PLQY (evident from higher PL intensity
counts) suppressed blinking and a narrow distribution of the
events (the “off” and “gray” states are removed) in the FLID
pattern (Figure 4d) indicate radiative recombination as the
main recombination pathway of the carriers after the treatment
with highly suppressed HC and NBC processes.

As stated earlier, we have also studied the freely diffusing
NCs (a colloidal solution of the NCs in octadecene) of the
same concentration before and after NaBF, treatment to
understand the effect of the treatment on PL blinking
dynamics. The fluorescence correlation curves are found to
be best represented by eq 1 (Figure 5), which involves a three-
dimensional diffusion along with a stretched exponential decay
component due to PL blinking. The quality of the fits can be
assessed from Figure S11, and the fitting parameters are
presented in Table 3.

13540

Table 3. Estimated Values of the Off-State Fraction (T),
Average Number of Observable Particles (N) within the
Observable Volume, Stretching Exponent (f), and per-
Particle Brightness (PPB)

PPB (K cps/
NCs T N p particlef
before 0.55 + 0.03 1.89 £ 0.15 0.56 + 0.02 9.3 + 085
treatment
after 0.37 + 0.02 1.84 + 0.16 1.0 + 0.01 19.7 £ 091
treatment

where 7y, is the diffusion time of the NCs, N the average
number of particles undergoing reversible PL intensity
fluctuation in the observation volume, T the fraction of the
“off” state, and 71 the dark-state relaxation time or blinking
time. /3 is the stretching exponent with a value between 0 and 1
and is related to the distribution of 71. k (= wz/wxy) is the
structure parameter of the observation volume; @, and w,, are
the longitudinal and transverse radii, respectively.

The p-value (0.56) obtained for the untreated NCs is
substantially different from unity. This indicates a distributed
kinetics of fluorescence blinking suggesting the involvement of
multiple trap states.'”>"***° Interestingly, the f-value of unity
for the treated samples (Figures S and S11) indicates that PL
fluctuation is now due to a single nonradiative recombination
channel. A decrease in the off-state fraction (T) value from
~0.55 to ~0.37 upon treatment (Table 3) implies that the
treated particles remain mostly in the “on” state, an
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observation that confirms the suppression of blinking. We note
that the number of particles (N) undergoing “on”—“off”
transition in the observation volume is not altered significantly
by the treatment, but per-particle brightness (PPB) is
increased (Table 3) by a factor of ~2.2-fold (from ~9.3K
cps/particle to ~19.7K cps/particle) as a result of the
treatment. This value is in agreement with ~3-fold enhance-
ment of the PLQY of the system on treatment, as we reported
in an earlier work."*

It is generally believed that the surface defects of CsPbBr;
NCs arise from uncoordinated lead and lead nanopar-
ticles.'»'*%>* These defects give rise to states near the
conduction band that are highly effective in trapping the
charge carriers. Considering these trap states and the findings
of this work, we illustrate the mechanistic details of different
recombination events in single CsPbBr; NCs in Scheme 1.

Scheme 1. Different recombination processes in a single
CsPbBr; NC before and after surface treatment. The black
and brown dashed horizontal lines show the deactivated and
activated trap states, respectively. For the sake of clarity,
intraband relaxation of the hot electrons is not shown while
illustrating AC and NBC blinking. Also, hot hole cooling is
not shown in all cases for the same reason.

Before Treatment

—l
HE recombination

M

PL Intensity ———

AC recombination |

When the traps are in their passive state,'’ the excitons
recombine radiatively with zero nonradiative rates. However,
the excitons may as well recombine nonradiatively via the trap
states when the latter are active.'” This study reveals that,
when the exciton at the band-edge recombines through those
shallow trap states before generation of another exciton (<250
ns), no charging of the NCs occurs and the blinking is due to
the NBC mechanism. On the other hand, when an electron is
trapped for a longer duration (>250 ns) in trap states, which
are relatively deeper than those involved in NBC recombina-
tion, a trion is formed on generation of another exciton. The
trap states, which lie above the conduction band-edge, are
involved in capturing the hot electrons. This trapped hot
electron relaxes rapidly and nonradiatively before another
exciton is generated. The simultaneous occurrence of three
different recombination processes in a single NC is a reflection
of the highly dynamic nature of the trap states due to ion
migration and mobility of the charge carriers.'”°"%

