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Overview 

This chapter starts with a discussion on the importance of unconventional energy sources 

in today’s perspective and the role of semiconductors in this regard. A general overview 

of the optical and electronic properties of bulk semiconductors and their nanoscale 

analogues (i.e. NCs) is presented with particular focus on newly emerged lead-halide 

‘perovskite NCs’ around which this thesis work revolves. A brief history of their journey 

since appearance in 1893 till date in the field of energy has been discussed. Salient 

characteristics of the perovskites NCs such as crystal structure and formability criteria, 

exciton fine structure, composition dependent bandgap tunability, surface termination and 

ligand chemistry, defect formation and optical properties have been discussed. The 

importance of B-site doping in perovskites and basic information on charge transfer 

processes in semiconductors are outlined. Finally, reasons of their structural and optical 

instability and possible ways to counter these challenges have also been pointed out. 
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1.1. Preface 

Modern world has been facing lots of challenges and continuously growing demand of 

energy is one such big problem which will be even more severe in the coming days. 

Rapid deterioration of conventional energy sources is a big concern in this regard. 

Therefore unconventional (renewable) energy sources, which are highly abundant yet not 

much expensive to convert into energy, are of great significance in saturating energy 

demand for everyone and a viable way of dealing with the possible energy crisis. Solar 

energy is the most abundant renewable energy source that can be used with full potential 

worldwide. Indeed, the most popular silicon solar cell has been in the industry since early 

1977 and an efficiency exceeding 26.5% has been witnessed thus far.
1
 Despite their many 

advantages, silicon solar cells are quite expensive even today and a matter of economic 

burden considering their large scale production and consequent application. The lead-

halide perovskite solar cells, which came much late (in 2009), attracted worldwide 

attention owing to their easy and inexpensive fabrication with fascinating efficiencies of 

over 26% and 31% (with Si tandem) even being a late contender in the field.
1
 However, 

such materials are also not free from limitations hindering their utility in photovoltaics 

that will be discussed thoroughly in this thesis. In a similar fashion we came across a long 

way starting from sodium vapor bulb to more effective tungsten bulbs and currently we 

are simply living in a world of light-emitting diodes (LEDs) consisting of semiconducting 

materials. The major advantage that these LEDs bring is maximum brightness with the 

expense of least energy, thanks to their unique electronic properties. The perovskites 

being semiconductor in nature are no exception. However, their ideal electronic and 

optical properties are of paramount importance for their utilization with full potential in 

photovoltaic and optoelectronic applications. The thesis mainly focuses on probing the 

optical properties of perovskites (in nano-dimension) employing a number of 

spectroscopic and microscopic tools and designing new strategies for best utilization of 

the systems in light-emitting and absorbing applications. 

 

1.2. Semiconductors: Bulk Solids to Nanocrystals 

In atoms we talk about atomic orbitals which have discrete energy levels. In first 

approximation, we use these atomic orbitals in linear combinations either in hybridized or 

un-hybridized forms to generate bonding and anti-bonding molecular orbitals (MO) for 

molecules (Figure 1.1.A). Again molecules also have discrete energy levels. Now, more 

the number of atomic orbitals used to generate MO, smaller is the energy gap between 
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those bonding and anti-bonding levels of molecules. Consequently, if there are several 

bonding/anti-bonding molecular orbitals, the energy gap between them decreases. 

Therefore, if we keep increasing the number of atoms, the energy gap between bonding or 

antibonding MO further decreases and eventually it will become zero. In such a scenario, 

there will be no discrete energy levels, rather it will be continuous energy bands and the 

low energy band is called valence band (VB) and the higher energy band as conduction 

band (CV). This is the characteristic feature of bulk solids and the energy gap between 

the VB and CB is known as band gap (Eg) of the material. Note that, based on Eg, solids 

can be classified as conductor (Eg ≈ 0), semiconductor (Eg < 3) and non-conductor (Eg > 

3).
2
 However, here we will focus solely on semiconductor, which is the subject matter of 

this thesis. Now if we consider the reverse process i.e. what will happen to the band 

structures if a solid is broken down into smaller particles? There will come a time when 

the characteristics continuous energy bands of solids will be no longer continuous and 

they will split into discrete energy levels (Figure 1.1.B).
3
 It means such small systems 

have a certain Eg, and at the same time within the bands they exhibit discrete energy 

levels. This phenomenon is observed in semiconductor nanocrystals (NCs) having 

moderate Eg values. Hence, we can say that the NCs essentially bridge the characteristics 

of molecules and bulk solids. 

  

 

 

 

 

 

 

 

 

Figure 1.1. (A) Discrete energy levels in atoms, molecules and semiconductor NCs. (B) 

Continuous VB and CB of bulk solid which converts into discrete atom like state when 

size of the system decreases. Figure (B) reproduced from reference 3. 

 

The semiconductor NCs are nanometer sized crystalline particles consisting of 

~100-10000 atoms. They can be made of only elements like Si, Ge or compounds of II-

VI or III-V like CdSe, InP etc. When semiconductor NCs are exposed to energy equal to 

or higher than Eg in the form of light or heat, an electron from the VB gets excited and 
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promoted to the CB leaving behind a positively charged hole in the VB.
3
 In laboratory 

generally formation of such electron-hole pair in semiconductors is achieved through 

optical excitation of the NCs. The photogenerated electron and hole can be free 

depending on their mutual distance and can be mobilized easily in presence of an external 

electric field to get a current. However, when the electron and hole pair are 

electrostatically bound, they are in the lowest energy state and is known as exciton.
4
 This 

electrically neutral charge pair can diffuse together within the crystalline structure of the 

NCs and often called quasi-particle. The binding energy (R
*
) of excitons can vary widely 

depending on dielectric constant of the parent system. For example, in organic systems 

having low dielectric constant, R
* 
is usually in the range of ~0.1 – 1 eV and such excitons 

are known as Frenkel excitons.
5
 Inorganic nanocrystalline systems have high dielectric 

constant values resulting in low R
*
 values (~10 – 100 meV) of excitons, known as 

Wannier-Mott excitons. Recombination of excited electron with the hole in VB 

eventually decimates the exciton with concomitant emission of a photon in a radiative 

manner or heat through non-radiative recombination. Assuming excitons equivalent to 

neutral 3D H-atom model, the calculated excitonic energy under the influence of 

Coulomb potential in zero magnetic field can be expressed as
6
 

𝐸𝑛 = 𝐸𝑔 −
𝑅𝑦

𝑛2
+

ђ2𝑘2

2(𝑚𝑒
∗ +𝑚ℎ

∗ )
 

where En is the energy of n
th
 excitonic level, Ry is Rydberg constant, ђ is reduced 

Planck’s constant, k is wavenumber and me
*
 and mh

*
 represent the effective mass of the 

excited electron and hole, respectively. It is worth mentioning that R
*
 and dielectric 

constant of the system is related by the following equation
6-8

 

𝑅∗ =
𝑅𝑦µ

𝑚0ɛ𝑟
2 

where µ represents reduced mass of the carriers, m0 is free electron mass and ɛr 

corresponds to relative dielectric constant. Note that, R* and ɛr are inversely related to 

each other, and hence, inorganic semiconductors having high values of ɛr usually falls in 

the category of Wannier-Mott excitons with low R* values. 

 There is a separation distance between the electron-hole probability distribution 

of an exciton which is known as exciton Bohr radius (a0). It depends on the composition 

of the semiconductor NC and can vary between 1-100 nm. For example, a0 of the CdSe 

NCs is ~9.6 nm, while the same is 1.05 nm for CdTe NCs.
4, 9

 When the size of a 

semiconductor NC is smaller than a0 of the material, the electron-hole wave function 

becomes spatially confined and the NC is said to be in the ‘quantum confined’ regime 
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with increased energy of the exciton.
4
 Therefore it can be said that, an exciton is strongly 

confined when size of the particle is equal or lower than a0 of the system, and 

confinement leads to an increase in Eg of the NCs apart from more pronounced intra-band 

energy levels in VB and CB edges of the NCs (Figure 1.2.A).
10

 Thus smaller the size 

higher will be Eg of the NCs resulting in blue-shift of excitonic transitions. A typical 

example of size-dependent evolution of photoluminescence (PL) of CdSe NCs over a 

wide range of visible spectrum is shown below (Figure 1.2.A).
10

 A change in size of the 

NCs from 6.0 to 2.0 nm leads to huge blue-shift in the absorption and PL spectra of the 

NCs due to quantum confinement effect, resulting in a drastic change in emission from 

red to blue region of the visible spectrum. 

 

 

 

 

 

 

 

 

 

Figure 1.2. (A) Schematic representation of quantum confinement effect on Eg and intra-

band energy levels of the VB and CB of CdSe NCs upon reduction in size from 6 to 2 nm. 

The lower panel exhibits digital images of the colloidal NCs of different sizes under UV 

light. Reproduced from reference 9. (B) Schematic representation of quantum confined 

nanostructures of different shapes (upper panel). The evolution of density of states (DOS) 

and Eg of the systems are also shown (lower panel). 

 

 The degree of quantum confinement can also vary along different directions 

relying on the shape of the NCs. The NCs having size much higher than a0 of the material 

is essentially a 3D (bulk like) system where in all the three directions (i.e. along x, y and 

z axis) the dimension of the NCs are way larger than a0. Since quantum confinement is a 

size-dependent property, therefore reduction in size of such 3D NCs in any direction 

(keeping size in other two directions constant) imparts confinement on the excitons along 

that axis.
11

 As shown in Figure 1.2.B (upper panel), depending on the direction of spatial 

confinement the NCs can be categorized 3D (bulk, no confinement), 2D (quantum well or 

quantum disk, confined in any one direction), 1D (quantum rod or quantum wire, 

(A)

3D Bulk 2D Quantum well

(disk)
1D Quantum wire 0D Quantum dot

D
O

S

Eg, Bulk

D
O

S

Eg, 2D

D
O

S

Eg, 1D

D
O

S

Eg, 0D

(B)
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confined in any two directions) and 0D (quantum dot, confined in all three directions).
11, 

12
 As the degree of confinement increases, Eg of the system increases and the intra-band 

energy levels becomes more discrete (Figure 1.2.B, lower panel). In effective mass 

approximation, considering an exciton is confined in a spherical volume of crystallite, 

Brus for the first time theoretically calculated the relation between Eg and size (R) of 

quantum confined NCs (taking CdSe and CdS as examples), which can be expressed by 

the following equation.
13

 

𝐸𝑔(𝑄𝐷) = 𝐸𝑔(𝐵𝑢𝑙𝑘) +
ℎ2

8𝑅2 (
1

𝑚𝑒
∗ +

1

𝑚ℎ
∗) −

1.786𝑒2

ɛ𝑅
 

where Eg (QD) and Eg (Bulk) correspond to band-gap of the quantum confined and bulk 

systems, respectively. R is the radius of the systems, h is Planck’s constant, and e 

represents the charge of the electron. Though the above equation satisfactorily describes 

the bulk and confined systems, spatial correlation of exciton was not accounted into the 

above effective mass approximation. Later, Kayanuma modified the Brus equation by 

considering spatial correlation effect of exciton and can be represented as follows.
14

 

𝐸𝑔(𝑄𝐷) = 𝐸𝑔(𝐵𝑢𝑙𝑘) +
ℎ2

8𝑅2 (
1

𝑚𝑒
∗ +

1

𝑚ℎ
∗) −

1.786𝑒2

ɛ𝑅
− 0.248𝐸𝑅𝑦

∗  

The 1
st
 term in right hand side of the above equation is the band-gap of bulk material. The 

2
nd

 additive term represents additional energy due to quantum confinement effect. Note 

that lower the value of R, higher will be the value of Eg (QD). The 3
rd

 subtractive term 

corresponds to Columbic interaction energy between the electron-hole pair and 

sometimes neglected owing to high ɛ of inorganic semiconductor NCs. The numerical 

value associated in this term arises from the electron-hole wavefunction overlap integral 

and it can be different for different systems. The final subtractive term denotes spatial 

correlation of exciton and significant only for systems with low ɛ values as ERy
*
 is 

inversely related with it by the following equation.
11, 14

 

𝐸𝑅𝑦
∗ = 13605.8

1

ɛ
(
𝑚0

𝑚𝑒
∗ +

𝑚0

𝑚𝑒
∗)

−1

 

The quantum confinement induced change in PL color of NCs has been extensively 

exploited in numerous applications ranging from LEDs, lasers, in vivo and in vitro 

imaging and other biological applications. The current nanoworld would not be as 

demanding as it is today if semiconductor NCs did not show such size tunable interesting 

optical and electronic properties. 
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1.3. The Perovskites 

1.3.1. A Brief Journey 

The calcium titanium oxide (CaTiO3) mineral, which was discovered in the Ural 

Mountains of Russia by Gustav Rose in 1839, was named as “Perovskite” after Russian 

mineralogist Lev Perovski. The solids having similar crystal structure to that of CaTiO3, 

are known as perovskites having general chemical formula of ABX3 where A and B are 

cations with A larger than B and X is an anion usually oxide or halide. The lead-halide 

perovskites (LHPs) which are the subject matter of this thesis were first reported much 

late in 1893 by Wells as bulk system with compositions like Cs4PbX6, CsPbX3 and 

CsPb2X5.
15

 In early 1900s they start to attract the attention of scientific communities 

which led to the elucidation of their detailed structural characteristics by Weber.
16-18

 

Studies like magnetic properties, photoconductivity were the major focuses with such 

bulk perovskites in early times.
19

 It is worth mentioning in this context that, the first work 

on LHPs from India was in 1969 demonstrating anti-ferroelectric properties of CsPbCl3 

compositions.
20

 Subsequently, LHPs had been used as sensitizer in dye-sensitized solar 

cell. However, it was later realized that apart from increasing absorption cross section in 

such solar cells, they intrinsically possess impressive charge transport properties. The 

potential application of LHPs in optical and electronic devices starts to unveil in late 

1990s and early 2000s.
21, 22

 Specifically, after the pioneering work of Miyasaka and 

coworkers in 2009,
23

 the utility of LHPs as visible light sensitizers in solar cells came into 

limelight to the world energy researchers and a power conversion efficiency (PCE) of 

over 26% is achieved using LHPs till date.
1
 Bulk LHPs are great in solar energy 

conversion, however they are weakly luminescent and not suitable for light-emitting 

applications. Efforts in making these systems with bright emission started since then. 

After some incremental work in this direction in 2014,
24

 the real breakthrough was made  

by Kovalenko and co-workers in 2015 where colloidal CsPbX3 NCs were first reported 

with bright emission having PL quantum yield (PLQY) of ~50-90%.
25

 In the same year, 

Zhang et al. introduced another new approach of achieving brightly luminescent organic 

LHP NCs even at room-temperature (RT).
26

 Since then the popularity of the LHP NCs 

has skyrocketed as a newly emerged promising material of the 21
st
 century with great 

potential in a range of applications of optoelectronics to photovoltaics and more recently 

even in photocatalysis.
27, 28

 

 

1.3.2. Crystal Structure of the Perovskites 
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As mentioned earlier, the generic chemical formula of perovskite is ABX3, where the 

monovalent A cation can be Cs
+
 or Rb

+
 for all-inorganic and methylammonium (MA

+
) or 

formadinium (FA
+
) for organic-inorganic hybrid perovskites. B is a bivalent cation and 

can be Pb
2+

 or Sn
2+

 or Ge
2+

 and X is an anion like oxide or halide (Cl
¯
, Br

¯
, I

¯
 or a 

combination of them).
27-29

 However in line with the content of this thesis we will restrict 

our discussion here on LHPs only. It is important to mention that, for double or vacancy 

ordered perovskites an exception from the ABX3 formula is not uncommon though 

(Figure 1.3.A).
29

 In a perovskite cubic unit cell, the A cations occupy at the corners while 

the B cation remains in centre of the unit cell. The X anions reside at the face-centered 

position of the cube. Thus the B ions are octahedrally coordinated with six X, forming a 

corner shared [BX6]
4-

 units and the A ions reside in the empty cuboctahedral voids of the 

crystal structure (see Figure 1.3.A).
29, 30

 It is important to note that since the 

cuboctahedral voids are formed by corner sharing arrangement of the [BX6]
4-

 octahedral 

units, the A-site cation is under size constrains and it largely controls the stability of a 3D 

perovskite structure. For example, ethylammonium (EA
+
) being larger in size than both 

MA
+
 and FA

+
, no hybrid perovskite based on EA

+
 is reported till date and much larger 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. (A) Schematic representation of cubic ABX3 perovskite, 2D perovskite and 

double perovskites. Reproduced from reference 27. (B) Formability space (red shaded 

area) of LHPs as a function of ionic radii of A- and X-site ions. Figure (B) reproduced 

from reference 31. 

(A)

(B)
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size facilitates the formation of 2D layered perovskite structures (Figure 1.3.A).
27

 A 

composition dependent semiempirical parameter, known as Goldschmidt tolerance factor 

(t), can be considered to predict the formability and consequent stability of the 3D 

perovskite structures as follows
 32

 

𝑡 =
𝑟𝐴 + 𝑟𝑋

√2(𝑟𝐵 + 𝑟𝑋)
 

Here ‘r’ corresponds to ionic radii of the corresponding constituents. Typically, ‘t’ value 

of most of the 3D LHPs lies in the range of 0.81 ≤ t ≤ 1.0 and a value over 1 or below 0.8 

usually gives rise to 1D hexagonal or non-perovskite structures.
31 

The octahedral factor 

(µ), expressed as µ = 𝑟𝐵 𝑟𝑋⁄  indicates the formability of [BX6]
4-

 units and empirically 

falls in the range of 0.44 ≤ μ ≤ 0.9. Considering both ‘t’ and ‘µ’ an allowed space for the 

formability (and stability) of 3D perovskites can be drawn and shown as a red-shaded 

area in the 2D plot of ‘A’ and ‘X’ ionic radii (Figure 1.3.B).
31

 If combination of the above 

two parameter values for a particular system lies within the shaded region formation of a 

perovskite structure can be expected and when it falls well outside these limits a non-

perovskite structure results. It is however important to note that the concept of ‘t’ was 

initially proposed for the metal-oxide perovskites and hence the allowed ranges are 

accurate for more electronegative oxide and fluoride based systems.
32

 The heavier halides 

(like Br and I) being less electronegative, show deviation from the empirical ranges 

particularly with the organic A-site cations. For example, all FA-based LHPs form cubic 

3D structure even though t >1.
33

 Interestingly, despite having a ‘t’ value close to the 

allowed value of 1.0, the FAPbI3 (t = 1.03 ) is unstable,
34

 while FAPbBr3 (t = 1.08) and 

FAPbCl3 (t = 1.09) form stable 3D structure.
35

 Hence, the upper boundary of ‘t’ for the 

LHPs is still not well defined and stable LHPs with A-site organic cations are found to 

have t>1.0 leaving questions for the future studies. 

 

1.3.3. Optical Properties of the Perovskite NCs 

Since the invention of perovskite NCs in 2015,
25

 a giant leap of research on these NCs 

has been witnessed worldwide. Fascinating optical and electronic properties such as 

defect tolerance nature, high PLQY, narrow emission bandwidth, broad and intense 

absorption, composition and size dependent emission tenability have brought them in 

forefront of energy research in recent time.
27, 28

 The band structure of the perovskite NCs 

is quite different from that of the conventional metal chalcogenides QDs, making them 

even more attractive in real applications. The band gap in conventional semiconductors 

like CdSe, GaAs etc. are usually formed between bonding (σ) and antibonding (σ
*
) 
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orbitals vis-à-vis to VB and CB, respectively (Figure 1.4.A).
36

 Hence, the dangling 

orbitals due to point defect appear as non-bonding states within the band gap of such 

conventional QDs and contribute to non-radiative recombination of photogenerated 

charge carriers. However, in LHPs, the band gap is formed between two anti-bonding 

orbitals, thus non-bonding defect states are either shallow in nature or completely 

enclosed within their band structures (Figure 1.4.A).
36

 This makes the LHPs much more 

‘defect tolerant’ over the conventional semiconductors,
36, 37

 and hence, the radiative 

recombination mostly remains unperturbed in LHP NCs resulting in much higher PLQY 

(up to ~100%) compared to the conventional QDs. It is further reported that the VB 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. (A) A comparison of electronic band structures of the metal chalcogenide 

QDs to that of the LHP NCs. (B) Change in energy of VBM and CBM of the CsPbX3 NCs 

with different halides. (C) PL spectra of the CsPbX3 NCs with different halide 

composition. The upper panel shows digital photographs of their colloidal solutions 

under UV light (365 nm) NCs. Figure (A), (B) and (C) are adopted from Reference 36, 38 

and 25. 