Interestingly, though the treatment removes the “off” states,
the AC recombination process is not eliminated completely
after treatment, presumably because of intrinsic defects and/or
the labile nature of the ligand on the surface.***

CONCLUSION

We show that three separate processes, namely, NBC, HC, and
AC recombination, contribute to the PL blinking of each single
CsPbBr; NC. Significant suppression of blinking, as evident
from the disappearance of “off” and “gray” PL states on surface
treatment of these NCs, indicates significant removal of the
trap states contributing to the HC and NBC recombination
processes. The AC blinking is also suppressed on treatment,
but not eliminated completely. The FCS study reveals that an
increase in per-particle brightness of the particles on surface
treatment is responsible for highly suppressed PL blinking in
treated samples. The study provides insight into the
mechanism of PL blinking in CsPbBr; NCs, which will be
useful in designing nonblinking PL materials of this class. The
results also show that the treated CsPbBr; NCs can serve as
ideal single-dot light sources in optoelectronic applications.

METHODS

Synthesis of CsPbBr; NCs. Cs,CO; (0.10175 g), oleic acid (OA)
(0.3125 mL), and octadecene (ODE) (S mL) were mixed in a 50 mL
double-necked round-bottom (RB) flask and kept under vacuum for 1
h at 120 °C. Subsequently the temperature was raised to 170 °C for
complete solubilization of the solid material and formation of a clear
solution of cesium oleate (Cs-oleate). As Cs-oleate precipitates out of
ODE at room temperature, and it was kept at 100 °C under a N,
atmosphere. ODE (S mL), PbBr, (0.188 mmol), OA (0.5 mL), and
oleylamine (OLA) (0.5 mL) were loaded in a 50 mL double-necked
RB flask, and the mixture was heated under vacuum at 120 °C for at
least 1 h. After complete solubilization of the PbBr, salt, the mixture
was transferred into a N, atmosphere. The temperature was raised to
170 °C and kept for 20 min followed by injection of a Cs-oleate
solution (0.4 mL). The reaction mixture was cooled in an ice—water
bath after § s. The crude solution was centrifuged at 8000 rpm for 10
min. The supernatant containing unreacted precursors was discarded,
and the precipitate was washed with toluene and centrifuged at 3000
rpm for 5 min to remove trace amounts of unreacted species. Then,
the precipitate was finally dispersed in toluene or ODE for
measurements.

Postsynthetic Surface Treatment. Purified NCs were dispersed
in toluene or ODE for further measurements. A 2—4 mL amount of a
few micromolar solution of NC was stirred with solid NaBF, for 30
min at room temperature and in an open atmosphere."* Ionic
tetrafluoroborate salts were separated from the NC solution in
nonpolar toluene or ODE by centrifuging for S min at 6000 rpm.

Single-Particle Measurement. A confocal fluorescence micro-
scope (MicroTime 200, PicoQuant) was used for single-molecule PL
and for the FCS study. The microscope body was attached to an
inverted microscope (Olympus IX71) equipped with a water
immersion objective (UPlansApo NA 1.2, 60X). NCs were excited
at 405 nm from a pulsed diode laser (PDL 828 S Sepia I, PicoQuant)
with a full width at half-maximum of 176 ps. For the single-molecule
PL study, a diluted NC solution in toluene (around picomolar) was
passed through the coverslip and dried under vacuum. We performed
time-tagged-time-resolved photoluminescence measurements at room
temperature. For FCS measurement the sample was prepared in ODE
medium and placed on a coverslip. Fluorescence from the samples
was collected by the same objective and passed through the dichroic
mirror, filtered by using a 430 nm long-pass filter to cut off the
exciting light. A 50 ym diameter pinhole was used to remove the out-
of-focus signal. The signal was directed to a single-photon avalanche
photodiode (SPADs). The fluorescence correlation traces were
generated by cross-correlating signals from the two SPAD detectors
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by using a 50/50 beam splitter. The data acquisition was performed
with a SymPhoTime software controlled PicoHarp 300 time-
correlated single-photon counting module in a time-tagged time-
resolved method. The number of excitons generated per pulse was
calculated using the formula (N) = J, X o, where J, is the per-pulse