 

maxima (VBM) of LHPs are mainly composed of anti-bonding mixing of X np and Pb 6s 

atomic orbitals with major contribution from X np orbitals.
36, 38

 Hence, a change in 

halogen from I (5p) to Cl (3p) via Br (4p) decreases corresponding energy of the np 

(A) (B)

(C)
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orbital leading to a reduced energy of the VBM (Figure 1.4.B).
38

 On the other hand, the 

CB minima (CBM) is associated with anti-bonding coupling of Pb 6p and X np orbitals 

with predominant contribution from Pb 6p atomic orbitals. As spin-orbit coupling 

constant in LHPs is nearly constant (~1.1 eV),
39

 extent of hybridization plays a major role 

in determining the energy of CBM. If we move from X = I to Cl via Br, the Pb-X bond 

length decreases, which in turn increases the orbital overlap of the Pb 6p and X np 

orbitals leading to a shift of the CBM towards higher energy.
38

 Thus if we tune the halide 

ion composition from I to Cl (via Br) in APbX3 NCs, the band gap increases and thereby 

the absorption and PL maxima of the NCs change from red to violet (via green) region of 

the visible spectrum (Figure 1.4.C).
25, 38

 It is therefore evident that the optical and 

electronic properties of LHP NCs are predominately governed by the [PbX6]
4-

 octahedral 

units. Although, the A-site cation doesn’t have much influence on the electronic band 

structure of LHPs, a small increase in size of cations like moving from Cs
+
 to MA

+
 to 

FA
+
 slightly expands the crystal structure, which slightly decreases the band gap of the 

NCs and leads to a small red-shift of the absorption and emission spectra of the NCs. 

Furthermore, like conventional QDs, LHP NCs also exhibit size-dependent optical 

properties. For example, it is reported that, a change in size of the green-emitting CsPbBr3 

NCs from ~9.5 to 3.7 nm, results in blue-shift its PL spectrum from ~510 to 467 nm due 

to quantum confinement effect (a0 of CsPbBr3 NCs is ~7 nm
25

) of the NCs.
40

 Thus 

perovskite NCs exhibit size and composition dependent attractive optical properties with 

broad absorption and bright and narrow (fwhm of ~10-50 nm) emission over the entire 

visible window making them indeed a coveted material in the 21
st
 century for a wide 

range of optical applications. 

 

1.3.4. Exciton Fine Structure 

It is already mentioned that in LHP NCs the CB has a predominate contribution of the Pb 

6p orbital, thus VB and CB of such NCs has ‘s’ and ‘p’ type symmetry, respectively.
38

 

Presence of heavy atom (lead), facilities spin-orbit coupling in these systems leading to 

splitting of the six-fold degenerate CB into a doubly degenerate (Je = 1/2, mJ = ±1/ 2) 

lower energy state and four-fold degenerate (Je = 3/2, mJ = ±3/2, ±1/2) higher energy 

state.
41, 42

 Therefore, the lowest energy exciton can be considered as a hole in any one of 

the two-fold degenerate VB state (Jh = Sh = 1/2, mS = ±1/2) and the excited electron in 

any one of the low lying two-fold degenerate CB states. Further, electron-hole exchange 

interaction splits the band-edge excitonic states, into exciton fine structure with a three- 
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Figure 1.5. Schematic representation of exciton fine structure of 3D cubic LHPs 

considering contributions of spin-orbit coupling and electron-hole exchange interaction. 

Adopted from reference 45. 

 

fold degenerate optically allowed (bright) state (Jex = 1, mJ = 0, ±1) and one optically 

passive (dark, Jex = 0) state (Figure 1.5.).
42, 43

 It is to be noted that, this splitting is valid as 

far as the system is symmetric, a lower order or distorted crystal can further lift the 

degeneracy of the band-edge states.
41

 Thus three bright (spin allowed) and one dark (spin 

forbidden) recombination pathways for photogenerated electrons are possible in LHPs.
44, 

45
 It is to be noted that although the dark state lies below the bright state for metal 

chalcogenide QDs, the positioning of these states in LHP NCs is a matter of debate.
46, 47

 

However, we will not go into this as it is beyond the scope of the thesis. Moreover, since 

the spacing between the bright and dark state is typically < 10 meV, individual transitions 

from the allowed states are not observed at RT with thermal energy over 25 meV. Hence, 

a simplified picture of excitonic recombination between VB and CB is normally 

considered for RT studies. 

 

1.3.5. Surface Characteristics of the Perovskite NCs 

Large surface-to-volume ratio of nanomaterials not only makes their exterior a dominant 

player in physical and chemical properties but also imparts in their colloidal stability. As 

size of a NC decreases, surface area of the systems increases and thereby the number of 

atoms at the surface increases.
4
 Now if we think practically, there will be a termination of 

each NC and such terminal faces are made of the constituent atoms of the NCs. 

Therefore, clearly the atoms present at the terminal faces of any NCs are incompletely 
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bonded and the unbound orbitals are directed outside the crystal. These unpassivated 

orbitals are known as ‘dangling orbitals’ and in nano-dimension they are highly abundant 

owing to the presence of large number of atoms at the surface.
4
 Since NCs are highly 

faceted, large density of dangling orbitals collectively forms an energy band structure 

within the band gap of the NCs. Further, they can reduce the overlap between electron-

hole pair, facilitating nonradiative recombination of the charge carriers.
4, 37

 However, as 

discussed in section 1.3.3, such energy levels are mostly shallow in nature particularly in 

LHP NCs and have much less impact compared to the metal chalcogenide QDs.
36

 Later 

we will see that contribution of such shallow energy levels towards nonradiative 

processes is not negligible and this has large impact on optical properties of the 

perovskite NCs. In practice, however, such dangling orbitals are passivated by long 

organic ligands [usually oleic acid (OA) and oleylamine (OAm) for perovskite NCs],
25

 

which not only minimize the inter-band surface states but also helps maintaining 

structural integrity and colloidal solubility of the NCs in non-polar medium. 

In bulk perovskites, the halogen to lead ratio (i.e. X/Pb) is close to 3.0. However, 

this ratio varies for the NCs and theoretically considering the upper and lower limits of 

X/Pb value, surface termination possibilities of the CsPbX3 NCs can be represented in 

two ways (Figure 1.6.A).
48

 The CsX-terminated surface consists of CsPbX3 core 

terminated by PbX2 inner cell and CsX outer cell, represented as [CsPbX3](PbX2){CsX}. 

On the other hand, the PbX2-terminated surface consists of CsPbX3 core terminated by 

CsX inner shell and PbX2 outer shell, denoted as [CsPbX3](CsX){PbX2}.
48

 In reality, 

however, the NCs are terminated with long-chain organic ligands like oleylammonium-

oleate, which provide them colloidal integrity apart from acting as surface passivator.
49

 

Hence considering ligand capping, in realistic model, surface termination can be 

represented as [CsPbX3](PbX2){AX'}, where A is monovalent cation like 

oleylammonium or Cs
+
 and X is an anion like oleate or halide (Figure 1.6.B, right).

48
 

Ligand density largely depends on the steric hindrance and the equilibrium between NCs 

surface and solution. It is important to note here that {PbX2'} type termination is quite 

impossible in reality as firstly, about 2.5 times higher ligand density (than in other model) 

will cause severe steric hindrance in the ligand shell and secondly, this would break 

octahedral coordination of Pb.
49

 Moreover, in many earlier studies it has been shown that 

[CsPbX3](PbX2){AX'} is the most relevant surface termination for the LHP NCs. 

However, there are few instances where it is shown that PbX2-terminated CsPbX3 NCs 

with high structural stability are also possible.
50, 51
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As already mentioned, OA and OAm are primarily used as surface capping 

ligands for efficient surface passivation and to disperse the NCs in non-polar solvents like 

toluene, hexane etc.
25

 Hence, a question may arise, what is the binding motif of such 

ligands on NCs surface? Before answering the question, it is important to take note of the 

acid-base equilibrium between OA and OAm, leading to formation of oleylammonium 

(OAm
+
) through deprotonation of OA, which in turn converts into oleate ions.

52
 It has 

been reported that, OAm
+
 ligands adsorbed on the surface of the NCs through H-bonding 

interaction with surface halides (Figure 1.6.C).
53

 The positively charged ligand can also 

occupy some of the surface exposed A-sites through substitution of some surface cations  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6. (A) Schematic representations showing the possible surface terminations of 

CsPbX3 NCs. (B) The realistic surface termination model with the common cationic and 

anionic surface ligands. Adopted from reference 48. (C) Schematic showing the possible 

binding of OAm+ on the surface of CsPbBr3 NCs. (D) An atomistic model of substitution 

of OAm
+
 in some surface Cs

+
 sites. Adopted from reference 53. 

 

(Figure 1.6.C).
53

 In such cases, the ammonium moiety of OAm
+
 can form additional H-

bond with the surrounding X atoms compared to simple addition of the ligands. 

Therefore, substitution of OAm
+
 is thermodynamically more favorable in LHP NCs 

(A) (B)

(C) (D)
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(Figure 1.6.D). The role of OA (or oleate) is somewhat debatable with some reports 

showing its binding at the surface while some do not.
49, 53

 However, OA (or oleate) is 

required for maintaining a balance in acid-base equilibrium with OAm and thus it 

contributes to the colloidal stability and desired optical properties of the NCs. 

 

1.3.6. Defect and its Impact on the Perovskite NCs 

Although it has been shown earlier that the trap or defect states in LHP NCs are mostly 

benign due to their shallow nature,
36

 a sub-unity PLQY of the NCs however suggests that 

they still impart a detrimental effect on their optical properties.
27, 54

 The point defect, 

which arises primarily due to vacancies at A- or X-sites owing to low formation energy 

are highly abundant and forms shallow defects in perovskite NCs (Figure 1.7.A).
36

 Deep 

traps from the interstitial and/or anti-site defects are however less common in LHP NCs 

as the constituting ions in perovskite lattice are difficult to misplace from their lattice 

sites.
36

 The OAm
+
 ligands bound to the surface of such NCs are highly dynamic in nature 

as they are associated with surface halogens by weak H-bonding interaction.
49

 Such weak 

bonding of OAm
+
 facilitates its desorption from the surface as oleylammonium halide 

(OAm
+
X

-
) ion pair, forming halide vacancies (VX) at the surface.

52
 Note that, it is quite 

unfavorable for the OAm
+
 ligands to dissociate as independent solvated ion in a non-polar 

media like hexane/toluene and since oleate is absent at the surface they pull out the 

surface halides (X
-
) resulting in formation of halide-vacancy (Vx) related point defects.

52, 

55
 Again, large surface-to-volume ratio in nano-dimension makes the surface halide 

vacancies (under-coordinated lead atom in other word) predominant source of defects, 

facilitating non-radiative recombination of photogenerated charge carriers leading to sub-

unity PLQY of the NCs.
54

 Alivisatos and co-workers both experimentally and 

theoretically have shown that the impact of halide vacancies on the electronic structure of 

LHP NCs is not identical.
55

 The detrimental effect of chloride-vacancies (VCl) on the 

optical properties (like PLQY) of the CsPbCl3 NCs is much more pronounced compared 

to the bromide- and iodide-vacancies (VBr and VI, respectively) in CsPbBr3 and CsPbI3 

NCs (Figure 1.7.B).
55

 This is because the chloride-vacancies (VCl) in CsPbCl3 NCs are 

highly localized deep trap states, while the corresponding VBr and VI  in CsPbBr3 and 

CsPbI3 NCs are shallow in nature (Figure 1.7.C).
55 

For this reason, PLQY of CsPbCl3 is 

typically in the range of 0.5-5%, while it is above 50% for both CsPbBr3 and CsPbI3 

NCs.
27, 54

 However, sub-unity experimental PLQY of these two systems indicates that the 

bromide- and iodide-based NCs are still not trap-free and have other issues.  



Introduction Chapter 1 

 

 Page 18 
 

Being a soft lattice, LHP NCs are highly susceptible towards crystal disorder 

which eventually creates defects in these systems. For example, due to large size of 

iodine, the volume of a [PbI6]
4-

 octahedral unit is large and hence they created large 

cuboctahedral voids where the smaller A-site cations like Cs
+
 reside. This results in slight 

tilting of the lead-halide octahedral units towards the void space of cuboctahedral sites.
54, 

56
 This is known as ‘octahedral tilting’ and such crystal distortion not only contributes to 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. (A) Schematic representation of typical point defects in LHP NCs. Adopted 

from reference 36. (B) Impact of halide-vacancies on the PLQY of CsPbX3 NCs. (C) 

Possible electronic structures and associated charge density distribution due to halide-

vacancy related defects in LHP NCs. Figures (B) and (C) are adapted from reference 55. 

 

inter band-gap trap states but also destabilizes the iodide-based NCs.
54

 Again, in the case 

of CsPbCl3 NCs it has been reported that the VCl and local structural distortion 

collectively create short-range disorder in the lattice that deteriorates optical properties 

and stability of such NCs through formation of deep-trap (defect) states.
57

 However, 

partial substitution (doping) of smaller sized metal cations in place of lead can partially 

(A) (B)

(C)
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rectify such crystal disorder and improve optical properties and stability of the NCs.
56

 

Moreover, soft and ionic characteristics of the perovskite lattice lead to structural 

dynamics (shift from equilibrium position) of the lead-halide lattice even at RT leading to 

a strong coupling between the photogenerated excitonic wave function and ionic 

displacement of the lattice, known as polaron.
36

 These polarons are known to screen 

Coulombic potential and have a detrimental effect on the optical properties of the LHP 

NCs.
36, 58 

 

 

1.3.7. Doping in Perovskite NCs 

Doping or alloying is considered to be an excellent strategy for tuning the optical and 

electronic properties of semiconductor NCs. In case of LHP NCs, doping also contributes 

to the optical and phase stability of the systems.
28, 54, 56

 Typically all the three constituents 

(i.e. A, B and X) of APbX3 type LHP NCs can be doped for different purposes.
27

 

However, we will restrict our discussion here mostly to Pb-site doping since it is one of 

the major theme of this thesis. There are essentially two ways to incorporate small 

amount of impurity or foreign element to partially substitute Pb in achieving doped NCs 

(Figure 1.8.A). Firstly, addition of desired metal salt of the dopant in precursor solution 

during the synthesis of LHP NCs (in situ) usually leads to formation of doped NCs.
59

 

Secondly, due to soft crystallite nature, doping in LHP NCs can be executed post-

synthetically even at RT, provided Pb-X and M-X bond energies of the host and guest, 

respectively are comparable.
60

 However, there are many instances where no evidence of 

doping was found by following any of the above two strategies.
40 

A large variety of 

isovalent (Mn
2+

, Zn
2+

, Cd
2+

, Mg
2+

, Ni
2+

, Sr
2+

 etc.) or heterovalent (Cu
+
, Na

+
, Ce

3+
, Bi

3+
, 

Al
3+

, Tl
3+

, Nd
3+

 etc.) metal ions (dopants) are doped by replacing some of the Pb
2+

 ions in 

perovskite lattice for various purposes ranging from improving optoelectronic properties 

to structural stability and for controlling light conversion efficiencies and photo-catalysis 

(Figure 1.8.B).
27, 28, 54, 61

 Moreover doping of Pb
2+

 with an environment friendly cation 

reduces the toxicity of the overall system, thus making the NCs more benign for 

widespread applications. It is important to note that the concentration of dopants inside 

the perovskite crystal is highly important to sustain their intrinsic crystal structure.
60

 A 

large dopant concentration has an adverse effect on it and may eventually lead to 

morphology or phase change of the NCs. 

Interestingly, when the ionic radii of a dopant is smaller than that of Pb
2+

 (r = 119 

pm), the tolerance factor (t) of the doped system increases.
56

 Furthermore, substitution of  
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Figure 1.8. (A) Schematic representation of partial substitution (doping) of Pb
2+

 with an 

arbitrary metal cation (M
n+

) of LHP NCs. (B) Doped metal ions and their impact on 

different characteristics of LHP NCs. Figure (B) adopted from Reference 61. 

 

Pb
2+

 with smaller cations (M
n+

) reduces size of the corresponding [MX6]
n+

 octahedral 

units, which in turn decreases the empty space in cuboctahedral voids (Figure 1.9.A).
54, 56 

Thus crystal disorders like ‘octahedral tilting’ and ‘local structural disorder’ are lifted 

upon doping of a small cation at B-site which not only increases structural stability but 

also increase PLQY of the doped NCs (like Mn
2+

 or Ni
2+

 doping in CsPbI3 and CsPbCl3 

NCs, respectively).
56, 57

 Furthermore, in case of CsPbI3 NCs, doping of some A-site Cs
+
 

ions with bigger cations like FA
+
 and/or replacing some X-site iodide ions (I

-
) with 

smaller anions like chlorides (Cl
-
) also increase the ‘t’ value and minimize octahedral 

distortion in the crystal structure.
33, 62

 As the B-site cations reside at corners while the X-

site anions remain in edges of the perovskite cubic unit cell,
56

 a B-site cation (Pb
2+

 here) 

is directly associated with eight cuboctahedra through eight adjacent [BX6]
4-

 octahedral 

Mn+ Pb2+

Post-synthetic 

or In situ Method

(A)

A Pb XMn+

(B)
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units, while X-site anion shares only four such cuboctahedral voids. Since the size of B-

site cations determines the size of [BX6]
4-

 units, which controls the cuboctahedral voids, 

doping at one octahedral site of Pb
2+

 with a smaller cation effectively controls the voids 

of eight cuboctahedral sites and thus can be more efficient over other available strategies. 

For example, only 12.5 mole % Mn
2+

 can be enough to completely (~100%) cure 

octahedral distortion in CsPbX3 NCs, leading to much improved optical properties and 

stability of the NCs.
56

 

 

 

 

 

 

 

 

 

Figure 1.9. (A) Schematic representation of octahedral tilting of [BX6}
4-

 unit towards 

cuboctahedral void of LHP NCs which reduces upon doping of smaller cations in place of 

Pb
2+

.  Adopted from reference 56. (B) Absorption and PL spectra of undoped (top) and 

Mn
2+

-doped (bottom) CsPbCl3 NCs. Apart from band-edge excitonic emission of the host 

CsPbCl3 NCs, the doped sample shows distinct emission at ~586 nm corresponding to 

Mn
2+

 transition. Adopted from reference 63. 

 

 In this context, some metal ions like Mn
2+

, Cd
2+

 or Ln
3+

 (Ln = Lanthanides) show 

their distinct PL characteristics after sensitization through excitonic energy transfer (ET) 

when doped into a suitable host NCs.
63-65

 Dexter type ET mechanism from host NCs to 

the atomic states of dopants gives rise to a new PL spectrum corresponding to the dopant 

ion at lower energy region of the excitonic (band-edge) PL of the host (Figure 1.9.B).
63

 It 

is important to note that energy transfer from host NCs to dopant should be energetically 

feasible for achieving efficient dopant emission. High band-gap CsPbCl3 NCs serve as 

the ideal host of these dopants with CB energy higher than their highest atomic levels 

(e.g. 
4
T1 for Mn, 

3
Eg for Cd) facilitating efficient ET from the CsPbCl3 NCs.

63, 64
 

Similarly, CB energy of CsPbI3 NCs is much lower than those atomic levels, resulting in 

no ET to the dopant ions and hence PL could not be observed. Energetically feasible back 

energy transfer from the atomic energy levels of the dopants to CB of the CsPbBr3 NCs 

limits the dopant emission when the latter is employed as host.
63 

Note that, usually dopant 

(A) (B)
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transitions are both Laporte and spin forbidden and hence, they are characterized by long 

photon relaxation time, typically in ms to μs time window.
63

 The Mn
2+

 and Cd
2+

 dopants 

show emission typically in the 590-630 nm region
63, 64

 while Ln
3+

 ions exhibit emission in 

different regions of the Vis-NIR spectrum.
65

 However, extensive non-radiative trapping 

in CsPbCl3 NCs suppresses ET processes to the dopants, thus limiting PL efficiency of 

the dopant emission. It has been reported that defect free Cd-doped CsPbCl3 NCs act as 

an ideal host for Mn
2+ 

emission, resulting in near unity PLQY due to significantly 

suppressed non-radiative excitonic recombination of the host NCs, facilitating effective 

ET to Mn
2+

.
66 

Such doped systems with dual emission over a wide spectral region are of 

great importance from the point of view of white light-emitting applications (wLEDs). 

 

1.3.8. Charge Transfer from Perovskite NCs 

Radiative recombination of photogenerated charge carriers (electrons in CB and hole in 

VB) is important for optoelectronics, while their dissociation before spontaneous 

recombination is of paramount importance in the field of photovoltaics and 

photocatalysis. Thus there is a basic difference of charge carrier utilization in 

optoelectronics and photovoltaics. Like defect tolerant behavior and high PLQY in 

optoelectronics, broad and intense absorption, high carrier diffusing length and low 

exciton binding energy make the LHPs great contenders as solar energy harvester in 

photovoltaic applications.
23, 27 

In general, energy selective charge transport layers are 

employed as electron or hole acceptor in solar cells after photo-excitation of the energy 

harvesting material to generate current externally (Figure 1.10.A).
67

 In case of perovskite 

NCs, organic molecular systems are used as model carrier acceptors adsorbed at the 

surface of the NCs to promote such charge transfer processes.
68

 The energetics of the NCs 

and molecular adsorbate determine whether any charge transfer is feasible for a particular 

pair of system. If the LUMO level of a molecular system resides below CB of the NCs, 

electron transfer is favorable (Figure 1.10.B).
69

 Similarly, if HOMO level of the molecule 

has energy higher than VB of the NCs, a hole transfer is feasible.
69

 Efficient charge 

transfer results in rapid quenching of luminescence of the NCs through suppression of 

band-edge excitonic recombination. The emergence of a new recombination channel in 

presence of carrier acceptors affects the excited state lifetime of the emitter, leading to a 

significantly reduced lifetime of the system.
70

 However, charge transfer without any 

major change in lifetime is not uncommon though.
71

 

In the case of semiconductor NCs (including LHP NCs), charge extraction may 
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Figure 1.10. (A) Schematic illustration of the alignment of charge transport layers in 

perovskite based solar cells. Adapted from reference 67. (B) Simple schematics showing 

photoinduced electron transfer from QDs to molecular electron acceptor A (left) and hole 

transfer from photoexcited QDs to molecular hole acceptor (right). In true sense, hole 

transfer can be visualized as electron transfer from donor molecule (D) to photoexcited 

QDs. Adapted from reference 68. 

 

take place from band-edge state (cold charge carriers) as well as from higher energy 

levels (hot charge carriers). Since hot carriers cool down to the band-edge states in 

ultrafast time scale (typically few tens of femtosecond), it is difficult to transfer hot 

charge carriers into molecular acceptors.
72

 Hence, most of the charge transfer processes 

take place from band-edge states of the NCs.
68 

However, if one can extract the hot charge 

carriers before their excess energy dissipation , a power conversion efficiency of ~66%,
 

which is much beyond the Shockley−Queisser limit (SQ limit) of ~33% for band-edge 

carrier extraction of semiconductor NCs, can be achieved.
73, 74

 Limited works in this 

direction have recently been carried out exhibiting high hot hole transfer efficiency from 

CsPbBr3 NCs.
75-77

  However, the iodide-based NCs with lowest band-gap and slowest hot 

carrier cooling time among all LHP NCs are expected to be the best candidates in this 

regard.  

 

(A)

(B)
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1.3.9. Structural Instability and How to Handle It 

Structural and optical instability has been a major issue of LHP NCs despite their 

promising optical properties.
36

 As stated earlier, deprotonation of the weakly bound 

OAm
+
 ligands leads to their desorption from the surface making the surface ligand 

environment of these NCs highly fragile.
49, 52

 Such ligand desorption exposes the surface 

to the environmental moisture and the soft ionic character of the lattice renders 

decomposition of the NCs into individual [PbX6] octahedral fragments (Figure 1.11, 

top).
36

 Thus eventually corner share geometry of the LHP NCs disintegrates, resulting in 

complete deterioration of their interesting optical properties. Better protection at the 

surface of these NCs is needed for achieving stable NCs. Therefore, ligands with more 

static surface coordination can be of paramount importance. Indeed, zwitterionic ligands 

having multiple binding sites
52

 or quaternary ammonium ligands (Figure 1.11, bottom) 

with no possibility of deprotonation
78

 or even sulfonate and phosphate ligands having 

better surface protection than carboxylate
79

 have been shown to improve stability of the 

NCs. A protective shell at the surface of the NCs with inert layer like silica or 

compositionally matched salts like CsX or encapsulation of the NCs inside a polymer 

matrix can be useful technique for achieving stable NCs even in presence of polar 

solvents.
80

 Recently covalent bonding of ligands is reported to provide much better 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11. Structural instability due to labile surface ligands of LHP NCs (top). 

Possible stabilization strategies focused on surface of the NCs (bottom). Adopted from 

reference 36. 
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stability of the NCs over the conventional weakly bound cationic ligands.
50, 51

 Moreover, 

intrinsic structural disorders like ‘octahedral tilting’ and ‘short range disorder’ are found 

to be additional factors contributing to the phase sensitivity of the NCs.
56, 57

 Increasing ‘t’ 

value of the system through efficient doping may be helpful in such scenarios. 

Interestingly, unlike the previous reports, some recent works show strong binding 

of the OAm
+
 ligands can restrict crystal distortion in iodide-based NCs and provide much 

higher phase stability of the NCs.
81

 Therefore further studies are required in this direction. 

The developments toward obtaining stable LHP NCs without compromising their optical 

properties are still at its infancy and thus demand more attention from the point of view of 

real applications. 

 

1.4. Thesis Layout 

The thesis is divided into total seven chapters. Chapter 1 starts with highlighting the 

importance of research in unconventional energy in the present scenario followed by 

importance of the semiconductors and their optical and electronic properties in bulk and 

nanocrystalline form with special emphasis on quantum confined NCs. Then we have 

introduced the perovskites, a new addition in semiconductor materials and discussed 

about their origin and evolution in the field of nanochemistry, crystal structure, salient 

optical and electronic properties. The surface chemistry, origin and impact of defect 

states, essence of metal doping, charge transfer processes and the reason of instability of 

the perovskite NCs are discussed. In Chapter 2, we have discussed synthetic strategies 

and purification methods of the perovskite NCs of different compositions following 

different approaches. Details of different spectroscopic measurements like steady state 

UV-Vis absorption and emission, femtosecond pump-probe (TA), fluorescence up-

conversion and time correlated single photon counting techniques are discussed with 

outlines of their different optical and electronic components. Information on LED 

fabrication and other characterization techniques like TEM, PXRD, FESEM, XPS, EDX, 

FTIR, NMR and ICP-OES are discussed briefly. The working chapters starts from 

Chapter 3, in which the impact of Mg
2+

 doping on the optical properties of CsPbX3 NCs 

(X= Cl and Br) NCs is discussed. The key factors controlling the improved optical 

properties are identified in ultrafast time scale employing TA measurement. In Chapter 4, 

we have discussed a generic methodology of achieving all iodide-based LHP NCs 

employing a new iodide precursor with unparallel PLQY and stability. The same strategy 

is extended in Chapter 5 for the bromide- and chloride-based NCs using a common class 
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of halide precursors. The carrier dynamics of the NCs are investigated and valuable 

insight into the key aspect of designing effective halide precursors for next generation 

LHP NCs is obtained. In Chapter 6 the advantage of L-type coordinate bonding of 

surface ligands toward structural and optical stability of the CsPbCl3 NCs are highlighted 

following a new strategy demonstrating intense violet emission of these NCs even for low 

density of surface ligands. Finally, all findings of this thesis are summarized in Chapter 7 

and possible future directions of research in the field of LHP NCs based on our results are 

outlined. 
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Overview 

This chapter presents the strategies of synthesis of the APbX3 NCs and the instruments 

employed for their optical and microscopic characterization. Steady state absorption, 

emission and different time-resolved techniques [particularly, time-correlated single 

photon counting (TCSPC), femtosecond transient absorption (fs-TA) and PL up-

conversion] have been discussed in detail. The working principle of these techniques, 

different optical and electronic components and optical layout of the setups are discussed. 

Methodologies for the synthesis and characterization of various perovskite NCs of 

different compositions have also been discussed. Overall, this chapter provides a brief 

idea about making of these NCs and their spectroscopic and microscopic characterization 

following a range of basic and advanced techniques. 
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2.1. Materials/Chemicals 

Cs2CO3 (99.99%, trace metal), lead oxide (PbO, 99.999%, trace metals basis), lead 

acetate trihydrate (99.999% trace metals basis), PbCl2 (99.99%, trace metal), PbBr2 

(99.9%, trace metal), MgCl2 (anhydrous, >98%), MgBr2 (98%), MgO (97%), 

formamidinium acetate (99%), 1,3-dichloro-5,5-dimethylhydantoin (DCDMH, 68%), 1,3-

diiodo-5,5-dimethylhydantoin (DIDMH, >96%), N-iodosuccinimide (95%), diphenyl 

phosphoryl chloride ((PhO)2POCl, 99%), chloroform-d (CDCl3, 99.8 atom% D), 1-

octadecene (ODE), oleic acid (OA, 90%), oleylamine (OAm, 70%), trioctylphosphine 

(TOP, 97%) and methyl acetate (anhydrous, 99.5%) were purchased from Sigma-Aldrich 

and were used without any purification. Methylamine (2M solution in tetrahydrofuran) 

and 1,3-dibromo-5,5-dimethylhydantoin (DBDMH, 98%) were purchased from TCI 

Chemicals and Lancaster, respectively. Hexane (HPLC & Spectroscopy) and acetonitrile 

(ACN, dried) were bought from Finar and Merck Chemicals, respectively. All chemicals 

including the solvents were used without any further purification. 

 

2.2. Synthesis of Perovskite NCs 

We have employed two different strategies for the preparation of perovskite NCs of 

different compositions following hot injection method of synthesis. In two-precursor 

method of synthesis, PbX2 (X= Cl, Br or I) was used as a source of both lead and 

halogen, while in three-precursor method separate lead and halide precursors were 

employed. The advantage of the later method of synthesis will be discussed in appropriate 

places of the subsequent chapters. It is to be noted in this context that in Chapter 3 the 

NCs were prepared following the conventional two-precursor method, while three-

precursor method was adopted for the NCs in Chapter 4, Chapter 5 and Chapter 6. 

 

2.2.1. Synthesis of CsPbX3 NCs (X= Cl and Br) Following Two-

precursor Method 

Preparation of Cs-Oleate: Cs-Oleate was prepared by following a reported procedure by 

Protesescu et al. with minor modification.
1 Cs2CO3 (0.16 g) was taken in a 50 mL two-

neck round-bottom (RB) flask containing 6 mL ODE and 0.5 mL OA. It was then 

degassed at room temperature for 5 min and dried under vacuum at 120
0
C for 30 min. 

The reaction medium was then kept under N2 atmosphere at the same temperature until 

all Cs2CO3 reacted with OA to from a clear solution of Cs-oleate. As Cs-oleate 

precipitates out at room temperature, it was preheated at 120
0
C before use. 
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Preparation of CsPbBr3 and CsPbCl3 NCs: The NCs were synthesized by the two-

precursor hot-injection method following a reported procedure.
1
 In brief, 0.069 g PbBr2 

(or 0.052 g PbCl2) was taken in a 50 mL two-neck RB containing 5 mL ODE, 0.55 mL 

OA and 0.55 mL OAm. The mixture was then degassed at room temperature for 5 min 

and vacuum dried at 120
0
C for 45 min. Then the temperature was increased to 165

0
C 

(185
0
C for CsPbCl3) under N2 atmosphere and once the reaction attained the desired 

temperature, 0.45 mL of Cs-oleate (preheated at 120
0
C) was quickly injected into the 

reaction medium, and after 5 s (30 s for CsPbCl3) the reaction mixture was quenched in 

an ice-water bath. 1 mL TOP was injected at 120
0
C for better solubility of PbCl2 in the 

reaction medium. The synthesized NCs were precipitated from the crude solution through 

centrifugation at 7k rpm for 8 mins. The supernatant liquid was drained out and the 

resulting precipitate was dispersed in hexane for further studies. 

 

2.2.2 Synthesis of Mg-doped CsPbBr3 and CsPbCl3 NCs 

Preparation of MgX2 stock solution: 0.30 mmol MgX2 (0.055 g MgBr2 or 0.029 g 

MgCl2) was dissolved in 4 mL OAm by heating the mixture at 120
0
C for 2h to obtain an 

opaque solution of MgX2-OAm. 

Post-synthetic treatment of the as-synthesized NCs: 5 µL of the above solution was 

diluted in 50 µL hexane. 30µL of this solution was added to 0.015 µM stirred solution 

(550 µL) of CsPbX3 NCs in hexane taken in a 25 ml single-neck RB with a magnetic 

bead (as shown in scheme 3.1A). The solution was stirred under ambient condition for 

1h, which was found to be the ideal time for completion of the treatment. 500 µL of the 

resulting solution was pipetted out, mixed with 1 mL methyl acetate and immediately 

centrifuged (at 13k rpm) for 5 mins. The supernatant liquid containing excess ligands and 

salts was discarded and the small residue of purified NCs at the bottom was dispersed in 

hexane. These are the high-quality Mg-doped CsPbX3 NCs with bright emission and high 

robustness under ambient condition. 

 

2.2.3. Synthesis of APbX3 (A= Cs, MA and FA; X= Cl, Br and I or 

their mixtures) NCs Following Three-precursor Method 

The first step in synthesis of the NCs by three-precursor hot-injection approach was 

preparation of the oleate salt of the corresponding ‘A’ cation which was injected into the 

reaction medium containing the Pb and halide precursors at desired reaction temperature. 
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2.2.3.1. Preparation of oleate salt of A-site cations 

Preparation of Caesium-oleate (Cs-Oleate): Cs-oleate was prepared by following a 

reported procedure with slight modification.
1 In this method, 0.16 g of Cs2CO3, 6 mL of 

ODE and 0.55 mL of OA were taken in a 50 mL two-necked round-bottom (RB) flask, 

degassed for 5 min at room-temperature and heated under vacuum at 120°C for 1 h. The 

reaction mixture was then kept under N2 atmosphere with constant heating until all 

Cs2CO3 reacted with OA to form a transparent solution of Cs-oleate complex. To avoid 

precipitation at room-temperature, it was preheated at 120°C before use. 

Preparation of Formamidinium-oleate (FA-oleate): FA-oleate was also prepared by 

following a reported method with some modifications.
2
 In brief, formamidinium acetate 

(0.26 g) was loaded into a 50 mL double-necked RB flask along with 6 mL of ODE and 4 

mL of OA (for FAPbI3) or 10 mL OA (for FAPbBr3) or 4 mL OA and 6 mL ODE (for 

FAPbCl3) and then degassed for 5 minutes at room-temperature under vacuum. It was 

then heated under N2 atmosphere at 120ºC until the entire solution became clear 

indicating the formation of FA-oleate. The resultant solution was finally dried at 45-50ºC 

under vacuum for 10 min for removing moistures. 

Preparation of Methylammonium-oleate (MA-oleate): Preparation of MA-oleate was 

quite straightforward and it did not require high temperature heating. It was obtained by 

thoroughly mixing 200 µL of methylamine (2M in tetrahydrofuran) with 1 mL OA (for 

MAPbI3) or 250 μL methylamine with 2.5 mL of OA (for MAPbBr3 and MAPbCl3) at 

room-temperature. 

 

2.2.3.2. Synthesis and Purification of APbI3 (A= Cs, MA and FA) 

NCs 

Synthesis of CsPbI3 NCs: 0.072 g (0.188 mmol) lead acetate trihydrate and 0.214 g 

(0.564 mmol) DIDMH were taken in a double-necked RB flask along with 1 mL OA and 

1 mL OAm as capping ligands and 5 mL ODE as solvent. The entire mixture was 

degassed at room-temperature for 5 min and then heated at 130°C under N2 atmosphere 

until a clear deep brownish solution formed, indicating the formation of oleylammonium 

iodide.
3 

The reaction temperature was then increased to 210°C sharply and quickly 

injected 0.5 mL preheated (at 120°C) Cs-oleate solution into the reaction mixture 

containing lead and halide precursors followed by rapid quenching after 5 seconds of the 

reaction in an ice-water bath (Figure 2.1). When the crude solution came to the room-

temperature it was centrifuged at 3.5k rpm for 10 min to remove the larger particles and 
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possible aggregates and the supernatant solution was collected. Then anhydrous MeOAc 

as anti-solvent was added drop-wise into the supernatant until turbidity appeared and then 

quickly centrifuged at 7k rpm for 3 min. The supernatant was discarded and the 

precipitate was finally dispersed in hexane for further studies. 

Synthesis of (FA)PbI3 NCs: Briefly, 0.072 g (0.188 mmol) lead acetate trihydrate and 

0.214 g (0.564 mmol) DIDMH were taken in a double-necked RB flask along with 1.6 

mL OA and 0.8 mL OAm as capping ligands in 5 mL ODE as solvent. The precursor 

mixture was then dried for 5 min at room-temperature and subsequently heated at 130°C 

under N2 environment until similar deep brownish solutions appeared. After complete 

solubilization of the precursors the reaction temperature was lowered to 85°C and then 2 

mL FA-oleate solution (preheated at 100°C) was swiftly injected into the reaction 

mixture. After 10 seconds, the solution was quenched rapidly in an ice-water bath to stop 

the further reaction. The crude solution was centrifuged at 12k rpm for 5 min, the 

supernatant was discarded and the precipitate was dispersed in toluene. Then dried ACN 

(volume ratio of toluene: ACN = 3:1) was added to destabilize the colloid, followed by 

centrifugation at the same configurations and the precipitate was dissolved in toluene. 

This process was repeated one more time and the final precipitate was dissolved in 

hexane for further studies. 

Synthesis of (MA)PbI3 NCs: The synthetic strategy for (MA)PbI3 NCs was quite similar 

to that of (FA)PbI3 NCs stated above. The only difference was instead of FA-oleate, MA-

oleate solution prepared previously was injected. Specifically, 200 μL methylamine 

solutions (2M in THF) was dissolved in 1 mL of OA at room-temperature and injected at 

85°C for the formation of (MA)PbI3 NCs. 

 

2.2.3.3. Synthesis and Purification of APbX3 (A= Cs, MA and 

FA; X= Cl, Br or mixtures) NCs 

The oleate salts of the A-site cations were prepared following the methods described in 

section 2.2.3.1. 

Preparation and purification of the CsPbX3 (X= Cl and Br) NCs: In a 50 mL double-

neck RB, 0.564 mmol of DBDMH (for CsPbBr3 NCs) or DCDMH (for CsPbCl3 NCs) and 

0.188 mmol of PbO were loaded along with 2 mL each of OA and OAm as capping 

ligands and 5 mL ODE as solvent. The entire mixture was degassed under vacuum at RT 

for 5 min to remove possible moisture in the mixtures and then heated at 130°C under N2 

environment until a clear solution formed. The reaction temperature was then increased to 
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210°C and 0.5 mL preheated (at 120°C) Cs-oleate solution was swiftly injected into the 

reaction medium containing lead and halide precursors. After few seconds (~20 sec for 

CsPbBr3 NCs and 30 sec for CsPbCl3 NCs), the reaction system was rapidly cooled in an 

ice-water bath.  

The mixed-halide CsPb(Cl/Br)3 and CsPb(Br/I)3 NCs were also prepared 

following a similar procedure employing two different halide precursors. The exact 

amount of halide precursors used for the synthesis of different systems is listed in Table 

A5.5 for convenience. 