photon fluence and the absorption cross-section is ¢ = 1.5 X 107"
210,12,42
cm®.
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ABSTRACT: Doping is an important strategy for both introducing new properties and modifying 6
the intrinsic properties of a semiconductor. In this work, we investigate Bi-doped CsPbBr;
nanocrystals (NCs), which are less toxic and weakly luminescent compared to the parent system, 4
employing ultrafast pump-probe and fluorescence upconversion techniques and single-particle-
based fluorescence correlation spectroscopy technique to obtain individual particle-level
understanding of the charge carrier recombination pathways and dynamics in these systems.
The results reveal the heterogeneity of the system in terms of photoluminescence (PL) brightness/
efficiency of the individual NCs. Three different types of NCs (bright, dim, and dark) have been 0 =
identified in doped samples that arise from the difference in the extent of doping and consequent 102 10° 107
variation in the density of Bi-induced states; the latter act as traps for the electrons and assist in pelay tne ts Ll
nonradiative recombination of charge carriers. An ultrafast trapping process (~2 to 6 ps), which

renders a majority of the Bi-doped NCs into dark ones, is found to be the primary cause of weak PL of the doped systems. The
individual particle-level information obtained in this work using a combination of techniques provides new insight into the low PL of
Bi-doped CsPbBr; perovskite NCs.

G(r)

1. INTRODUCTION on Bi doping, attributed to enhanced electron-trapping defects,
leading to a decrease in PL efficiency and carrier lifetime.*> A
decrease of PLQY from 78 to 8% (for 2.1% doping) and a
substantial decrease of carrier lifetime are also reported for
CsPbBry NCs by Mohammed and co-workers.”*** All of these
measurements provide an average PL behavior of the NCs,
without revealing any information on the PL characteristics of
individual NCs. For example, an overall decrease in PLQY of
the system on Bi doping can result from (shown in Scheme 1)
(i) a decrease in the PL brightness (photon counts per unit
time) of each particle, (ii) a decrease in the number of bright

Lead halide-based perovskites have attracted great attention as
next-generation semiconducting materials for photovoltaic and
optoelectronic applications because of their broad absorption
with high cross section, long carrier diffusion length, intrinsic
defect tolerance, and high photoluminescence quantum yield
(PLQY)."'~? Moreover, the properties of these materials can be
tuned by adjusting the composition, size, and dimensionality of
the systems.(”w As doping is another strategic route through

which these materials can be endowed with new proper-
-

ties,"' ™' a large number of studies have also been performed g . ;
on perovskites doped with various dozpants, which include both particles due to t'}.x'e conversion of some of these particles FO
isovalent'*™! and heterovalent ions>"* with respect to Pb** dark ones, and (jii) both (i) and (ii). We attempt to obtain

individual particle-level information of these doped NCs
employing fluorescence correlation spectroscopy (FCS), ultra-
fast transient absorption (TA), and PL upconversion (UC)
techniques, which were not used previously for the study of
these systems.

for different purposes such as controlling the optoelectronic
performance, structural stability, crystal growth, light con-
. . . 102123
version, and partial replacement of toxic lead.
While the effect of doping an isovalent metal ion on the
optical prolperties of the perovskites has been studied quite
4-19,2

extensively ! not much studies have been performed on

heterovalent metal-ion dopants.”"**** Among different heter- 2. METHODS

ovalent dopants, less toxic Bi** has received utmost attention 2.1. Materials. Cesium carbonate (99.9%), lead bromide
as its ionic radius and electronic structure are very similar to (98%), bismuth bromide (98%) oleic acid’ (04, 90%),

those of Pb*".>> Bi**-doped perovskite films, nanocrystals
(NCs), and large single crystals (SCs) have been studied.”*** -
As far as the optical properties are concerned, Bi do?in results REC?lVed: November 6, 2020
in a significant drop of PLQY of the perovskites.”»*>**7*** For Rew?ed: December 25, 2020
example, Bi doping (5%) of the MAPbBr; SCs leads to ~99% Published: January 12, 2021
reduction in PL intensity and carrier lifetime.”*** A very recent

ultrafast time-resolved THz spectroscopy study shows a

notable decrease in charge carrier mobility in MAPbBr; film

© 2021 American Chemical Society https://dx.doi.org/10.1021/acs jpcc.0c10037
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Scheme 1. Possible Reasons for PL Quenching on Bi
Doping
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oleylamine (OAm, 70%), l-octadecene (ODE, 90%), and
methyl acetate (anhydrous, 99.5%) were purchased from
Sigma-Aldrich. Hexane (HPLC grade) was purchased from
Finar. These chemicals were used without any purification.