Purification: The crude reaction product was cooled down to RT, 4 mL hexane was 

added to it and then centrifuged at 7k rpm for 8 min. The supernatant containing possible 

unreacted precursors (if any) and solvent was drained out and the precipitate was then 

dispersed in hexane. After 15 min, the colloidal dispersion was again centrifuged at 7k 

rpm for 5 min to remove larger particles and possible aggregates and the supernatant 

solution was collected for further studies. The purification procedure is quite different 

only for the mixed-halide CsPbBrI2 NCs. In this case, the crude reaction mixture was 

centrifuged at 3k rpm for 10 min and the precipitate containing larger particles and 

possible aggregates was removed. Then anhydrous MeOAc as anti-solvent was added 

drop-wise into the supernatant until turbidity appeared and then quickly centrifuged at 7k 

rpm for 3 min. The supernatant was discarded, and the precipitate was finally dispersed in 

hexane for further studies. 

MAPbX3 (X= Cl and Br) NCs: In brief, 0.188 mmol of PbO and 0.564/0.282 mmol of 

DBDMH/DCDMH for the synthesis of MAPbBr3/MAPbCl3 NCs were loaded into a 

double-neck 50 mL RB along with 1.5 mL of OA and 0.5 mL of OAm (for MAPbBr3) or 

2 mL of OA and 0.4 mL of OAm (for MAPbCl3) in 5 mL of ODE. The reaction mixture 

was degassed at RT under vacuum for 5 min and after complete solubilization of the 

reaction mixture at 130°C, the temperature was set to 165°C (for MAPbBr3) or 95°C (for 

MAPbCl3) under N2 atmosphere. When the reaction temperature reached the desired 

temperature, MA-oleate (250 μL of methylamine in 2.5 mL of OA) was swiftly injected 

into reaction medium, followed by rapid quenching (after 20 sec for MAPbCl3) of the 

reaction mixture in an ice-water bath to stop the growth of the NCs.  

Purification: For MAPbBr3 NCs, the crude product was brought to RT, 3 mL of MeOAc 

was added to it and centrifuged at 7k rpm for 6 min. The supernatant containing 

unreacted precursors and ODE was discarded and the precipitate was dispersed in hexane. 

After 15 min, it was again centrifuged at 7k rpm for 5 min and the supernatant was 

collected for further studies. For MAPbCl3 NCs, when the crude product reached RT, it 
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was centrifuged at 12k rpm for 7 min after addition of equal volume of MeOAc into it. 

The supernatant was discarded, and the precipitate was dispersed in hexane for further 

experiments. 

FAPbX3 (X= Cl and Br) NCs: The synthetic strategy and purification procedure for 

FAPbX3 NCs was quite similar to that employed for the MAPbX3 NCs described above. 

The ligand ratio and reaction temperature used for the preparation of these NCs are listed 

in Table 1. The only difference in this case was that instead of MA-oleate, 2.5 mL of FA-

oleate solution preheated at 100°C was swiftly injected into the reaction medium at the 

desired temperature for formation of the FAPbX3 NCs. 

Thus our 1,3-dihalo-5,5-dimethylhydantoin (DXDMH) mediated three-precursor 

hot injection method of synthesis of APbX3 NCs can schematically represented as 

follows. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Schematic representation of DXDMH-mediated direct synthesis of APbX3 

NCs. 

 

2.2.3.4. Synthesis of CsPbCl3 NCs using (PhO)2POCl as Chloride 

Precursor following Three-precursor Approach 

Synthesis of CsPbCl3 NCs: In a typical synthesis, 0.2 mmol Pb(OAc)2 ∙ 3H2O and 0.05 

mmol Cs2CO3 were taken in a two-necked round bottom (RB) flask along with 0.3 mL 

OA and 1.0 mL OAm as capping ligands and 5 mL ODE as solvent. The mixture was 

then degassed at room-temperature for 5 min and then heated at 120°C under vacuum 

until a transparent clear solution was formed. The reaction temperature was then 

increased to 220°C sharply and 1.8 mmol (~375 μL) (PhO)2POCl was quickly injected 

PbO/Pb(OAc)2+DXDMH
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into the reaction mixture containing lead and cesium precursors. Immediate turbidity in 

the reaction mixture indicated the formation of CsPbCl3 NCs, which were then rapidly 

quenched after 20 seconds in an ice-water bath. When the solidified crude reaction 

product came to RT it became liquid and then it was mixed with 2 mL hexane and 4 mL 

MeOAc and quickly centrifuged at 7k rpm for 6 min. The supernatant solution containing 

unreacted precursors and ligands was discarded and the precipitate was cleaned and then 

dispersed in 2 mL hexane for further studies. 

Repeated washing of the NCs:  

For washing with MeOAc (or hexane), the hexane dispersed solution of the NCs was 

mixed with MeOAc in 1:1 ratio and centrifuged at 7k rpm for 5 min. The supernatant was 

discarded, and the precipitate was redispersed in hexane. This process was repeated 

multiple times to obtain washed samples with desired number of cycles. For washing with 

hexane similar procedure was followed employing hexane in place of MeOAc. 

 

2.2.3.5. RT halide exchange reaction 

The halide exchange reactions were performed under ambient condition on colloidal 

dispersion of pre-synthesized CsPbBr3 NCs. For this purpose, a saturated solution of 

DCDMH/DIDMH was prepared in hexane containing OAm and OA. Very small amount 

(few µL) of the solutions was mixed with a dilute colloidal solution of CsPbBr3 NCs and 

shaken vigorously for the anion exchange reactions. An instant change in emission color 

under UV light (green-to-blue for DCDMH and green-to-red for DIDMH) indicated 

successful halide exchange reactions. 

 

2.2.3.6. RT A-site cation exchange 

For post-synthetic cation exchange reaction at RT, 100 μL of FA-oleate solution was 

diluted in 1 mL hexane and added to CsPbBr3 NCs dispersion (few mM) under stirring 

and monitored the absorption and PL spectra at different time intervals by pipetting out 

small aliquots from the reaction mixture. 

 

2.3. Instrumentation 

2.3.1. Steady State Optical Measurements 

Steady state UV-Vis absorption and emission of samples were measured in a dual-lamp 

spectrophotometer (Cary 100, Varian) and spectrofluorometer (Fuorolog-3, Horiba Jobin 

Yvon), respectively. A deuterium and tungsten lamp were used as UV and visible source, 
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respectively in the spectrophotometer and the transition from one lamp to other occurs at 

~350 nm. While Xe-arc lamp (450 W) was used as the excitation source in the 

spectrofluorometer. In both instruments, a photomultiplier tube (PMT) was used as the 

detector. Baseline was corrected for each measurement in spectrophotometer to eliminate 

any possible absorption from impurities in solvent and the cuvette. The fluorescence was 

collected at right angle with respect to the excitation light to minimize possible 

contribution of incident beam in fluorescence. A 3 mL quartz cuvette of 1 cm path length 

was used for each measurement and optical density (absorbance) at the excitation 

wavelength was kept < 0.1 to avoid inner filter effects. 

 

2.3.2. Time Correlated Single Photon Counting (TCSPC) 

Basic Principle and Instrumental Components 

TCSPC is a technique that works on statistical averaging method to give lifetime of a 

system in its excited state. In TCSPC, the probability of detecting a single photon at time 

‘t’ after photoexcitation of a sample by pulsed laser indicates fluorescence intensity of the 

sample at that instance.
4
 The repetition rate of the diode laser used should be very high 

(~MHz) to trigger sufficient number of such photon events in a particular time so that 

statistical averaging could give more precise data with very low standard deviation.
5
 A 

TCSPC instrument acts like a stopwatch which can work in two ways: START signal can 

either be triggered by a photon from excitation pulse (forward mode operation) or a 

photon from fluorescence of the sample does it (reverse mode operation). Schematic 

representation of different components of a TCSPC setup working in reverse mode is 

shown in Figure 2.2. A pulsed laser excites the sample of interest and at the same time it 

sends an excitation signal to constant faction discriminator (CFD1). The fluorescence 

photons from the sample pass through a monochromator and polarizer followed by their 

detection in PMT and directed to a CFD2. The CFD counts time corresponding to the 

incoming photons of the sample fluorescence and subsequently sends a signal to the time-

to-amplitude converter (TAC) which initiates charging of a capacitor unit inside the TAC 

module. This charging corresponds to START of the experiment until it is terminated 

with another pulse. The photon of the excitation laser after passing through CFD1 is 

directed to TAC to stop charging of its capacitor (STOP pulse). The STOP pulses were 

delayed electronically so that they do not enter TAC before the START pulse. The 

difference of START and STOP pulse timing in TAC is then converted into voltage 

pulse. This voltage output of TAC is then amplified in programmable gain amplifier  
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Figure 2.2. Different electronic and optical components of TCSPC set up. 

 

(PGA) and eventually converted into digital signal through analog-to-digital converter 

(ADC). This numerical digital value is stored as a single photon counting event in a 

multi-channel analyzer (MCA). This process is repeated multiple times and each such 

numerical value of photon counting is stored in MCA which is eventually represented as 

histogram of fluorescence intensity as a function of delay time. One can do the 

measurement in forward mode also in which the START pulse comes from the laser and 

fluorescence photon act as the STOP pulse. However, the major issue of this 

measurement comes when the sample has long fluorescence lifetime. High repetition rate 

of laser keep generating START pulses and TAC remains active but due to slow detection 

rate of fluorescence photons no STOP pulses come to TAC to discharge its electronics.
4 

Thus capacitor remains unnecessarily busy many times due to no STOP pulses and this 

decreases the signal processing efficiency.
4, 5 

Further details about the TCSPC setup can 

be found elsewhere.
6
 

Fluorescence Lifetime Measurements 

In our laboratory, TCSPC spectrometer (Horiba Jobin Yvon IBH) was used for measuring 

PL lifetime of the LHP NCs operating at magic angle polarization (54.7º) of the PL with 

respect to vertical polarization of the excitation laser to ensure no contribution of 

fluorescence anisotropy.
4
 Diode laser sources of 375 nm, 404 nm and 485 nm were used 

as excitation of different LHP NCs. PicoBrite lasers of 1 MHz repetition rate and pulse 

width of 60-85 ps were used and a micro-channel plate (MCP) photomultiplier (from 

Hamamatsu R3809U-50) was used as the detector. All the experiments were performed in 
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solution and the instrument response function (IRF) was measured using a dilute scatterer 

(Ludox) solution in water. 

The PL decay profiles were analyzed by nonlinear least-squares iterative fitting procedure 

using IBH DAS6 (version 2.2) decay analysis software. The photoluminescence decay 

curves were fitted to the following equation and the quality of fit was judged by χ
2
 value 

close to 1. 

𝐼(𝑡) =  ∑ 𝛼𝑖𝑒−𝑡
𝜏𝑖⁄

𝑛

𝑖=1

 

where, αi and τi are the amplitude and lifetime of the i
th
 component, respectively. The 

fractional contribution of the i
th
 component to the total steady state intensity was 

estimated by the following equation.  

𝑎𝑖 =
𝛼𝑖𝜏𝑖

∑ 𝛼𝑖𝜏𝑖
𝑛
𝑖=1

 

The average PL lifetime was calculated by using the equation,     𝜏𝑎𝑣 = ∑ 𝑎𝑖𝜏𝑖
𝑛
𝑖=1  

 

2.3.3. Femtosecond Optical Spectroscopy 

An Overview 

Progress of science is directly linked with the development of techniques capable of 

scaling the limitations of human senses in the investigation of natural phenomena. Human 

eye can resolve process occurring in time scale no longer than 50×10
-3

 sec. Hence it is 

quite obvious that, in order to gain insight into faster dynamical processes in real time, 

one needs a powerful tool that uses ultra short illumination time in order to essentially 

‘freeze’ the evolution of the object under study. Thus one can capture snapshots of 

different associated processes of the event of interest.  

Several processes like chemical bond formation and dissociation, photoinduced 

dynamical processes of molecules, atoms, nano or bulk particles typically occur in a time 

scale of ~10
-12

 to 10
-15

 sec, which is beyond the time resolution of the TCSPC technique. 

Hence, to probe these processes femtosecond optical spectroscopy, a technique having 

time resolutions of few fs to ps is employed. Since the electronic response is not fast 

enough to probe these ultrafast processes, most of such slow electronic components in 

TCSPC are replaced by optics, more specifically, laser technology comes into forefront to 

interrogate these processes in these ultrashort spatial and temporal domain.
7 

Thanks to a 

comparable pulse width of laser with the timescale of associated dynamics in these 

processes one can probe such phenomena. Development of ultrafast spectroscopy was 
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facilitated after the introduction of femtosecond laser. Femtosecond pump-probe (also 

known as transient absorption), fluorescence (PL) up-conversion, femtosecond Z-scan, 

and degenerate four-wave mixing are some widely used advanced ultrafast techniques 

that people use to interrogate faster dynamics of various chemical processes.
8-10

 Ultrafast 

processes like charge carrier transport, carrier recombination and energy transfer 

processes can be investigated employing the ultrafast techniques. Understandings of these 

processes are crucial from the point of view of designing efficient devices for solar 

energy conversion, photo-catalysis and light-emitting applications. 

Usually femtosecond laser pulses are generated through ‘mode-locking’ in which 

laser cavity allows only certain frequencies to form standing waves following 

constructive interference which induces phase difference among longitudinal modes 

inside the cavity to generate pulses of short duration. Pulse width (τ ) of a laser is given 

by τ = 1/NΔν, where Δν corresponds to difference in frequency between two longitudinal 

modes and N is the total number of modes.
7
 Short pulses can be generated by increasing 

the frequency spacing between two modes by decreasing the length of laser cavity and/or 

introducing a gain medium with large bandwidth that increases the number of lasing 

modes (N) inside the cavity. Ti:sapphire is widely used as main laser source in ultrafast 

spectroscopy owing to its large gain bandwidth of the lasing medium.  

During my Ph.D., I have mostly used femtosecond pump-probe technique with 

occasional use of the PL up-conversion technique. In the following sections, we will 

discuss about these two ultrafast tools with particular emphasis on their optical 

components, key functions, overall optical layout and arbitrary spectral features. 

 

2.3.2.1. Femtosecond Transient Absorption Measurement 

Basic Working Principle 

In fs-TA technique, typically a high power laser pulse of a selective wavelength is used to 

excite the system of interest and this excitation pulse is known as ‘pump’ pulse. The 

photoinduced transients generated by the action of the pump laser are interrogated after a 

certain time with a relatively weak broad band (white light continuum) pulse, known as 

‘probe’ pulse (Figure 2.3).
8, 9

 Thus TA study is also known as ‘pump-probe’ measurement 

where variation of pump-probe delay gives rise to spectral and temporal evolution of the 

photoinduced transients. A complete TA measurement is essentially a combination of 

such individual responses of a system as a function of probe delay and it thus provides 

relaxation mechanism of the transient species in ultrafast timescale. A mechanical  
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Figure 2.3. Basic working principle of fs-TA measurement. 

 

chopper is used to block the pump path for such individual experiments. Difference in 

intensity of the transmitted probe beam when the sample is in excited state (pump on) and 

ground state (pump off) is then used measuring differential absorbance (ΔA) of the 

sample as a function of wavelength and probe delay (equation 2.1).
11

 

 

Optical Components 

The fs-TA setup (Spectra Physics, USA) used in this study consists of the following 

major components, A) fs Ti:sapphire oscillator (MaiTai HP), B) Nd:YLF (second 

harmonics) nanosecond laser (Empower 30), C) Regenerative Ti:sapphire amplifier 

(Spitfire ACE), D) optical paramagnetic amplifier with optical frequency mixture 

(TOPAS prime) and E) spectrometer (Excipro, CDP systems, Russia). The positioning 

and optical layout of the entire setup is schematically shown below (Figure 2.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Schematic showing overall optical layouts of the TA setup our school. 
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Ti:sapphire oscillator (MaiTai HP) 

This is a solid state femtosecond oscillator operated based on ‘Kerr-lens mode-locking’ 

techniques. The lasing medium in Ti:sapphire laser is Ti
3+

 doped crystalline sapphire 

(Al2O3), which is a four-level lasing medium.
12

 The vibrational energy levels of Al2O3 

strongly couples with electronic energy states of the dopant Ti
3+

 making the doped crystal 

as active medium with large bandwidth susceptible for generation of short femtosecond 

pulses.
12

 A broad absorption of Ti:sapphire with peak maxima at around 500 nm further 

makes this active medium highly coveted for optical pumping by diode lasers. Moreover 

it has a wide emission in the range of 690-1040 nm peaking at 800 nm (Figure 2.5A, B).
12

  

A large Stokes shift makes this an efficient lasing medium through reduction of 

reabsorption losses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. (A) Electronic energy levels and (B) absorption and emission spectra of 

Ti
3+

:sapphire lasing medium. (C) Different components inside MaiTai HP. 

 

The model name of our fs Ti:sapphire oscillator is MaiTai HP (from Spectra Physics, 

USA), which operates at a repetition rate of 80 MHz and produces pulses of <100 fs with 

a central wavelength of 800 nm. It is the seed laser of the TA setup with a pulse power 

and energy of 2.5 W and 30 nJ, respectively. The second harmonics (at 532 nm) of a 

Nd:YVO4 is used as pump source for MaiTai HP. Its pumping directions and integrated 

components are shown below (Figure 2.5C).   

 

(B)

(C)

(A)
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Ultrafast Ti:sapphire Amplifier (Spitfire ACE) 

In order to achieve a range of excitation wavelengths and broad band probe beam for TA 

measurement, the seed laser has to undergo multiple nonlinear optical processes. 

However, it is not possible with a seed laser of very low power (~30 nJ). Hence 

amplification in energy of the seed laser is required before participating in nonlinear 

processes. Direct amplification of the seed laser is however difficult as peak power of this 

laser is sufficiently high to damage gain medium of amplifier. Two methods can be 

adopted in this regard either increasing the beam diameter or stretching pulse width of the 

laser. Increasing beam diameter of the seed laser requires bigger optical paths and larger 

gain medium, thus increasing the cost of the set up with additional optical losses. 

Therefore stretching the seed laser beam before amplification followed by compression of 

the amplified pulse is known to be a more advantageous technique and this is what we 

actually do (Figure 2.6A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. (A) Schematic showing associated components and amplification steps inside 

Spitfire ACE. The timing and delay generator (TDG) synchronizes communication 

between optics and electronics of the amplifier while the temperature control unit (TCU) 

controls temperature of the active medium. (B) Processes associated with chirped pulse 

amplification in Spitfire ACE. Adopted from reference 14. 

(A)

(B)
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The seed laser output is stretched from <100 fs to ~300-400 fs by using an optical grating 

pair which imparts positive dispersion on the laser (redder part of the laser moves faster). 

There are two ways for amplification of the stretched pulse multipass amplification and 

regenerative amplification (chirped pulse amplification).
13

 The second one is however 

comparatively little easy as focusing of higher number of roundtrip beams onto a tiny 

spot of Ti:sapphire (inside the amplifier). In case of regenerative amplification, a laser 

pulse from the seed laser train is captured by a ‘Pockels cell’ (a birefringent material) 

before entering into Ti:sapphire cavity which changes polarization of the laser if a high 

voltage is applied. The pump beam (from Empower 30) and the stretched seed laser are 

tightly focused onto the Ti:sapphire crystal so that a spatial overlap is maintained 

between them. The seed beam passes through the amplifier cavity and once the gain 

medium saturates upon optical pumping, a second voltage is applied into another Pockels 

cell so that all the stored energy inside the Ti:sapphire cavity comes out with the 

amplified seed laser. It is then passed through an another grating pair having negative 

dispersion (bluer part of the beam moves faster) to compress the amplified pulse with 

higher energy (~4.2 mJ). Timing of the Pockels cells are highly important to achieve 

maximum energy of the amplified pulses. Our regenerative amplifier (Spitfire ACE) 

produces the amplified output at 800 nm with 1kHz repetition rate with a pulse width of 

100-120 fs. Figure 2.6B shows different steps involved in chirp pulse amplification of the 

seed laser. 

 

Empower 30 

It is a Q-switched laser which produces nanosecond pulses for excitation of Ti:sapphire 

module in the amplifier (Spitfire ACE). Here Nd:YLF is used as the active medium for 

the generation of pulsed laser which is again pumped by an integrated diode laser. The 

output (1054 nm) of Nd:YLF is then frequency-doubled using a LBO crystal with the 

help of nonlinear optical processes and the final green laser peaking at 527 nm is used for 

excitation source of regenerative amplifier. This is a high power (~20 W) laser connected 

with an external chiller to always maintain temperature of the Nd-laser at ~27°C. 

 

Optical Paramagnetic Amplifier (OPA, TOPAS Prime) 

This is possibly the most complex optical component of the TA system which is 

associated with several nonlinear optical processes. The pump laser pulse of desired 

wavelength is generated here and a broadly tunable excitation wavelength of 280-2600 
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nm can be generated from the amplified 800 nm laser. A major portion (~80%) of the 

amplified beam from regenerative amplifier is directed towards TOPAS prime for 

generation of pump beam. A small portion (~20%) of the 800 nm laser is passed through 

sapphire crystal to obtain white light, which acts as seed laser inside TOPAS prime. This 

white light is then mixed with pump signal in a BBO (β-Barium borate) crystal to 

generate a weak idler (I) and amplified signal (S). By changing phase matching angle of 

the BBO crystal w.r.t. the white seed laser one can generate any desire signal wavelength. 

The ‘S’ is mixed with pump into another BBO crystal to generate sum frequency signal 

(SFS). The ‘S’ and ‘I’ is again passed through two separate external optical frequency 

mixtures (mixture 1 and mixture 2, typically made of BBO crystals) to obtain second and 

fourth harmonics signal/idler (SH-S/I and FH-S/I, respectively). The orientation of 

mixture 1 and mixture 2 is needed to be adjusted in generating desired excitation 

wavelength (pump pulse). 

 

Spectrometer (Excipro)  

After generation of pump beam in OPA unit, it was directed towards rotating sample cell 

inside spectrometer (Excipro, CDP Systems, Russia) where TA measurement was 

performed. Remaining ~20% of the amplified beam (800 nm) of regenerative amplifier 

was also directed towards spectrometer for the generation of white light continuum 

(WLC) to act as probe beam (Figure 2.7). The 800 nm laser was initially traveled through 

a variable optical delay line (a Au coated retro-reflector controlled by a step motor) of ~4 

ns (maximum) followed by passing through a rotating CaF2 crystal to generate board 

WLC in the range of ~350-900 nm. The white light was then splitted into two parts using 

a beam splitter and both pulses were focused on rotating sample cell to get a better signal-

to-noise ratio. The white light which is spatially overlapped with the pump beam onto the 

sample cell is called ‘signal’ and the other one is ‘reference’. A co-linearity (with an 

angle of < 5°) between the pump and signal probe beam is always maintained for better 

spatial overlap between the two. This overlap can be fine-tuned through adjustment of a 

reflecting mirror nearest to the sample cell. Moreover the diameter of the probe signal 

was kept slightly smaller than the pump to make sure the probe interrogate only the 

excited sample. The probe intensity was intestinally kept low to avoid any undesired 

multiphoton processes during the experiment. A mechanical external chopper is used to 

block the pump path to get transmitted intensity of the probe when the sample is in 

ground state. Thus transmitted intensity of the probe is used to measure the differential 

absorbance (ΔA) of the sample when it is in excited state by the action of pump pulse 
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minus when it is in ground state due to absence of pump. The transmitted intensity of the 

signal and reference probe beam were then tightly focused in two small holes of two 

separate optical fibers and then it was directed to polychromator and finally towards 

detector (photodiode array). All the measurements were performed using liquid samples 

which were put between two quartz glass plates of 1 mm path length. During every 

experiment the sample cell were kept under rotation to avoid any photoinduced bleach of 

the samples. In our experiment colloidal LHP NCs of different compositions have been 

used as samples of interest. Inbuilt Excipro software (CDP system, Russia) was used for 

measuring ΔA and its time dependent evolution at any required probe wavelength. The 

raw data were analyzes using Igor Pro software (Version 6.37). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Different components and optical layout of spectrometer (Excipro). 

 

The ΔA can be written as 

  

 ∆𝐴(𝜆, 𝑡) =  𝐴𝑝𝑢𝑚𝑝 𝑜𝑛(𝜆, 𝑡) − 𝐴𝑝𝑢𝑚𝑝 𝑜𝑓𝑓(𝜆) =  𝐴𝑒𝑥𝑐𝑖𝑡𝑒𝑑(𝜆, 𝑡) − 𝐴𝑔𝑟𝑜𝑢𝑛𝑑(𝜆)    (2.1) 

   

  ∆𝐴(𝜆, 𝑡) =  log (
𝐼0,𝑒𝑥𝑐𝑖𝑡𝑒𝑑(𝜆)

𝐼𝑒𝑥𝑐𝑖𝑡𝑒𝑑(𝜆,𝑡)
) − log (

𝐼0,𝑔𝑟𝑜𝑢𝑛𝑑(𝜆)

𝐼𝑔𝑟𝑜𝑢𝑛𝑑(𝜆)
) =  log (

𝐼𝑔𝑟𝑜𝑢𝑛𝑑(𝜆)

𝐼𝑒𝑥𝑐𝑖𝑡𝑒𝑑(𝜆,𝑡)
)            (2.2) 

 

Considering electronic excitation of molecular system (Figure 2.8A), three types of 

spectral features one can obtain from a typical TA spectra of any sample: 1) negative 
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(ΔA= -Ve) ground state bleach (GSB), 2) negative (ΔA= -Ve) stimulated emission (SE) 

and 3) positive (ΔA= +Ve) excited state absorption (ESA) or photoinduced absorption 

(PA). The origin of these spectral features (Figure 2.8B) is described below. 

GSB: In TA spectra GSB appears as a strong negative signal at the same region where 

steady state absorption of the system takes place. Since pump excites some of the 

molecules (systems) to the excited state, the probe pulse will experience less number of 

molecules in the ground state. Therefore, transmitted intensity of the probe pulse will be 

less when the system is in excited state and the detector will experience more transmitted 

intensity in this scenario than what it will receive in pump-off condition. Hence 

denominator value in the above equation (2.2) will be more than numerator, thus GSB 

appears as negative signal in TA spectrum.  

SE: When pump excites some of the molecules to excited state, the broadband probe 

pulse demotes some of the excited molecules to the ground state by emitting extra 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. (A) Schematic representation of molecular electronic excitation by pump 

followed by interrogation of the excited species by probe pulse. (B) Associated spectral 

features of a typical TA spectrum. 

 

photons in the same direction of probe photons. This phenomenon adds those photons 

with probe pulse and hence detector will receive more photons when the system is in 

excited state by the action of pump pulse. As denominator of the above equation (2.2) 

becomes heavier, a negative signal corresponding to SE is expected in TA spectra. Note 

that, both GSB and SE of a system are negative and hence it sometimes becomes difficult 
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to distinguish them (like in LHPs) and most often a broad bleach signal is observed 

unless the system has a large stokes shift. 

ESA or PA: As pump pulse creates some population in the excited state, they can also 

absorb suitable wavelength light from the probe pulse and further promote to the higher 

energy states. Since probe pulse is absorbed by the excited molecules, the intensity of the 

transmitted probe beam decrease, resulting in lower value of the denominator in the 

above equation (2.2). Therefore ΔA becomes positive. Again if a new species is formed 

after photoexcitation, the probe transmittance will be less and a new positive signal 

corresponding to the newly generated species could be observed in TA spectra. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Origin of spectral difference between steady state and transient absorption 

measurements. 

 

Thus transient species which are formed upon excitation by a short pump pulse 

provide some distinguished insights that are not accessible through steady state 

absorption technique. Figure 2.9 shows the fundamental difference between steady state 

absorption and TA studies of a system. In former case, a broad white light is passes 

through a stationary sample in its ground state and the sample absorbs a particular portion 

of the white light for excitation (shown as white area in Figure 2.9A, middle). As 

intensity of the transmitted light is less due to absorption by the system, following 

Lambert-Beer’s law the absorbance appears as a positive signal. This is however not the 

case for TA measurement. Since the pump pulse generates transient species in the excited 

state, a number of possible transitions (discussed above) are possible when probe passes 

through the photo-excited sample. The probe can be absorbed by fraction of population in 

ground as well as excited state (shown as two white areas in Figure 2.9B, middle) and at 
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the same time SE from the excited state generates additional photons in the same 

direction to the probe pulse to hit the detector. Hence SE adds some photon in a certain 

wavelength region (shown as green area in Figure 2.9B, right) unlike the absorption 

processes. Therefore, ΔA appears as three distinct spectral signatures in TA spectra in 

both +Ve and –Ve directions. 

 

2.3.2.2. Femtosecond Up-Conversion Studies: 

This is possibly the best technique to probe fluorescence decay of a sample in a time 

resolution of few fs. This technique relies on sum frequency generation (SFG) using the 

advantage of nonlinear optical phenomena.
15

 Fluorescence beam of a sample is mixed 

with a time delayed probe beam (also known as gate beam) in a sum frequency crystal 

maintaining a phase matching condition (Figure 2.10A) between the signals (equation 

2.3) to generate up-converted PL.
16

 

1

𝜆𝑠𝑢𝑚
=

1

𝜆𝑔𝑎𝑡𝑒
+

1

𝜆𝑓𝑙𝑢
 

𝑛𝑠𝑢𝑚𝜔𝑠𝑢𝑚 = 𝑛𝑔𝑎𝑡𝑒𝜔𝑔𝑎𝑡𝑒 + 𝑛𝑓𝑙𝑢𝜔𝑓𝑙𝑢                                (2.3) 

where λsum, λgate and λflu corresponds to sum frequency, gate and fluorescence 

wavelengths. The nsum, ngate and nflu are refractive indices of the three signals having 

frequencies of ωsum, ωgate and ωflu, respectively. The formation of up-converted PL is 

highly sensitive and it only generates when the fluorescence and gate beam is spatially 

and temporally overlapped in the sum frequency crystal (BBO crystal) and the above 

phase matching condition (equation 2.3) is satisfied. 

In our setup, FOG 100 (CDP systems, Russia) spectrometer was used to measure 

fluorescence up-conversion process. A part of MaiTai HP output i.e. 800 nm laser was 

used for generation of excitation pulse on the experiments (Figure 2.10B). The 800 nm 

beam was initially frequency doubled (400 nm) by passing it through BBO crystal. A 

dichroic mirror is used as a beam splitter which reflects the second harmonic 400 nm 

signal and transmits the parent 800 nm beam towards a motor controlled optical delay 

line (a Au coated retroreflector) of 4 ns to act as gate pulse. The 400 nm pump was then 

passed through a filter (F1) to cutoff any residual gate beam followed by Berek Plate, to 

control polarization (at magic angle) of the pulse w.r.t. the gate beam. After collecting the 

fluorescence, it was collimated using a lens (L2) and subsequently passed through 

another filter (F2) to eliminate pump pulse (if any). Then the collimated fluorescence was 

focused onto the SFG BBO crystal (0.5 mm thick) and the gate beam also meets with it 

after travelling through the computer controlled delay line. Successful mixing of the two 
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beams generates up-converted signal, which was then collimated and passed through a 

third filter (F3) to eliminate any undesired signals except the up-converted one. Finally 

the signal reaches to photomultiplier tube (PMT) after passing through monochromator 

(MC). The BBO crystal is rotated about its crystal axis to attain a better phase matching 

angle between the two signals and sometimes a fine tuning provides largely improved 

signal-to-noise ratio for the measurement. Monochromator detector wavelength was set 

according to the up-converted signal and controlled through software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 2.10. (A) Phase matching condition and basic principles of PL up-conversion. 

Adopted from reference 15. (B) Optical layouts of spectrometer part (FOG 100). 

 

The intensity change of the up-converted beam is actually measured as a function 

of delay of the gate beam. It is important to note that, since the intensity of the gate beam 
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remains constant throughout the experiment, it is the change in fluorescence intensity that 

is reflected in the decay of up-converted PL signal. IRF of the instrument was measured 

to be in the range of 200-250 fs using the Raman signal of water. An inbuilt software 

‘Lumex’ is used for data collection and Igor Pro (version 6.37) was used for analysis of 

the raw data. 

 

2.4. Other Techniques Used for Characterization of the NCs 

Transmission Electron Microscopy (TEM) Measurement: TEM measurements were 

carried out on JEM-F200 multi-purpose electron microscope (JEOL), which was operated 

at an accelerating voltage of 200 kV. For this study the samples were prepared by drop-

casting a dilute colloidal solution of the NCs on a copper-grid (carbon coated) and dried 

overnight under vacuum. 

Powder X-ray Diffraction (PXRD) Measurement: PXRD patterns of the samples (as thin 

films) were recorded on a X-ray diffractometer (Bruker AXS D8) using X-ray radiation 

of Cu-Kα (λ = 1.5406 Å). The samples were prepared by drop-casting concentrated 

colloidal solutions of the NCs on a clean thin quartz glass plate, which were dried under 

vacuum for 24-48 h before the measurements. 

Energy Dispersive X-ray (EDX) Measurement: EDX spectra were recorded using 

Oxford Instruments X-Max
N
 SDD (50 mm

2
) system and INCA analysis software. The 

samples were prepared by drop-casting concentrated colloidal solutions of the NCs on 

thin clean quartz plate and were dried under vacuum for 24-48h. 

X-ray Photoelectron Spectroscopy (XPS) Measurement: XPS studies were performed in 

a Thermo Scientific K-Alpha spectrometer equipped with micro-focused monochromatic 

X-ray source (Al Kα, spot size ~400 µm) operating at 70 W. The energy resolution of the 

spectrometer was set at 0.5 eV and a pass energy and base pressure of 50 eV and 5×10
-5

 

torr, respectively were maintained inside the analysis chamber. Low energy electrons 

from the flood gun were used for charge compensation. An optimum concentration of the 

NCs was drop-casted onto a clean quartz glass plate for the XPS measurements and kept 

under vacuum for 12h. All the XPS spectra were calibrated with respect to ‘C 1s’ peak at 

285.0 eV.
 

Fourier-Transformed Infrared (FTIR) Measurement: FTIR study was performed using 

Bruker Tensor II spectrometer. A drop of concentrated colloidal solution of the NCs in 

hexane was used for this study. 
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Nuclear Magnetic Resonance (NMR) Measurement: 
1
H NMR spectra were recorded on 

Bruker Avance NMR spectrometer operating at 400 MHz at 25ºC. For the preparation of 

NMR samples, the as-synthesized crude NCs solution in ODE was first centrifuged at 7k 

rpm for 8 min and the precipitate was dispersed in dried hexane. Then dried 

MeOAc/ACN was added to the NCs dispersion in 1:1 volume ratio followed by 

centrifugation at 7k rpm for 5 min. The supernatant was discarded and the precipitate was 

then dispersed in CDCl3. A clear solution after centrifugation was used for measuring the 

1
H NMR data. 

Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) measurements: 

ICP-OES measurements were performed by using Varian 720 emission spectrometer. The 

NCs were digested either in aqua-regia (concentrated HCl: concentrated HNO3 (v/v) = 

3:1) or in concentrated HNO3 and kept the solution overnight for complete digestion of 

the NCs. The above solution was used for the measurement. 

Photostability and Water Treatment Studies: Photostability of dilute colloidal dispersion 

of the NCs was studied under continuous illumination of 365 nm UV light (8W) at room 

temperature and relative-humidity of 50-60%. For this experiment, a small volume of OA 

and OAm (30 μL each) was mixed with the purified NCs dispersion in hexane and a 

small portion of it was diluted in 2.5 mL hexane in a cuvette and placed under the UV 

light. Then PL intensity of the sample was monitored time-to-time to determine the 

remnant PL of the NCs. In case of water treatment, additionally, 1 mL of distilled water 

was put on 2.5 mL of dilute colloidal dispersion of the NCs (in cuvette) and vigorously 

shaken before measuring the PL data.  

Device Fabrication and Characterization: The violet-LEDs were fabricated by drop 

casting a solution of the CsPbCl3 NCs on a commercial UV LED with λem = 365 nm. The 

EL spectra were measured using FlouroLog-3 (Horiba Jobin Yvon) spectrofluorimeter. 

The input power of the LED was provided using a regulated DC power supply and varied 

between 3.5 V and 4.5 V. The input and output powers were measured at the respective 

peak (365 nm for the UV LED and 410 nm for the fabricated violet-LED) by the Thor 

labs power meter (PM100D) using a photodiode (S140C). The output and input powers 

were considered for calculating EQE of the device. 

 

2.5. Quantitative Estimation of Various Parameters of the NCs 

Ligand density (d) at the surface of the NCs: The number of ligands per unit surface area 

of the NCs was calculated based on the ICP-OES, NMR and TEM data using the 

following formula:
17
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Ligand density =  
[Oleyl] 

6 × [NCs] × L2
 

The edge lengths of the NCs (L) after required cycles of washing (with MeOAc) were 

obtained from the TEM images. Molar concentration of the NCs after required washing 

cycles was determined from ICP-OES study. As the concentration of a chemical species 

is directly proportional to the corresponding integrated peak area in the 
1
H-NMR 

spectrum,
17

 the oleyl content (due to both OAH and OAm) at the surface of the NCs after 

given cycles of washing was determined from the integrated area of its characteristics 

peak at ~5.34 ppm. The measured values are collected in Table A4.4. 

Interplanar distance (d100): This was estimated from the PXRD data of the doped sample 

with the help of Bragg’s law (2dSinθ = nλ) using λ = 1.5406 Å, n = 1, and 2θ value of 

15.648 Å. The estimated distance (0.5658 nm) was very similar to that obtained directly 

from the HRTEM images of the NCs. 

PLQY of the LHP NCs: PLQY of the samples was calculated using the following 

equation: 

QYS = QYR × (
IS

IR
) × (

ODR

ODS
) × (

η
S

η
R

)

2

 

 

where, I represents the integrated area under the PL spectrum, OD and η represent optical 

density at the excitation wavelength and refractive index of the medium, respectively. S 

and R correspond to the sample (i.e. the NCs) and reference, respectively. 9,10-

diphenylanthracene (PLQY = 0.93 in ethanol), coumarin-153 (PLQY = 0.54 in ethanol), 

rhodamine 6G (PLQY = 0.95 in water) and cresyl violet (PLQY = 0.54 in ethanol) were 

used as reference for estimation of PLQY of the blue-violet-emitting APbCl3 and 

CsPb(Cl/Br)3 NCs, green-emitting APbBr3 NCs, yellow-orange-red-emitting CsPb(Br/I)3 

and CsPbI3 NCs and NIR-emitting MAPbI3/FAPbI3 NCs respectively.
18-21

 

 

2.6. Standard Deviation Limits 

The usual standard error limits of the numerical values obtained from different 

measurements are given below.  

Absorption and PL maxima = ±2 nm 

PLQY = ± 3% 

Average PL lifetime = ±5-7% 

Edge length of NCs = ±5-10% 

Elemental composition = ±2-3% 
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Ligand density = ±5-10%  

The standard deviation of other experimental quantities is mentioned at appropriate 

places in the working chapters.  
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Overview 

Lack of long-term stability, presence of toxic lead and low PL efficiency are the major 

obstacles to commercialization of the lead halide perovskites-based optoelectronic and 

photovoltaic devices. Herein, we report a facile ambient condition doping protocol, which 

addresses all three issues of the CsPbX3 perovskite NCs to a substantial extent. We show 

that room-temperature treatment of these NCs with MgX2 results in partial (18-23%) 

replacement of toxic lead, enhances PLQY of green-emitting CsPbBr3 (to ~100% from 

~51%) and violet-emitting CsPbCl3 NCs (to ~79% from ~1%) and improves the stability 

under ambient condition, and in presence of light and polar solvent. Ultrafast pump-probe 

and temperature dependent PL studies reveal that curing of intrinsic structural disorder, 

introduction of some shallow energy levels close to the conduction band edge and 

effective passivation of the halide deficiency contribute to the improved properties of the 

doped system. 
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3.1. Introduction 

The outstanding potential of the lead halide perovskites [ABX3-type, A= Cs
+
, FA

+
 or 

MA
+
), B= Pb

2+
 and X= Cl, Br or I] in various photovoltaic and optoelectronic 

technologies such as in solar cells,
1-4

 LEDs,
5, 6

 lasers
7, 8

 photo-detectors and non-linear 

optics,
9-12

 which has already been demonstrated, is owing to their unique optical and 

photophysical properties, namely high luminescence efficiencies,
6,13-15

 high color purity,
13

 

large absorption coefficient,
16

 defect tolerant nature,
17

 ease of tunability of the bandgap 

throughout the entire visible region,
18, 19

 and facile low-cost synthesis.
13,20-22

 Unlike the 

conventional metal chalcogenide semiconductor NCs, the halide perovskites exhibit high 

PL due to their defect tolerant nature.
17,23, 24

 However, in nano-dimension, large surface to 

volume ratio has a detrimental effect on their optical properties and stability
24-26

 and the 

PLQY and stability of these NCs under ambient condition are often far from 

satisfactory.
25

 For example, the violet-emitting CsPbCl3 NCs are poorly luminescent with 

typical PLQY of <5% as deep trap centers generated by halide vacancies and distorted 

[PbCl6]
4- 

octahedral units facilitate non-radiative recombination of photogenerated charge 

carriers.
27-36

 Such low PLQY is a major issue with this material in its practical utilization. 