2.2. Synthesis of Undoped and Doped NCs. Cs,CO;
(0.102 g), OA (0.312 mL), and ODE (S mL) were mixed in a
50 mL double-neck round-bottom (RB) flask and heated at
120 °C in vacuum for 1 h. This led to the formation of a clear
solution of cesium oleate (Cs-oleate), which was kept at 100
°C (to avoid solidification) under N, atmosphere. In another
50 mL double-neck RB flask, ODE (5 mL), PbBr, (0.188
mmol), OA (0.5 mL), and OAm (0.5 mL) were loaded and the
mixture was heated at 120 °C under vacuum for at least 1 h.
After complete solubilization of PbBr,, the mixture was
transferred into a N, atmosphere. Temperature was then
increased to 170 °C, and 0.4 mL of a preprepared Cs-oleate
solution was injected into it. The reaction mixture was
immediately cooled (5—10 s) in an ice—water bath. Then,
methyl acetate was added to the reaction mixture in a ratio of
1:2 (v/v) (reaction mixture:methyl acetate) and centrifuged at
6000 rpm for 10 min. The precipitate was dispersed in hexane
or ODE according to the need. These NCs were subsequently
treated with a mixture of OA (0.1 mL) and OAm (0.1 mL).
For the synthesis of Bi-doped CsPbBry NCs, BiBr; (2%, 5%,
10%, or 20 mol % PbBr,) was also used along with PbBr,, OA,
and OAm during synthesis following the method discussed
above.

2.3. FCS Study. These measurements were performed
using a commercial setup, which consisted of a confocal
fluorescence microscope (MicroTime 200, PicoQuant)
equipped with an inverted microscope (Olympus IX71) with
a water-immersion objective (UPlansApo NA 1.2, 60X). The
excitation (40S nm) was made using a pulsed diode laser (PDL
828 S Sepia II, PicoQuant) with a repetition rate of 10 MHz, a
pulse width of 176 ps, and an excitation power of 0.3 yW. A
drop of solution (nM) of the NCs in ODE was placed on a
coverslip for FCS measurement. Under this condition, the
average number of excitons generated per pulse was estimated
to be ~0.2. Fluorescence from the samples was collected by the
same objective and passed through a dichroic mirror and
filtered using a 430 nm long-pass filter to cut off the exciting
light. A pinhole (S0 gm diameter) was used for cutting of the
out-of-focus signal before being directed to the single-photon
avalanche photodiodes (SPADs). The fluorescence correlation
traces were generated by cross-correlating signals from two
SPAD detectors, for which the signal was directed to two
SPADs using a (50/50) beam splitter. Data acquisition was
performed using SymPhoTime software-controlled PicoHarp
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300 time-correlated single-photon counting (TCSPC) module
in a time-tagged time-resolved method.

The correlation function for fluorescence intensity fluctua-
tion is given by34

G(z) = (SE()SE(t + 7)) /(E())! )]

where F(t) is the average fluorescence intensity, and 8F(t) and
SF(t + 7) are the fluctuations from the average fluorescence
intensity in the observation volume (due to diffusion and any
other process(es)) at times t and (t + 7), respectively, which
are given by

SE(t) = F(t) — (F(t)) and 6F(t + 1)

=F(t+ 1) — (F(t)) (2)

2.4. Transient Absorption Measurement. These meas-
urements were performed using a femtosecond transient
absorption setup, the details of which have been described in
one of our earlier studies.*® Briefly, the setup consisted of a
mode-locked Ti:sapphire oscillator (Mai-Tai, Spectra-Physics),
which produced ~100 fs pulses (~30 nJ) with a center
wavelength at 800 nm (80 MHz). A part of its output was
directed to a regenerative amplifier (Spitfire Ace, Spectra-
Physics), which was pumped by the frequency-doubled output
(527 nm) of a Nd:YLF laser (Empower, Spectra-Physics). The
amplified 800 nm laser beam (~4.2 mJ, 1 kHz) was divided
into two parts. The major portion was directed to an optical
parametric amplifier (TOPAS-Prime, Spectra-Physics) to
generate a 400 nm excitation pulse (~100 fs). The other
portion was passed through a variable optical delay line and
then directed to a rotating CaF, crystal to produce the white
probe pulse. The probe beam was divided into two parts and
used as signal and reference beams. The pump and signal
beams were focused onto a rotating sample cell maintaining a
collinear geometry for better spatial overlap of the two. The
transmitted signal and reference beams were received by a
multichannel photodiode array through a polychromator and
further processed to record the difference in absorbances (AA)
as a function of wavelength and pump-probe delay. All
measurements were carried out by maintaining a low pump
fluence (2 uJ cm™) to avoid any undesired nonlinear
processes.

2.5. Fluorescence Upconversion Measurement. In
these measurements, the 800 nm, 100 fs, 80 MHz output of
the mode-locked Ti:sapphire laser (Mai Tai) was directed to a
second-harmonic generating BBO crystal to generate 400 nm
pulses, which were used for excitation of the samples in a
spectrometer (FOG 100, CDP systems, Russia). The laser
beam was passed through a dichroic mirror, which reflected the
400 nm pulses and transmitted the 800 nm pulses. The 800 nm
laser beam, which served as the gate beam, was passed through
an optical delay line. The PLs from the sample and gate beams
were mixed in a sum-frequency generating crystal (BBO) to
produce the upconverted PL. The upconverted beam was
finally directed to the photomultiplier tube through a
monochromator. All measurements were carried out maintain-
ing low excitation fluence (0.05 uJ cm™), keeping the
absorbance same for all of the systems. The instrumental
resolution was found to be ~200 fs.

3. RESULTS AND DISCUSSION
The undoped and Bi-doped CsPbBr; NCs with different Bi
contents were prepared following reported procedures,”** the

https://dx.doi.org/10.1021/acs jpcc.0c10037
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details of which are provided in the Methods section. To
eliminate any possible contribution of surface-adsorbed Bi on
the optical properties of the NCs, the doped samples were
thoroughly washed with methyl acetate and dispersed in
hexane/ODE, treated using optimum amounts of OA and
OAm, and used for studies (see the SI for details). The last
treatment, which was not recommended in the reported
procedure,”* was to make up for possible removal of some of
protective ligands from the surface during washing.

The Bi content in doped NCs, estimated by the inductively
coupled plasma optical emission spectrometry (ICP-OES)
measurements, was found to be 0.3, 0.5, 2.7, and 8.2%,
respectively, for the 2, S, 10, and 20% of Bi-feed solutions. The
TEM images (Figure S1) of the undoped and doped (8.2% Bi)
CsPbBr; NCs show no notable change in morphology (a cubic
shape with an average edge length of ~9 nm). The HR-TEM
images indicate (Figure S1) a lattice spacing of ~0.59 nm for
the (100) planes in both doped and undoped systems and
confirm the negligible influence of doping on the crystal
structure of the NCs. Similar PXRD peak positions (Figure S2)
for the undoped and doped NCs further support this
statement. No change in the crystal structure of the NCs
upon doping is understandable as both Pb** and Bi** have an
identical ionic radius (~119 pm).”®

Doping, however, leads to a change in color of the colloidal
dispersion, as observed by the naked eye, from green (0% Bi)
to brown (8.2% Bi) (Figure 1).** The electronic absorption

ulus.w_ﬂﬁm S :
g 2x107 %
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Figure 1. (a) Absorption and (b) emission spectra (4., = 400 nm) of
Bi-doped (0, 0.3, 0.5, 2.7, and 8.2%) CsPbBr; NCs dispersed in
hexane.

spectra of the NCs show (Figures 1a and S3) a reduction of
the excitonic peak intensity and slight blue shift of the peak
position with an increase in Bi content. The PL spectra
(Figures 1b and S4) of the samples also show a progressive
blue shift with increasing Bi content in the NCs. A shift in PL
peak position from 513 to 506 nm is observed between
undoped and 8.2% doped NCs. A similar shift, observed earlier
for Bi-doped CsPbBr; NCs and PbS quantum dots, was
attributed to the Burstein—Moss effect.”****” The increase in
Bi content also leads to progressive quenching of PL. The
PLQY drops from ~93% (undoped) to ~8% (8.2% Bi-doped)
with no significant change in the width of the PL spectra
(FWHM, 17—20 nm). Although this drastic decrease in PLQY
is consistent with the literature,”**° the PL quenching can be
due to surface defects arising from surface-adsorbed Bi or/and
detachment of the surface ligands. These possibilities are
however ruled out by washing the doped NCs with methyl
acetate and treating them with the ligands, OA and OAm.
Additional control experiments (vide SI) were performed to
establish that the PL quenching of CsPbBr; NCs in our study
was solely due to Bi doping.