In contrast, the green-emitting CsPbBr3 NCs possess much higher PLQY as the defects 

are weakly localized and shallow in nature.
13, 14, 29, 37

 However, sub-unity PLQY of the 

pristine CsPbBr3 NCs implies non-negligible contribution of the non-radiative 

recombination mediated by these shallow defect states that needs to be eliminated to 

obtain high quality NCs with near-unity PLQY.
37

 

Though several successful strategies have been developed for enhancing the 

PLQY of these NCs, presence of toxic lead has been a major concern for 

commercialization of products based on these materials. In this regard, B-cation doping is 

an attractive approach as it not only enhances the PLQY of the system, but also reduces 

the content of toxic lead in the NCs. Literature indicates that PLQY of green-emitting 

CsPbBr3 NCs is enhanced on doping of Ce
3+

, Zn
2+

, Sn
2+

, Cd
2+

 and Na
+28, 38-42

 and that of 

violet-emitting CsPbCl3 NCs is enhanced by doping of Ni
2+

, Y
3+

, La
3+

, Cd
2+

, Cu
+
 and 

Ca
2+

.
27, 28, 30, 31, 43-46

 Though Cd
2+

 is one metal ion, which is effective for both green and 

violet emitting NCs,
28

 its doping does not help reducing the toxicity of the NCs as 

cadmium compounds are also highly toxic.
47

 

In quest for a metal ion, which will enhance the PLQY and stability of both blue 

and green emitting CsPbX3 (X = Cl and Br) NCs and at the same time will reduce the 

toxicity, we zeroed in on magnesium halides, MgX2, considering their environment 

friendly nature, high natural abundance, strong preference for octahedral coordination
48

 



Mg
2+

-Doped Highly Luminescent …..            Chapter 3 

 

 Page 62 
 

and comparable Mg-X and Pb-X bond dissociation energy.
49

 Another factor that 

influenced our choice in favor of Mg
2+

 is a recent theoretical study, which identified it as 

the best alternative to Pb
2+

 in the CsPbX3 crystal lattice.
50

 Two recent findings on the 

influence of Mg
2+ 

on the PL of CsPbX3 film and NCs were, however, not encouraging as 

the reported PL enhancement was rather moderate.
27, 51

 Herein, we report an entirely 

different strategy for introducing under ambient condition significant amount of Mg
2+ 

into 

the CsPbX3 crystal, which reduces the lead-content by ~25%, dramatically improves 

PLQY of both green- and violet-emitting perovskite NCs (near-unity for CsPbBr3, and 

~79% for CsPbCl3), provides superior air- and photostability and robustness towards 

polar solvent. 

 

3.2. Results and Discussion 

The undoped CsPbX3 (X = Cl and Br) NCs were prepared following a conventional hot-

injection method,
13

 details of which are provided in Chapter 2 (section 2.2.1). These NCs 

were dispersed in hexane and used for further investigation. For doping, MgX2 (0.30 

mmol) was dissolved in 4 mL OAm by heating at 100
0
C for 2 h. Addition of 30 μL of this 

hexane diluted solution to 0.50 mL (~0.015 μM) colloidal dispersion of CsPbX3 NCs, 

maintained in ambient condition and stirring for 1 h (Scheme 3.1A), produced brightly 

luminescent solution of CsPbX3 NCs. This solution was mixed with methyl acetate in 1:2 

volume ratio and centrifuged at high speed (13k rpm) for 5 mins. The supernatant liquid 

containing excess ligands and salts was discarded and the residue at the bottom of the 

centrifuge tube was then collected and re-dispersed in hexane for further studies. 

Additional details on the method of synthesis are provided in Chapter 2 (section 2.2.2). 

 

 

 

 

 

 

 

Scheme 3.1. (A) Schematic representation of the post-synthetic doping strategy under 

ambient condition. (B) Illustration of substitution of Pb
2+ 

by Mg
2+ 

and passivation of the 

halide vacancy. 
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The TEM images of the undoped and doped CsPbBr3 NCs (Figure 3.1A, B) 

indicate cubic morphology of both the samples. High-resolution TEM (HRTEM) images 

show an inter-planar distance (100 lattice planes, d100) of 0.592 nm in undoped NCs that 

is consistent with the literature.
14, 29

 A smaller inter-planar distance of 0.573 nm in doped 

NCs is a reflection of lattice contraction due to smaller size of Mg
2+

 (72 pm, when hexa-

coordinated) compared to Pb
2+

 (119 pm, hexa-coordinated).
52, 53

 It is to be noted that the 

stated d100 lattice spacing were obtained by the inspection of ~40 NCs for both samples 

(Figure A1.1A, B). Although the cubic morphology of the CsPbBr3 NCs was retained on 

doping, average edge length of the doped NCs is found noticeably smaller (11±2 nm) 

compared to the undoped sample (14.5±2 nm). A similar trend is observed for CsPbCl3 

NCs upon MgCl2 treatment (Figure A1.2). The decrease in edge length of the NCs upon 

doping is presumably due to etching and smoothening of the doped NCs during the post- 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. TEM images of undoped (A) and Mg-doped (B) CsPbBr3 NCs with 

corresponding HRTEM images (inset) showing lattice spacing of the (100) planes. (C) 

PXRD patterns of the undoped and doped CsPbBr3 NCs of both the samples. (D) Zoomed 

view of the PXRD pattern shows peak shift of the (200) plane to higher angle on Mg-

doping. 
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synthetic treatment.
54

 Doping-induced lattice contraction (vide later) can also contribute 

to this factor. A careful inspection of the individual diffraction peaks of the PXRD 

patterns (Figure 3.1C) of the undoped and doped CsPbBr3 NCs (Figure A1.3 for CsPbCl3) 

shows a clear shift of the peaks towards higher 2θ value further confirming the lattice 

contraction upon doping. For example, the peak at 31.02 for undoped CsPbBr3, which 

corresponds to (200) plane, shifts to 31.12 for doped NCs (Figure 3.1D). Such lattice 

contraction induced peak shift in the PXRD patterns is well documented in literature.
39, 52, 

53, 55, 56
 The estimated interplanar distance (d100= 0.566, see Chapter 2, section 2.5) from 

the PXRD data of the doped samples is very similar to that (0.573 nm) directly obtained 

from the HRTEM images, both confirming lattice contraction upon doping. The splitting 

of the (100) diffraction peak of the undoped CsPbBr3 NCs is perhaps due to the existence 

of orthorhombic phase as well, which however, disappears upon Mg
2+

 incorporation into 

the lattice, indicating pure cubic phase of the doped NCs.
57, 58

 Moreover, absence of any 

new diffraction peak in doped NCs shows that no impure crystal phase is induced by 

Mg
2+

 doping. 

 

 

 

 

 

 

 

 

Figure 3.2. (A) EDX spectrum of the doped CsPbBr3 NCs indicating the relative content 

of the individual elements. (B) FESEM image of the doped NCs. The centre of the FESEM 

image, scanned for elemental mapping, indicates homogeneous distribution of Cs, Pb, 

Mg and Br throughout the scanned area of the doped NCs (C to F) respectively. 

The elemental analysis of a large area of the field emission scanning electron 

microscopy (FESEM) images (Figure 3.2), obtained by EDX measurement, allows 

quantitative estimation of the dopant content. A characteristic peak of Mg at 1.3 keV only 
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in the case of doped NCs (Figure 3.2A) confirms the presence of Mg
2+

. Elemental 

analysis of the doped CsPbBr3 NCs indicates a Cs:(Pb+Mg):Br atomic ratio of 

~0.73:1.0:3.32 with overall ~4.68% Mg, suggesting replacement of ~23.4% Pb
2+

 by Mg
2+

 

and significant reduction in toxicity of the pristine NCs. The Mg
2+

 content in doped NCs 

is also estimated through ICP-OES measurement. The Mg
2+ 

content (with respect to Pb
2+

) 

is estimated to be ~23.13%. This value is very close to that obtained from EDX 

measurement. Further, elemental mapping (Figure 3.2B-F) shows a homogeneous 

distribution of all four elements throughout the scanned area of doped NCs. The EDX 

data and elemental mapping of undoped CsPbBr3, CsPbCl3 and doped CsPbCl3 NCs are 

presented in Figure A1.4-A1.6. 

An XPS study of the samples provides insight into the chemical environment of 

the elements upon Mg
2+ 

doping (Figure 3.3 and A1.7). The XPS spectrum of CsPbBr3 

shows that the intense peaks at ~138.1 eV and ~143 eV (Figure 3.3A) due to Pb 4f7/2 and 

Pb 4f5/2, respectively
59

 are shifted to higher binding energy by ~0.2 eV upon doping. The 

Br 3d5/2 peak (Figure 3.3B) is also blue-shifted by ~0.2 eV to ~68.4 eV in doped CsPbBr3 

NCs.
42

 The appearance of an additional peak at ~1305 eV only in doped NCs, which 

corresponds to Mg 1s (Figure 3.3C), re-establishes the presence of Mg
2+

.
60

 The blue-shift 

of the Pb 4f and Br 3d peaks on doping is due to contraction of the [PbBr6]
4-

 units (and 
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Figure 3.3. High resolution XPS spectra of the undoped and doped CsPbBr3 NCs 

showing signals due to (A) Pb 4f, (B) Br 3d, (C) Cs 3d and (D) Mg 1s. All spectra were 

calibrated with respect to the C 1s peak at 285.0 eV. 

consequent strengthening of the Pb-Br bonds) on incorporation of smaller Mg
2+

 (rMg
2+

= 

72 pm vs. rPb
2+

= 119 pm) at B-site.
28, 53

 A comparison of the FTIR spectra of the undoped 

and doped samples shows that except for some enhancement in oleylammonium content 

(Figure A1.8), the surface ligand arrangement is not changed significantly on doping. The 

observed change is not surprising as oleylamine solution of MgX2 has been used for the 

post-synthetic treatment. 

We find that the peak positions of UV-Vis absorption and emission spectra of the 

CsPbX3 NCs are not significantly changed on doping, but the PL intensity of the systems 

are enhanced dramatically. For example, PLQY of the CsPbBr3 NCs increases to ~100% 

from its initial value of ~51% and for CsPbCl3 NCs, ~79% from an initial value of only 

~1%. Careful inspection of the spectra reveals a small blue shift (~3 nm) of both 

absorption and PL maxima of CsPbBr3 NCs upon doping (Figure A1.9 and 3.4A, 

respectively) due to lattice contraction induced by smaller Mg
2+

 ion. In this context, we 

take note of a very recent work by Huang et al. on Mg-doping of CsPbBr3 perovskite film 

(not NCs) improving its morphology, crystallinity, PLQY and external quantum 

efficiency (EQE) of the fabricated LEDs.
51

 We also note the recent observation by Sun 

and co-workers of increase in PLQY of violet-emitting CsPbCl3 NCs from 0.8 to 36.6% 

on addition of MgCl2 during the hot-injection synthesis of the NCs.
27

 No doping of Mg 

was, however, observed like in our case. We surmise that the self-purification effect of 

NCs is dominant in the hot-injection synthesis and thus inhibit the doping of Mg
2+

 ions, 

whereas our post-synthetic doping strategy is based on the room-temperature 

reorganization of perovskite lattice which could feature rather weak self-purification of 

NCs. 

PL decay behavior of undoped and Mg
2+

-doped CsPbBr3 NCs are shown in 

Figure 3.4B and the decay parameters are presented in Table 3.1. While CsPbBr3 NCs 

exhibit 3-component PL decay, the decay profile of Mg-doped samples is bi-exponential 

in nature. The contributionof the 2.91 ns component due to the band-edge excitonic 

recombination
28, 29, 61

 is substantially enhanced from ~28% to ~70% upon treatment and 

the fastest trapping component (0.64 ns), which has the largest contribution (~67%) in 

undoped NCs, vanishes completely in doped NCs. Another important point to note here is 

increase in contribution of the shallow trap-mediated radiative recombination component 
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Figure 3.4. Effect of doping on the PL spectra (A) and decay profiles (B and C) of 

CsPbBr3 and CsPbCl3 NCs. The inset in panel A shows digital images of undoped (1) and 

doped (2) NCs under illumination by 365 nm radiation. The PL spectra were recorded by 

exciting the CsPbCl3 and CsPbBr3NCs at 350 and 400 nm, respectively. For recording 

the PL decay curves, laser sources of 376 and 404 nm were used, and the PL was 

monitored at the respective peak wavelengths. 

 

Table 3.1. PL decay parameters of undoped and doped CsPbBr3 NCs. 

System τ1(a1)
†
/ns τ2(a2)/ns τ3(a3)/ns <τamp˃

‡
/ns kr/ns

-1
 knr/ns

-1
 

CsPbBr3 2.91(0.28) 17.64(0.05) 0.64(0.67) 2.13 0.24 0.23 

Mg-CsPbBr3 4.32(0.70) 8.11(0.30) --- 5.46 0.18 0.0018 

 

†
ai is the amplitude associated with i-th lifetime component. 

‡
<τamp˃ =Στiai/Σai, kr = 

PLQY/<τamp>, knr = (1-PLQY)/<τamp>. PL decay parameters of undoped and doped 

CsPbCl3 NCs are summarized in Table A1.1. 
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from ~5% to ~30% upon doping. An estimation of the rate constant (knr) of the non-

radiative deactivation process using the measured PLQY and lifetime values of the 

systems before and after doping shows that the knr value decreases by a factor of ~128 

after the treatment (Table 3.1). Likewise, Mg-doped CsPbCl3 NCs also exhibit much 

improved PL lifetime (Figure 3.4C), (<τamp> = 3.69 ns) compared to the undoped 

counterpart, which is too short to be estimated accurately in our TCSPC setup, which has 

a time resolution of ~61 ps. 

We have also studied the carrier dynamics in undoped and doped CsPbBr3 NCs 

by TA measurements with femtosecond time resolution. The TA spectral features (Figure 

3.5A) are quite similar for both the undoped and doped systems and characterized by a 

sharp negative (bleach) signal due to ground state depopulation of the NCs upon 

excitation by the pump pulse.
62, 63

 As the excitation wavelength (350 nm) corresponds to 

~1.46Eg (where, Eg corresponds to the band-gap (~2.42 eV) of the undoped CsPbBr3 

NCs), photo-excitation of the NCs creates charge carriers much above the band-edge, 

which cool down to the band-edge excitonic state to initiate the bleach recovery process. 

The hot-carrier relaxation (hot-carrier cooling, HCC) time estimated from the bleach 

formation dynamics in undoped NCs is 580±21 fs, which is in good agreement with  

literature data.
62, 63

 The hot-carriers, however, relax much faster (325±16 fs) in doped 

system (Figure 3.5B) presumably due to enhanced coupling of the conduction band states 

on introduction of the dopant states within the conduction band.
38, 64, 65

 As the conduction 

band is formed mainly by the Pb orbitals, partial substitution of Pb with Mg is expected 

to change the distribution of energy levels in the conduction band. In order to validate 

that a faster HCC is due to the introduction of new energy levels within the conduction 

band on doping we have investigated the HCC dynamics of another undoped CsPbBr3 

NCs (λex = 350 nm) with comparable PLQY (92±2%), synthesized following a reported 

three-precursor method.
21

 A much slower HCC process (610±20 fs) in these NCs (Figure 

A1.10) compared to the doped system (325±16 fs) indeed proves the role of higher 

density of the states in the conduction band of the doped NCs. A stronger electron-

phonon coupling upon doping may also contribute to faster HCC dynamics, but we are 

not sure about this aspect. As far as bleach recovery is concerned (Figure 3.5C), the 

undoped CsPbBr3 NCs exhibit a bi-exponential dynamics comprising one major ultrafast 

component (~47±2.43 ps) due to carrier trapping and a much longer (>850 ps) 

recombination component.
38, 62

 However, estimation of the exact time constant for the 

longer component is not possible due to the time-window limitation of our experimental 

set-up.
62

 The presence of only >850 ps component in doped system indicates effective 



Mg
2+

-Doped Highly Luminescent …..            Chapter 3 

 

 Page 69 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. (A) TA spectra (λex = 350 nm) of the doped and undoped NCs (inset). (B) 

Comparison of the HCC dynamics of the samples. (C) Bleach recovery dynamics of the 

two NCs. The kinetic parameters obtained on bi-exponential fitting to the data are 

47±2.43 ps (0.55) and ˃850 ps (0.45) for the undoped CsPbBr3 NCs. For doped sample, 

the recovery dynamics is single exponential with a time constant of >850 ps. 

elimination of the ultrafast non-radiative recombination routes for the carriers on doping. 

Further insight on carrier dynamics is obtained by examining the influence of 

temperature on the steady state and time-resolved PL of the undoped and doped CsPbBr3 

NCs decreases by a factor of ~95 on increase in temperature from 273K to 333K, but for 

the doped system, ~85% of its initial PL is retained even at 333K (Figure 3.6A and 

A1.11). This shows that carrier trapping, which is a thermally activated process, and 

which decreases the PL of the undoped system at higher temperature, is almost eliminated 

on doping. This conclusion is corroborated by the temperature dependence of the PL 

decay parameters (Table A1.2). With increase in temperature, the contribution of the 

short trapping component increases from 45% to 68% (with negligible change 

incontribution of the longest time component) in the case of undoped CsPbBr3 NCs 

(Figure 3.6B); whereas, the contribution of the longest time component, which represents 

the trapping-detrapping process, increases from 33% to 47% for the doped system (Figure  
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Figure 3.6. (A) Variation of the PL intensity of undoped and doped CsPbBr3 NCs with 

temperature. (B,C) PL decay kinetics of the two samples over the same temperature 

window. 

3.6C). This increase in contribution of the longest time component at higher temperature 

indicates involvement of new energy states, which lie very close to the excitonic state and 

participate in the trapping−detrapping process resulting in prolonged PL lifetime of the 

doped system (Figure A1.12).
61

 Our ultrafast TA and these PL measurements show that 

the states, which facilitate non-radiative deactivation of the carriers, are largely 

eliminated on doping, but at the same time, doping can introduce new energy states that 

are distributed throughout the conduction band and little below to it (Scheme 3.2). 

Halide deficiency associated point defects on the surface and distortion of the 

[PbX6]
4-

 octahedral units are the two main reasons for poor optical properties and low 

phase stability of the halide perovskite NCs.
37, 66

 The halide vacancies generate inter 

band-gap trap states, which facilitate non-radiative recombination of the photogenerated 

charge carriers resulting in poor PLQY of the NCs. Better optical properties and stability 

of the halide rich NCs proves this point.
67

 In the present case, the ratios of the atomic 

percentage, Br/Pb and Br/(Pb+Mg) in undoped and doped CsPbBr3 NCs (~2.98 and 

~3.32, respectively obtained from EDX study) indicates effective removal of the halide- 
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Scheme 3.2. Schematic illustration of different photophysical processes in undoped and 

doped CsPbBr3 NCs. The VB, CB, HCC, TR, DTR, NRR and TS are the acronyms for 

valence band, conduction band, hot carrier cooling, trapping, de-trapping, non-radiative 

recombination and trap states. The red-shaded portion in the CB of the doped NCs 

indicates Mg-doping induced introduction of energy states distributed throughout the CB 

and little below it. 

vacancy related defects on doping and concomitant increase of band-edge radiative 

excitonic recombination as confirmed by time-resolved PL decay (see Figure 3.4B) and 

TA studies (see Figure 3.5C). Apart from the halide vacancies, [PbX6]
4-

 octahedral 

distortion is also known to contribute to poor PLQY and stability of the CsPbX3 NCs.
43, 66, 

68
 Well-known octahedral distortion in CsPbX3 NCs arises from the size-mismatch of the 

cuboctahedral void and Cs
+
 ion.