We have studied the spectral and temporal characteristics of
the transients produced on photoexcitation of the undoped
and doped NCs using femtosecond pulses under similar
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experimental conditions to understand the influence of doping
on the charge carrier dynamics. The TA spectra (Figure 2a)

(b)?

2
(a) 0% Bi 0.5% Bi
o [ 1
§ 2 [=)
£ £, g
2 < . —9ps
& & —— 20ps
50 ps
-8 4
480 520 660 600 480 620 66D 600
Wavelength (nm) Wavelength (nm)
(<) 2.7% Bi 2.T%Bi
o
82 15
—— 15ps
= ——2ps
3 —— 6ps
* 20ps
3 50 pe
§00 O 50 100 150 200 250

480 520 560
Wavelength (nm) Time (ps)

Figure 2. TA spectra of (a) 0%, (b) 0.5%, and (c) 2.7% Bi-doped

CsPbBr; NCs dispersed in hexane (1., = 400 nm). (d) Comparison of

the bleach recovery kinetics monitored at their respective bleach

maximum (505—509 nm) of the samples with different Bi contents.

are found to be characterized by a sharp bleach signal at ~509
nm, which arises due to filling of the band edge states by the
charge carriers.>*** Even though the spectral features are quite
similar for the undoped and doped NCs, with an increase in Bi
content in the samples, a blue shift (509—505 nm) of the
bleach peak is observed (Figure 2), which is consistent with
the shift of the excitonic peak in the steady-state absorption
spectra.

The bleach recovery kinetics of the undoped CsPbBr; NCs
is found to be single exponential (Figure 2d) with a time
constant of >500 ps*’ (Table S2), which rePresents the
excitonic recombination of the charge carriers.'”*” For the
doped samples, the bleach recovery is, however, biexponential.
In addition to the slow component (>500 ps), another ultrafast
component, whose value decreases with an increase in Bi
content, is observed. For example, the lifetime decreases from
3.2 to 1.9 ps with an increase in dopant content in the NCs
from 0.5 to 2.7% (Table S2). This time constant corresponds
to the trapping process. It is thus evident that Bi doping
promotes rapid nonradiative recombination of the charge
carriers through the dopant-introduced trap states and
quenches the PL of the NCs. Careful inspection of the data
reveals that even though the maximum bleach amplitudes
(measured under identical conditions) are similar for undoped
and 0.5 and 2.7% doped NCs, it is substantially (75%) lower
for the 8.2% Bi-doped sample (Figure S5), indicating that for
this sample, all photogenerated charge carriers do not return to
the band edge states; some are leaked through another channel
in competition with the hot carrier cooling process.4 "% Hence,
it is evident that while carrier trapping becomes faster with an
increase in Bi content, for the sample with a higher Bi content,
trapping of the hot carriers is also an important process.'””
The hot carrier trapping process is further confirmed by
acceleration of the formation of the bleach kinetics for 8.2% Bi-
doped NCs compared to the other samples (Figure $5).*

Additional insight into the low PLQY of the Bi-doped
CsPbBr; NCs is obtained from FCS measurements. In this
technique, we measure the fluctuations of PL of a highly dilute
solution (nM) of the NCs in a small volume of the sample

https://dx.doi.org/10.1021/acs.jpcc.0c10037
J. Phys. Chem. C 2021, 125, 2156-2162
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(typically ~1 fL) using a confocal fluorescence microscope.
For this purpose, we have studied solutions of the NCs (in
ODE) with identical absorbance at the excitation wavelength
of 405 nm (see the SI for details). The measured time
dependence of the fluorescence correlation data of the
undoped and doped NCs is shown in Figure 3. The data are
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Figure 3. Fluorescence correlation curves of Bi-doped (0, 0.3, 0.5, 2.7,
and 8.2%) CsPbBr; NC solutions in ODE in (a) absolute and (b)
normalized scales.

found to be best represented by a model (eq 3), according to
which the PL fluctuations arise from (i) diffusion of the NCs in
and out of the observation volume and (ii) involvement of the
trap states, which are represented by a stretched exponential
decay component. This model has been used previously for
metal-chalcogenide quantum dots as well as for perovskite
NCs.”™* The amplitude of correlation at time 7, G(z), is
expressed as

G(r) = 1+1

T G
exp| L h/<n> @+ /1)
T T

1/2

1+ I/KZTDY (3)

where 7, is the diffusion time of the NCs, (N) is the average
number of particles undergoing reversible PL intensity
fluctuation in the observation volume, T is the fraction of
particles in their “off” state, 7 is the dark-state relaxation time
or blinking time, f is a stretching exponent having a value
between 0 and 1, indicating the distribution of zr, x (=w,/®,,)
is the structure parameter of the observation volume, and w,
and w,, are the longitudinal and transverse radii, respectively.

xy
The per-particle brightness (PPB) of the NCs is given by I/

(N), where I is the average count rate of the PL intensity
trace.

The time dependence of the fluorescence correlation data of
the samples and the fits to eq 3 are shown in Figure 3. With an
increase in Bi content, the G(0) value, which is the amplitude
of correlation at time zero, increases (Table 1), but the shape
of the correlation curves remains the same despite the
significant difference in PL efficiency of different samples. A
close look at different parameters associated with blinking
(Table 1), as obtained from the analysis of the data, shows that
the /3 value is not very far from unity (~0.8) for undoped NCs,
indicating that only a few trap states contribute to PL blinking
of these systems. This is in a%reement with the high PLQY
(~93%) of the undoped NCs.* Interestingly, even though the
doped systems exhibit much lower PLQY, the blinking
parameters such as T, 7r, and PPB including the f values are
very similar for doped and undoped samples. No notable effect
of doping on the blinking dynamics (in the microsecond to
millisecond time scale) of the NCs, as observed here, is
possible only when undoped NCs are present in an ensemble
of doped NCs. Considering that G(0) is defined as 1/[{N)(1
— T)J, its value can increase (Figure 3a) with a decrease of
(N) or/and increase in T. However, as the T value remains
unchanged on doping (Table 1), it is thus evident that the
increase in the G(0) value for a higher dopant content is due to
a decrease in (N) (Table 1). This decrease in the (N) value for
a higher dopant content could be due to the conversion of
bright NCs to permanently dark ones and also due to particles,
which exhibit slow blinking dynamics (zp > 7p) and is not
captured here.*”™*

The excited-state dynamics of the systems were further
studied by monitoring the PL decay profiles with a time
resolution of ~200 fs using the PL UC technique.” Figure 4a
depicts the normalized PL decay profiles of undoped and 0.5
and 2.7% Bi-doped NCs. While the undoped NCs exhibit a
single-exponential PL decay with a time constant >500 ps,40
the doped NCs show a biexponential decay behavior with an
additional fast component due to the carrier trapping process.
With an increase in the doping content from 0.5 to 2.7%, this
decay component becomes faster (from 6.2 to 3.4 ps) and the
PL intensity at time zero decreases progressively (Figure 4b).
For the 8.2% Bi-doped NCs, the initial PL counts drop to such
a low level that the PL decay dynamics cannot be measured
under similar experimental conditions. This decrease in time-
zero PL intensity can be due to (i) hot carrier trapping or/and
(iii) increase in the number of dark particles.”® However, as the
TA data indicated the same bleach amplitude for 0.5 and 2.7%
doped NCs, it is evident that with an increase in Bi content
from 0.5 and 2.7%, the number of photoluminescent NCs
decreases. This finding is consistent with that obtained from
the FCS study that confirms the conversion of fraction of
bright NCs to permanently dark ones. A quantitative analysis

Table 1. Estimated Blinking Parameters, G(0), 7, {N), f8, 7, T, and PPB Values of the Bi-Doped (0, 0.3, 0.5, 2.7, and 8.2%)