66
 This distortion can be minimized either by replacing 

Cs
+
 by a larger cation like formamidinium (FA

+
)/methylammonium (MA

+
) or by reducing 

the size of the octahedral unit by replacing B-site Pb
2+ 

with smaller cations.
28, 66, 68-70

 Some 

very recent reports, however, suggest that replacement of Pb
2+

 with smaller cations like 

Ni
2+

 (69 pm) and Cu
2+

 (73 pm) increases the defect formation energy of the resulting 

doped NC endowing it with much improved optical properties and stability.
43, 68,65, 70

 To 

determine the influence of Mg
2+ 

alone on the PL properties of the NCs, when similar 

experiments were performed using MgO, a PLQY of ~87% is achieved (as against 100% 

with MgBr2) for CsPbBr3 NCs, indicating that the doped NCs still suffer from halide 

vacancies, which is confirmed by the measured Br/(Pb+Mg) value of ~2.9 (Figure A1.13) 

in the doped sample. This is further proved by the PL decay behavior of the MgO treated 

NCs. These NCs exhibit a short time component (0.86 ns, 42%), which could not be 

observed in MgBr2 treated samples (Figure A1.14). However, in the case of CsPbCl3 
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NCs, the PLQY is enhanced only upto ~28%, indicating dominant role of the Cl¯ 

vacancies for its low PLQY (Figure A1.12).
37

 It is worth mentioning that addition of 

oleylamine solution alone enhances the PLQY of CsPbBr3 NCs only by 8%, which is 

quite consistent with earlier literature.
71

 Thus it is evident that both Mg
2+

 and X
¯ 

play 

important role in contributing to superior optical properties of the Mg-doped CsPbX3 NCs 

compared to their undoped cousins by rectification of the octahedral distortion and 

suppression of the halide vacancy related defects (Scheme 3.1B). An important point to 

note in this context is that B-cation doping is commonly executed under high temperature 

reaction condition as room-temperature exchange at the B-site of perovskite NCs is 

considered to be quite challenging due to high energy requirement to open up the rigid 

[PbX6]
4- 

octahedral units.
72

 In our case, the room temperature exchange is made possible, 

first by anchoring MgX2 on the pre-existing halide vacancies of the NCs surface and then 

by elimination of the PbX2 aided by OAm. This mechanism of incorporation of Mg
2+ 

into 

the crystal lattice is consistent with literature.
39, 73

 

Apart from reduced toxicity and high PLQY, these Mg-doped CsPbX3 NCs are 

also characterized by remarkable stability, which is evident from Figure 3.7 (also Figure 

A1.15). As can be seen, under ambient condition, the PL intensity of a freshly prepared 

Mg-doped CsPbBr3 NCs remains unchanged for almost 20 days and ~75% of its initial 

PL intensity is retained even after a month without any change in band position and full 

width at half maxima (FWHM) (Figure 3.7A, A1.15). In contrast, under similar 

condition, the PL of undoped NCs is quenched almost completely within 10 days. The 

doped NCs also exhibit excellent photostability. The initial PL intensity of doped 

CsPbBr3 NCs remains unchanged for ~38 h (under 365 nm UV irradiation, 8 W), while 

for undoped NCs, the PL is lost almost completely in just 6 h (Figure 3.7B). The 

unchanged PXRD pattern recorded after storing the doped sample for 60 days in ambient 

condition (Figure 3.7C) confirms long-term stability of the sample. These measurements 

indicate phenomenal air- and photo-stability of the doped NCs when compared to their 

undoped counterparts. The doped CsPbBr3 NCs are also found significantly resistant 

towards polar solvent like ethanol in which the bright emission can be observed for a long 

time (>960 min) without any change in the PL peak position and FWHM (Figure 3.7D, 

A1.16 and A1.17). In sharp contrast, the undoped NCs aggregate instantly in presence of 

ethanol, and the PL intensity drops dramatically with ~10 nm red-shift of emission 

maxima (Figure A1.16). The enhanced stability of the doped NCs towards polar solvent 

is most likely due to the protection provided by the long hydrocarbon chain of the surface 
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Figure 3.7. Comparison of the stability of undoped and doped CsPbBr3 NCs. (A) Air-

stability under ambient condition and (B) Photo-stability under 365 nm (8W) continuous 

UV illumination. (C) PXRD pattern of freshly prepared and 60 days aged sample kept at 

ambient condition. (D) Digital images (under 365 nm UV illumination, 8W) of the doped 

and undoped samples in presence of 20µL ethanol at various time intervals. 

-bound oleylammonium cations, which give a more hydrophobic nature to the doped 

NCs.
74

 The MgBr2 treatment provides a bromide-rich surface for the doped CsPbBr3 NCs 

that attracts more oleylammonium cations.
75

 A drop of the ratio of Cs/Pb atomic 

percentage in the CsPbBr3 NCs from ~0.81 to ~0.73 (as evident from the EDX data) upon 

doping confirms the replacement of some Cs ions from the surface by oleylammonium 

cations.
75-77

 The presence of more oleylammonium ion at the surface is also evident from 

FTIR spectra of the doped CsPbBr3 NCs (Figure A1.8) mentioned earlier. Thus both 

improved crystallinity and hydrophobicity play important roles in enhancing the stability 

of the doped NCs. The superior air- and photo-stability of the doped CsPbCl3 NCs is 

evident from Figure A1.18 and A1.19. A table collecting the stability and optical 

properties of green- and violet-emitting perovskite NCs obtained through B-site doping is 

provided as supporting information (Table A1.3). It highlights the air-, photo-stability and 

robustness towards polar media of our doped NCs vis-a-vis the other samples. 
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3.3. Summary 

It is shown that room temperature post-synthetic treatment of the CsPbX3 (X = Cl and Br) 

NCs with MgX2 leads to incorporation of significant quantity of Mg
2+

 into the NCs 

yielding systems that are brightly luminescent, highly stable, less toxic and more resistant 

towards polar environment. A model explaining the improved PL properties of the doped 

systems is proposed based on the findings of the ultrafast pump-probe and temperature 

dependent PL measurements. Excellent optical properties, less toxicity and high stability 

of these NCs under different conditions make these systems promising for optoelectronic 

and photovoltaic applications. 
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Overview 

Because of their low band gap, iodide-based lead halide perovskite NCs with generic 

formula APbI3 [A = Cs
+
, MA

+
, and FA

+
] are most suitable for solar photovoltaic 

applications. However, because of their poor phase stability, obtaining these NCs with 

stable red/NIR emission is a challenging task and is termed the ‘red wall’. We report here 

a generic protocol for direct synthesis of all three NCs with extraordinary characteristics 

employing DIDMH as iodide precursor. The as-synthesized NCs are phase-pure and 

monodispersed, and they exhibit phase stability for several months in ambient conditions 

and PLQY of near-unity for the red-emitting CsPbI3 NCs and ∼74 ± 2% and 67 ± 2% for 

NIR-emitting MAPbI3 and FAPbI3 NCs, respectively. The results highlight the greater 

efficacy of DIDMH over other iodide precursors, with which the present task could not 

be achieved earlier. The high-quality NCs for the red−NIR region may be useful for 

developing efficient perovskite-based solar photovoltaic devices. 
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4.1. Introduction 

Among the lead-halide perovskite NCs, the iodide-based CsPbI3, MAPbI3 and FAPbI3 are 

most suitable for single-junction solar cells because of their narrow bandgap.
1-10

 

However, unlike the widely explored bromide-based green-emitting APbBr3 NCs, poor 

phase stability of these iodide-based NCs leads to their rapid deterioration even under 

ambient condition and prevents practical utility of these otherwise promising substances.
6, 

11-17 
The challenging task of obtaining small size and iodide-based perovskites emitting in 

the red and NIR region with high photoluminescence efficiency and stability, termed as 

‘perovskite red wall’,
18

 needs to accomplished for its importance.  

The stability and optical property of the NCs depends to a great extent on their 

method of preparation.
5, 19-23 

The widely used two-precursor method of synthesis, in 

which PbI2 is used as a source of both lead and iodine, produces NCs of poor quality.
5 
For 

example, MAPbI3 and FAPbI3 NCs obtained by this method exhibit a broad size 

distribution and low PLQY,
24-26 

and even CsPbI3 NCs show a PLQY of only ~30-70%.
11, 

17 
The three-precursor method, which was developed later, employs a separate halide 

precursor for synthesis in a halide-rich condition, produces much better quality NCs.
27, 28 

However, despite great efforts in recent past in overcoming the ‘perovskite red wall’, the 

success is rather limited and no generic method of preparation of all three NCs with high 

phase stability and PLQY is available till date.
8, 18, 29-31 

For example, Kovalenko and co-

workers prepared high quality FAPbI3 and mixed-cation FA0.1Cs0.9PbI3 NCs with PLQY 

of ~70% that retained their phase for several months.
18

 Akkerman et al succeeded in 

obtaining highly luminescent (PLQY ~74-79%) CsPbI3 and FAPbI3 NCs, which were 

stable for at least 2 weeks.
29

 Similarly, stable CsPbI3 NCs with near-unity PLQY was also 

prepared by Pradhan and co-workers and later by Cai et al.
8, 30, 31

 Interestingly, in none of 

these reports, all three red-and NIR-emitting APbI3 NCs could be obtained following a 

generic method. To the best of our knowledge, it was only Manna and co-workers, who 

could obtain all three iodide-based NCs using benzoyl iodide as iodide precursor with a 

PLQY of 58% for CsPbI3, 45% for MAPbI3 and 55% for FAPbI3 NCs.
32 

While these 

CsPbI3 NCs were reported to be stable for ~20 days, the stability data for the two hybrid 

systems was not mentioned.  

Recognizing the immense potential of the CsPbI3, and MAPbI3 and FAPbI3 NCs 

in solar photovoltaic and optoelectronic applications, and lack of any common method of 

preparation of these systems in their bright and stable form, we have been working for 

some time towards developing a generic method for the preparation of all three all-

inorganic and hybrid systems overcoming the ‘perovskite red wall’. While it became 
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clear to us that the iodide precursor chosen for synthesis was a key factor, but we did not 

have much success with the iodo-analogs of the bromide precursors, which produced 

great quality green-emitting APbBr3 NCs. For example, using N-bromosuccinamide 

(NBS) as bromide precursor, we obtained green-emitting APbBr3 NCs with near-unity 

PLQY,
33

 but using its iodo-analog, N-iodosuccinamide (NIS), we could obtain only 

CsPbI3 NCs, that too with PLQY of merely 27±3%. The hybrid systems could not be 

prepared (Figure A2.1). Moreover, it was observed that phase transformation of the 

prepared CsPbI3 NCs started within a day of synthesis (Figure A2.1). Our continued work 

in this direction and careful search of literature led us to DCDMH, which was reported to 

be a highly effective reagent for chloro-lactonization reaction even at -40°C.
34, 35

 The 

N(1) halogen of DCDMH acts as an inductive activator of the N(3) halogen, which serves 

as the actual source of halogen. This important piece of information led us to explore the 

utility of its iodide analogue, DIDMH, as an iodinating agent for synthesis of the APbI3 

NCs. 

 

4.2. Results and Discussion 

The reaction of DIDMH with OA produces HI (Scheme A2.1)
33, 36

 that reacts with OAm 

generating oleylammonium iodide (OAm
+
I
-
),

29-32
 which served as the active source of 

iodide in the reaction (Figure 4.1a).
30, 31

 The APbI3 NCs were obtained using an optimum 

quantity of the oleate salt of the ‘A’ cation followed by rapid quenching of the reaction 

mixture (Figure 4.1a, details in Chapter 2, section 2.2.3.2). 
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Figure 4.1. a) Schematic representation of the steps in DIDMH-mediated synthesis of 

APbI3 NCs. UV-Vis absorption (black) and corresponding PL spectra (colored) of b) 

CsPbI3, c) MAPbI3 and d) FAPbI3 NCs. exc = 540 nm. 

The formation of OAm
+
I

- 
in the reaction medium was confirmed by the strong 

~220 absorption in the UV spectrum and ~0.12 ppm down-shift of the 
1
H NMR signal of 

the α-protons of OAm in the reaction mixture with respect to pure OAm (Figure A2.2 and 

A2.3).
29

 It was also found that injection of OAm
+
I

- 
(after preparing separately) into the 

reaction medium instead of its in situ generation produced only moderately luminescent 

CsPbI3 NCs (PLQY of 38±2%), which exhibited poor stability under ambient condition 

(Figure A2.4). The phase transformation started within a day of synthesis. These results 

are consistent with the literature, which indicates in situ passivation of the perovskite NCs 

is much more effective in producing brightly luminescent well-passivated stable NCs.
33, 

37, 38, 39
 

The Pb:I molar precursor ratio and reaction temperature were found to be the two 

most critical factors that influenced the quality of the NCs. A 1:3 molar precursor ratio of 

Pb:I and a temperature of 210°C for all-inorganic CsPbI3 and 85°C for both MAPbI3 and 

FAPbI3 were found as the optimum conditions for obtaining strongly luminescent, mono-

dispersed, and phase-stable NCs. When the reactions were performed below or above the 

optimum temperature, the obtained NCs consisted of multiple phases with 

inhomogeneous size distribution, and they exhibited broad PL bandwidth and 

substantially low PLQY (Figure A2.5-A2.8 and Table A2.1). 

The excellent optical properties of all APbI3 NCs are evident from their high 

PLQY and narrow FWHM (Figure 4.1b-d, Table 4.1). The red-emitting CsPbI3 NCs 

exhibit near-unity (96±2%) PLQY. The NIR-emitting hybrid systems, MAPbI3 and 

FAPbI3 NCs, also exhibit impressive PLQYs of 74±2 and 67±2%, respectively. These 

values are comparable with their best PLQY values reported till date.
18, 23 

We are not 

aware of any literature reporting such high PLQY of both the hybrid and all-inorganic 

perovskite NCs prepared by a common procedure. These NCs not only exhibit excellent 

PL, they also display a number of other extraordinary features like high phase-purtity, 

monodispersity and remarkable stability under a variety of conditions. Moreover, the 

method is also found to be highly reproducible (Figure A2.9). 

Bright field TEM images indicate cubic shape and fairly narrow size distribution 

of all the APbI3 NCs (Figure 4.2a-c and A2.10) with mean edge length of CsPbI3, 

MAPbI3 and FAPbI3 NCs are 8.8±1.2, 12.2±1.2 and 14.4±2.6 nm, respectively obtained 
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Table 4.1. The parameters of synthesis and optical properties of the NCs. 

Systems Temp 

(°C) 

OA 

(mL) 

OAm 

(mL) 

λem 

(nm) 

FWHM 

(nm) 

PLQY 

(%) 

CsPbI3 210 1 1 660±1 32 96±2 

MAPbI3 85 1.6 0.8 740±1 41 74±2 

FAPbI3 85 1.6 0.8 761±2 47 67±2 

 

from different batches of the NCs. The cubic and tetragonal crystal phases of CsPbI3 and 

MAPbI3 NCs, respectively are confirmed by comparing the PXRD patterns (Figure 4.2d 

and 4.2e) with the available ICSD codes (see insets). The diffraction peaks of the FAPbI3 

NCs (Figure 4.2f) suggest a cubic perovskite structure.
32, 40 

Moreover, the interplanar 

spacings of the NCs estimated from their high-resolution TEM (HRTEM) images (Figure 

4.2a, b and c insets) are consistent with the literature values.
12, 18, 41

 Notwithstanding two 

 

 

 

 

 

 

 

 

 

 

Figurer 4.2. Bright field TEM images of a) CsPbI3, b) MAPbI3 and c) FAPbI3 NCs. The 

scale bar is 100 nm for all samples. Inset shows HRTEM images of the NCs (in scale bars 

5, 10 and 10 nm, respectively) with interplanar spacing corresponding to the (100), (220) 

and (200) planes of the CsPbI3, MAPbI3 and FAPbI3 NCs, respectively. PXRD patterns of 

d) CsPbI3, e) MAPbI3 and f) FAPbI3 NCs. Absence of any additional diffraction peaks 

suggests that the APbI3 NCs are highly phase pure in nature. 
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unidentified peaks in Figure 4.2d and one in Figure 4.2f, which is not uncommon,
9, 10, 29, 42

 

absence of any additional diffraction peak corresponding to other phases (as per ICSD 

data) eliminates the possibility of formation of any secondary undesired phase of the NCs 

indicating high phase purity. 

We have examined the PL decay characteristics of the APbI3 NCs to understand 

the photophysical processes in these systems. The PL of the CsPbI3 NCs decays bi-

exponentially with time constants of 9.17 (68%) and 17.12 (32%) ns (Figure 4.3a and 

Table A2.2). The first component, which has a major contribution, is assigned to direct 

excitonic recombination and the slower component to shallow trap-mediated band-edge 

recombination.
43-45 

It is important to note here that the shallow trap states even in defect-

tolerant CsPbI3 NCs with near-unity PLQY arise from intrinsic point defects, which 

usually do not participate in the nonradiative recombination of the photogenerated charge 

carriers.
46 For CsPbI3 NCs, a range of lifetimes including some large and short values are 

reported.
11, 12, 42, 47, 48

 A short PL lifetime for good quality CsPbI3 NCs is not uncommon
17, 

44
 as iodide-rich nature of the surface

49
 and/or small size of the NCs (smaller than 

effective Bohr-diameter of ~12 nm) can contribute to it.
50, 51

 Absence of any sub- 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. PL decay profile of a) CsPbI3, b) MAPbI3 and c) FAPbI3 NCs and bi/tri-

exponential fits to the data. The samples were excited at 481 nm using a diode laser and 

the decay was monitored at their respective PL maxima. The decay parameters are 

presented in Table A2.2. 
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nanosecond component suggests that the CsPbI3 NCs are largely free from surface defect 

related nonradiative recombination channels. A much higher value of the radiative rate 

constant (kr) compared to the nonradiative one (knr) is consistent with high PLQY of the 

system (Table A2.2). The PL decay profiles of both MAPbI3 (Figure 3b) and FAPbI3 NCs 

(Figure 4.3c) are found to be tri-exponential and the third (shortest) lifetime-component is 

attributed to trapping (Table A2.2).
32

 

 

 

 

 

 

 

 

 

 

Figure 4.4. a) TA spectra of CsPbI3 NCs at different time intervals after excitation by a 

fs-laser (λex = 530 nm, ~100 fs). b) Bleach recovery kinetics of the NCs (λex = 530 nm), 

monitored at the bleach maxima ~656 nm. The inset shows bleach recovery kinetics of the 

CsPbI3 NCs prepared using Pb:I molar ratio of 1:2. 

We have studied the carrier dynamics of the NCs in the early time-scale using 

ultrafast (femtosecond resolution) TA technique. The strong bleach signal (ΔA = -ve), 

which arises from ground state depopulation of the system,
52, 53

 exhibits very sluggish 

recovery even after ~700 ps (Figure 4.4a), which is more clearly observable from the 

nearly flat bleach recovery kinetic trace (Figure 4.4b, Table A2.3) indicating a long 

(>1000 ps) recombination component and negligible nonradiative carrier trapping in these 

NCs.
10, 42

 In contrast, the bleach recovery dynamics of samples of CsPbI3 NCs, which are 

prepared using a lower Pb:I ratio of 1:2, exhibit clearly an ultrafast trapping component 

(243±15 ps) (Figure 4.4b inset and Table A2.3). 