CsPbBr; NCs, As Obtained from FCS Measurements

Bi content (%) G(0) 7 (ms) (N)
0 0.44 + 0.02 4.1+ 027 5.6 £ 041
0.3 0.71 + 0.03 42+ 025 3.01 + 0.37
0.5 1.2 + 0.15 3.8 +028 173 + 0.20
2.7 2.7 + 021 3.9 + 027 091 + 0.15
82 53+ 025 4.1 £ 026 0.43 + 0.02
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p 7 (ms) T PPB (K cps)
0.78 + 0.01 0.63 + 0.03 0.52 + 0.05 3.27 £ 021
0.79 + 0.02 0.77 + 0.05 0.49 + 0.02 3.72 + 0.28
0.83 + 0.06 0.60 + 0.06 0.47 + 0.03 3.93 + 0.20
0.80 + 0.03 0.65 + 0.03 0.46 + 0.04 3.59 + 025
0.75 + 0.05 0.75 + 0.05 0.48 + 0.02 327 £ 0.28

https://dx.doi.org/10.1021/acs.jpcc.0c10037
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Figure 4. PL decays of different Bi-doped (0, 0.5, and 2.7%) CsPbBr;
NCs (dispersed in hexane) obtained in PL UC measurement (4,
400 nm) in (a) normalized and (b) absolute scales.

of the time-zero PL intensity reveals ~43 and ~67%
conversions of the NCs into the dark ones for 0.5 and 2.7%
Bi-doped NCs, respectively.

Replacement of Pb** by Bi** in CsPbBry NCs creates deep
electron trap states, which serve as nonradiative recombination
channels for the carriers and quenches the PL>*2%2%31 Qur
measurements (TA, PL UC and FCS) not only confirm that an
efficient nonradiative ultrafast carrier recombination pathway
introduced by the dopant is responsible for the low PL
efficiency of the system, but they provide the first particle-level
insight into the lower PL efficiency of the Bi-doped CsPbBr;
NCs. Let us combine the findings of three different
measurements and attempt to construct the picture that we
obtain from this study (Scheme 2).

Scheme 2. Recombination Processes in Bi-Doped CsPbBr;
NCs, Which Comprise a Mixture of Three Different Kinds
of NCs

Bright NC Dark NC Dim NC
<2 ps faid
Deep irap :'::.""

states

The FCS study reveals two important pieces of information.
First, there remain some NCs that exhibit blinking character-
istics remarkably similar to those of the undoped NCs that
remain undoped in the doped samples. Second, the decrease of
number of observable photoluminescent particles upon
doping, ie, conversion of the photoluminescent particles
into dark ones could be one of the possible reasons for
lowering the PL efficiency upon Bi doping.

The decrease of PL intensity at ¢ = 0 in PL UC study further
confirms the conversion of some bright NCs into permanently
dark ones. However, if there were only bright and dark NCs,
the PL decay kinetics would not have been affected. The short-
lifetime component arises from the NCs with intermediate
brightness, which is termed as dim NCs. These particles are
characterized by short PL lifetimes, in which nonradiative

2160

recombination of the carriers competes with the radiative
recombination processes, but does not prevent it completely
(like in dark NCs). The fraction of bright NCs converting into
dark ones upon doping is estimated to be ~69% (0.5% Bi) and
~84% (2.7% Bi) in FCS measurements (from the drop in the
value of (N)) and ~43 and ~67% for the respective samples in
PL UC measurements (from the decrease in PL intensity at t =
0). This difference arises because the dim particles appear as
dark NCs in FCS measurements as weak PL (comparable to
the background signal) of these particles does not allow their
detection under identical experimental conditions.****

A close look at the estimated time constants of the carrier
trapping process (Table S2) shows that the process appears
faster in TA measurement than that obtained by the PL UC
technique. This is because PL UC measurement probes the
dynamics of only the fluorescent particles (bright and dim
NCs), whereas the TA studies collect the data for all particles
(bright, dim, and dark). With an increase in Bi content as the
density of Bi-associated trap states increases, the carrier
recombination process becomes faster. The dark and dim
NCs differ in terms of the density of the trap states depending
on the Bi content in the individual particles.”

4. CONCLUSIONS

In short, investigation of the Bi-doped CsPbBr; NCs using a
combination of techniques reveals three types of NCs differing
in PL brightness and charge carrier recombination dynamics.
Nonuniform doping of the NCs is found to be responsible for
the heterogeneous nature of the sample. A difference in dopant
content leads to a change in the density of the dopant-
introduced states and the consequent difference in the rate of
trapping of the carriers and PL brightness of the NCs. This
study provides first insight into the individual particle-level
information on the carrier dynamics and PL efficiency of the
Bi-doped CsPbBr; NCs.
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