As mentioned earlier, the biggest issue with the red/NIR-emitting perovskite NCs 

is their phase sensitivity under ambient condition. For instance, large ionic radius of 

iodine (~220 pm) induces octahedral distortion in CsPbI3 NCs and triggers phase 

transformation from luminescent cubic (α) phase to non-luminescent orthorhombic (δ) 

phase within few days.
11, 12

 The hybrid MAPbI3 NCs, on the other hand, are thermally less 

stable due to volatile MA
+
 and the FAPbI3 NCs, which are best suited for single-absorber 
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solar cell, transform into non-perovskite photo-inactive hexagonal (δ) phase, due to 

hygroscopic nature of large FA
+
.
13-16

 Therefore, stability of these important substances is 

a major issue that needs to be urgently addressed. Interestingly, all three APbI3 NCs 

prepared following our protocol are exceptionally stable under ambient atmospheric 

condition. For example, the CsPbI3 NCs stored in a sealed bottle in air retains almost its 

original PL for several months (Figure A2.11 and Table A2.4). Excellent stability of the 

CsPbI3 NCs is also evident from retention of >80% PLQY even after exposure in ambient 

condition for 20 days with relative humidity of ~55-70 % (Figure 4.5a). The unchanged 

PXRD pattern of a film of the sample kept on bench-top for the same period also suggests 

superb phase stability of these NCs (Figure 4.5b). Excellent photostability and water 

resistivity of these NCs is also evident from their robustness towards continuous UV light 

exposure and in presence of water (Figure A2.12 and A2.13). The hybrid MAPbI3 and 

FAPbI3 NCs are also found to be highly stable and resistant to the environmental stresses. 

The unchanged PXRD pattern even after 2 months of storage in ambient conditions is a 

reflection of their phenomenal phase (black, α) stability in air (Figure 4.5d and A2.14b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. a) UV-Vis absorption and PL spectra of as-synthesized and 20 days old 

CsPbI3 NCs kept under ambient condition on bench-top. b) PXRD patterns of the same 

samples. c) Air stability of (FA)PbI3 NCs colloidal dispersion stored in ambient 

conditions and d) PXRD patterns of the corresponding as-synthesized and aged samples 

stored in air. 
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Retention of ~87-90% of the original PL during the same period further confirms the 

stability of these systems (Figure 4.5c and A2.14a). Retention of the cubic morphology of 

all three samples stored for 2 months under ambient condition is also evident from the 

TEM images (Figure A2.15). The exceptional phase and optical stability of all three 

APbI3 NCs under different external conditions is quite remarkable, considering that these 

are red/NIR-emitting promising candidates for both photovoltaic and optoelectronic 

applications. The outstanding characteristics of the NCs obtained by our method are 

clearly evident when they are compared with samples obtained by other methods (Table 

A2.5). 

To determine the factors that impart exceptional qualities to these APbI3 NCs, we 

closely inspect the analytical data using CsPbI3 NCs as the model system. Elemental 

analysis of a large scanned area of the FESEM images of the CsPbI3 NCs (EDX 

measurements) shows a Cs:Pb:I ratio of 0.88:1.00:3.26, suggesting an iodide-rich surface 

of these NCs (Figure A2.16a, A2.16c) and hence, the absence of iodide vacancy related 

surface defects, which facilitate nonradiative deactivation of the photogenerated carriers. 

Indeed, the iodide deficient CsPbI3 NCs prepared using 1:2 Pb:I molar ratio are poorly 

luminescent (Figure A2.16b) and exhibit an ultrafast bleach recovery component due to 

nonradiative transition through the iodide vacancy mediated surface trap states (Figure 

4.4b inset). XPS measurements were performed to examine the chemical environment of 

the constituting elements of the CsPbI3 NCs (Figure 4.6, A2.17 and A2.18). The Pb 4f 

core level XPS spectrum exhibits 4f7/2 (138.1 eV) and 4f5/2 (143.0 eV) peaks, which are 

assigned to the Pb-I bond in the NCs (Figure 4.6a).
31, 37

 For the CsPbI3 NCs, which are 

prepared using a Pb:I molar ratio of 1:2, each band exhibits a hump towards the lower 

binding energy region (~136.69 and~141.67 eV), which is attributed to Pb-oleate species 

in these NCs (Figure 4.6b).
38, 54-56

 Appearance of the Pb-oleate signal for these NCs 

indicate iodide vacancy related surface defect
38

 and the absence of this signal for the 

CsPbI3 NCs prepared using 1:3 molar ratio of Pb:I implies that use of a stoichiometric 

amount of DIDMH produces an iodide-rich surface. The latter is also evident from the 

calculated atomic % ratio of the NCs (insets of Figure 4.6 and Table A2.6). It is to be 

noted that the atomic % ratio estimated from the XPS measurements (Table A2.6) is in 

good agreemnt with that obtained from EDX studies (Figure A2.16c). This iodide-rich 

environment is a key element in providing better stability and bringing a desirable near-

perfect surface structure of the CsPbI3 NCs.
28, 31, 42, 57 The surface ligand environment, 

which also influences the stability and PL properties of the perovskite NCs,
8, 58-63 

is 

assessed by 
1
H NMR and FTIR studies. The 

1
H NMR spectra (Figure A2.19) show two 
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Figure 4.6. High resolution XPS spectra of Pb 4f for CsPbI3 NCs prepared using a Pb:I 

molar ratio of a) 1:3 and b) 1:2. Inset shows the estimated atomic percentage ratio (with 

respect to Pb) of the samples from the data. 

broad peaks (at ~6.9 and ~3.6 ppm), which are signatures of the α-protons (NH3
+
) and β-

protons (-CH2-N), respectively, of OAm
+
.
58, 60 

This not only indicates the presence of 

OAm
+ 

on the surface of the CsPbI3 NCs, but broadness of the two peaks suggests that 

OAm
+ 

is firmly anchored on the surface.
8, 60 

Interestingly, the ~2.4 ppm peak (marked a) 

characteristic of the oleate ion, is quite sharp indicating that unlike OAm
+
 it is not bound 

to the NCs. Lack of surface-bound oleate indicates the absence of under-coordinated Pb
2+

 

on the surface and reconfirms an iodide rich surface of the NCs.
60

 This observation is 

consistent with the XPS data, which did not show any signal due to Pb-oleate for the 

CsPbI3 NCs obtained with a Pb:I ratio of 1:3 (Figure 4.6a). The asymmetric and 

symmetric bending absorption of N
+
-H at ~1641 and 1554 cm

-1
, respectively in the FTIR 

spectrum further confirms surface-bound nature of the OAm
+ 

(Figure A2.20).
8, 58 

A point 

to note here is that due to overlapping spectral signatures of OA, OAm and ODE (both in 

1
H NMR and FTIR), it is not possible to specify from these data whether DIDMH also 

acts as a protective surface ligand for the synthesized NCs (Figure A2.21). However, high 

solubility of DIDMH in polar solvents like MeOAc and ACN, which were used for 

purification of the NCs, indicates this possibility to be very low. An iodide rich surface 

attracts greater number of OAm
+ 

giving it access to the surface sites occupied originally 

by Cs
+
. Low Cs

+ 
content in the EDX and XPS data and a higher N/Pb ratio for CsPbI3 

NCs in XPS measurement support this point (Figure 4.6 inset, A2.18c, and Table A2.6). 

Substitution of some of these surface Cs
+
 with alkylammonium ligand provides high 

stability to the perovskite NCs as the surface-bound ligand (OAm
+
 in the present case) 

prevents crystal deformation through octahedral tilting (i.e., in maintaining the sensitive α 

phase of the NCs).
8, 64, 65

 The tightly bound hydrophobic envelope of OAm
+
 also provides 
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protection from moisture and polar media, thus preventing the decomposition of the 

sensitive cubic phase of the NCs.
61, 66

 Although OA does not bind to the surface of the 

NCs, it helps maintaining a ratio of OAm
+
 and oleate (or OAm and OA) that is crucial for 

the stability of the final product.
60

 It is therefore evident that oleylammonium iodide 

produced in situ during the reaction helps to maintain an iodide rich environment, which 

leads to the oleylammonium-lead iodide terminated surface by replacing some Cs
+
 that 

provides exceptional stability and optical properties to the NCs obtained by this method. 

 

4.3. Summary 

In summary, monodispersed, phase-pure, highly stable, and luminescent red-NIR-

emitting CsPbI3, MAPbI3, and FAPbI3 NCs have been obtained by a generic method 

employing DIDMH as iodide precursor. DIDMH-assisted formation of the 

oleylammonium-lead iodide-terminated surface is shown to impart the exceptional 

characteristics of these NCs. The outstanding phase durability and excellent PLQY of all 

three all-inorganic and hybrid systems obtained by a common procedure by breaching the 

so-called perovskite red wall significantly brightens the prospect of utilization of these 

narrow band gap materials for optoelectronic and photovoltaic applications, particularly 

in single-absorber solar cells. 
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1974−1985. 

17. J. Pan, Y. Shang, J. Yin, M. D. Bastiani, W. Peng, I. Dursun, L. Sinatra, A. M. El-
Zohry, M. N. Hedhili, A.-H. Emwas, O. F. Mohammed, Z. Ning and O. M. Bakr, J. 
Am. Chem. Soc., 2018, 140, 562–565. 

18. L. Protesescu, S. Yakunin, S. Kumar, J. Bär, F. Bertolotti, N. Masciocchi, A. 
Guagliardi, M. Grotevent, I. Shorubalko, M. I. Bodnarchuk, C.-J. Shih and M. V. 
Kovalenko, ACS Nano, 2017, 11, 3119–3134. 

19. Q. A. Akkerman, G. Rainò, M. V. Kovalenko and L. Manna, Nature Materials, 
2018, 17, 394–405. 

20. H. Huang, L. Polavarapu, J. A. Sichert, A. S. Susha, A. S. Urban and A. L. Rogach, 
NPG Asia Materials, 2016, 8, 328. 

21. X. Zheng, Y. Hou, H.-T. Sun, O. F. Mohammed, E. H. Sargent and O. M. Bakr, J. 
Phys. Chem. Lett., 2019, 10, 2629−2640. 

22. N. Pradhan, ACS Energy Lett., 2019, 4, 1634−1638. 
23. J.-F. Liao, Y.-X. Chen, J.-H. Wei, Y.-T. Cai, X.-D. Wang, Y.-F. Xu and D.-B. Kuang, 

Nano Research, 2019, 12, 2640–2645. 
24. O. Vybornyi, S. Yakunin and M. V. Kovalenko, Nanoscale, 2016, 8, 6278-6283. 
25. I. Levchuk, A. Osvet, X. Tang, M. Brandl, J. D. Perea, F. Hoegl, G. J. Matt, R. Hock, 

M. Batentschuk and C. J. Brabec, Nano Lett., 2017, 17, 2765–2770. 
26. F. Zhang, H. Zhong, C. Chen, X.-g. Wu, X. Hu, H. Huang, J. Han, B. Zou and Y. 

Dong, ACS Nano, 2015, 9, 4533–4542. 
27. S. Wei, Y. Yang, X. Kang, L. Wang, L. Huang and D. Pan, Chem. Commun., 2016, 

52, 7265-7268. 
28. P. Liu, W. Chen, W. Wang, B. Xu, D. Wu, J. Hao, W. Cao, F. Fang, Y. Li, Y. Zeng, R. 

Pan, S. Chen, W. Cao, X. W. Sun and K. Wang, Chem. Mater., 2017, 29, 
5168−5173. 

29. Q. A. Akkerman, L. Martínez-Sarti, L. Goldoni, M. Imran, D. Baranov, H. J. Bolink, 
F. Palazon and L. Manna, Chem. Mater., 2018, 30, 6915–6921. 

30. A. Dutta, R. K. Behera, P. Pal, S. Baitalik and N. Pradhan, Angew. Chem. Int. Ed., 
2019, 58, 5552–5556. 

31. Y. Cai, H. Wang, Y. Li, L. Wang, Y. Lv, X. Yang and R.-J. Xie, Chem. Mater., 2019, 
31, 881–889. 

32. M. Imran, V. Caligiuri, M. Wang, L. Goldoni, M. Prato, R. Krahne, L. D. Trizio and 
L. Manna, J. Am. Chem. Soc., 2018, 140, 2656–2664. 

33. S. Paul and A. Samanta, ACS Energy Lett., 2020, 5, 64–69. 
34. D. C. Whitehead, R. Yousefi, A. Jaganathan and B. Borhan, J. Am. Chem. Soc., 

2010, 132, 3298–3300. 



Phase-Stable and Highly .....             Chapter 4 

 

 Page 92 
 

35. R. Yousefi, D. C. Whitehead, J. M. Mueller, R. J. Staples and B. Borhan, Org. Lett., 
2011, 13, 608–611. 

36. H. Xue, H. Tan, D. Wei, Y. Wei, S. Lin, F. Liang and B. Zhao, RSC Adv., 2013, 3, 
5382-5385. 

37. Y. Wu, C. Wei, X. Li, Y. Li, S. Qiu, W. Shen, B. Cai, Z. Sun, D. Yang, Z. Deng and H. 
Zeng, ACS Energy Lett., 2018, 3, 2030–2037. 

38. J. Y. Woo, Y. Kim, J. Bae, T. G. Kim, J. W. Kim, D. C. Lee and S. Jeong, Chem. 
Mater., 2017, 29, 7088–7092. 

39. F. Zhang, S. Huang, P. Wang, X. Chen, S. Zhao, Y. Dong and H. Zhong, Chem. 
Mater., 2017, 29, 3793–3799. 

40. A. A. Zhumekenov, M. I. Saidaminov, M. A. Haque, E. Alarousu, S. P. Sarmah, B. 
Murali, I. Dursun, X.-H. Miao, A. L. Abdelhady, T. Wu, O. F. Mohammed and O. 
M. Bakr, ACS Energy Lett., 2016, 1, 32–37. 

41. X. Liang, R. W. Baker, K. Wu, W. Deng, D. Ferdani, P. S. Kubiak, F. Marken, L. 
Torrente-Murciano and P. J. Cameron, React. Chem. Eng., 2018, 3, 640-644. 

42. F. Liu, C. Ding, Y. Zhang, T. Kamisaka, Q. Zhao, J. M. Luther, T. Toyoda, S. Hayase, 
T. Minemoto, K. Yoshino, B. Zhang, S. Dai, J. Jiang, S. Tao and Q. Shen, Chem. 
Mater., 2019, 31, 798–807. 

43. V. S. Chirvony, S. González-Carrero, I. Suárez, R. E. Galian, M. Sessolo, H. J. 
Bolink, J. P. Martínez-Pastor and J. Pérez-Prieto, J. Phys. Chem. C, 2017, 121, 
13381–13390. 

44. J.-S. Yao, J. Ge, K.-H. Wang, G. Zhang, B.-S. Zhu, C. Chen, Q. Zhang, Y. Luo, S.-H. 
Yu and H.-B. Yao, J. Am. Chem. Soc., 2019, 141, 2069–2079. 

45. X. Zhang, M. Lu, Y. Zhang, H. Wu, X. Shen, W. Zhang, W. Zheng, V. L. Colvin and 
W. W. Yu, ACS Central Science, 2018, 4, 1352-1359. 

46. J. Kang and L.-W. Wang, J. Phys. Chem. Lett., 2017, 8, 489–493. 
47. W. J. Mir, A. Swarnkar and A. Nag, Nanoscale, 2019, 11, 4278-4286. 
48. N. Mondal, A. De, S. Das, S. Paul and A. Samanta, Nanoscale, 2019, 11, 9796-

9818. 
49. W. Kong, T. Ding, G. Bi and H. Wu, Phys. Chem. Chem. Phys., 2016, 18, 12626-

12632. 
50. V. Malgras, S. Tominaka, J. W. Ryan, J. Henzie, T. Takei, K. Ohara and Y. 

Yamauchi, J. Am. Chem. Soc., 2016, 138, 13874–13881. 
51. D. X. Zhang, P. X. Bai, H. Wu, X. Zhang, C. Sun, P. Y. Zhang, P. W. Zhang, P. W. 

Zheng, P. W. W. Yu and P. A. L. Rogach, Angew.Chem. Int.Ed., 2018, 57, 3337 –
3342. 

52. N. Mondal and A. Samanta, Nanoscale, 2017, 9, 1878-1885. 
53. I. Dursun, P. Maity, J. Yin, B. Turedi, A. A. Zhumekenov, K. J. Lee, O. F. 

Mohammed and O. M. Bakr, Adv. Energy Mater., 2019, 9, 1900084. 
54. M. Li, X. Zhang, K. Matras-Postolek, H.-S. Chen and P. Yang, J. Mater. Chem. C,, 

2018, 6, 5506-5513. 
55. L.R.Pederson, J. Electron Spectrosc. Relat. Phenom., 1982, 28, 203–209. 
56. W. E. Morgan and J. R. V. Wazer, J. Phys. Chem., 1973, 77, 964–969. 
57. Y. Huang, W. Luan, M. Liu and L. Turyanska, J. Mater. Chem. C, 2020, 8, 2381-

2387. 
58. J. D. Roo, M. Ibáñez, P. Geiregat, G. Nedelcu, W. Walravens, J. Maes, J. C. 

Martins, I. V. Driessche, M. V. Kovalenko and Z. Hens, ACS Nano, 2016, 10, 
2071–2081. 



Phase-Stable and Highly .....             Chapter 4 

 

 Page 93 
 

59. A. Pan, B. He, X. Fan, Z. Liu, J. J. Urban, A. P. Alivisatos, L. He and Y. Liu, ACS 
Nano, 2016, 10, 7943–7954. 

60. V. K. Ravi, P. K. Santra, N. Joshi, J. Chugh, S. K. Singh, H. Rensmo, P. Ghosh and A. 
Nag, J. Phys. Chem. Lett., 2017, 8, 4988–4994. 

61. S. Das, A. De and A. Samanta, J. Phys. Chem. Lett., 2020, 11, 1178–1188. 
62. D. W.-k. Koh, D. S. Park and Y. Ham, ChemistrySelect, 2016, 1, 3479-3482. 
63. L. Wu, Q. Zhong, D. Yang, M. Chen, H. Hu, Q. Pan, H. Liu, M. Cao, Y. Xu, B. Sun 

and Q. Zhang, Langmuir, 2017, 33, 12689–12696. 
64. Y. Chen, S. R. Smock, A. H. Flintgruber, F. A. Perras, R. L. Brutchey and A. J. 

Rossini, J. Am. Chem. Soc., 2020, 142, 6117–6127. 
65. L. Pan, L. Zhang, Y. Qi, K. Conkle, F. Han, X. Zhu, D. Box, T. V. Shahbazyan and Q. 

Dai, ACS Appl. Nano Mater., 2020, 3, 9260−9267. 
66. Q. Zhong, M. Cao, Y. Xu, P. Li, Y. Zhang, H. Hu, D. Yang, Y. Xu, L. Wang, Y. Li, X. 

Zhang and Q. Zhang, Nano Lett., 2019, 19, 4151–4157. 
 

 



Direct Synthesis of High ….. Chapter 5 

 

 Page 94 
 

 

 

CHAPTER 5 

 

Direct Synthesis of High Quality APbX3 (A= Cs
+
, MA

+
 and 

FA
+
; X= Cl

-
, Br

-
 and I

-
) Nanocrystals Following a  

Generic Approach 

 

 

 

 

 

 

 

 

 

Nanoscale, 2022, 14, 9349-9358 

  



Direct Synthesis of High ….. Chapter 5 

 

 Page 95 
 

 

 

 

 

 

  



Direct Synthesis of High ….. Chapter 5 

 

 Page 96 
 

Overview 

Direct synthesis of the APbX3 [A= Cs
+
, MA

+
 or FA

+
 and X= Cl

-
, Br

-
 or I

-
] perovskite NCs 

following a generic approach is a challenging task even today. Motivated by our recent 

success (Chapter 4) in obtaining directly high-quality red/NIR-emitting APbI3 NCs 

employing DIDMH as iodide precursor, we explore here whether violet/green-emitting 

APbCl3 and APbBr3 NCs can also be obtained using the bromo- and chloro-analog of 

DIDMH keeping in mind that a positive outcome will provide the generic protocol for 

direct synthesis of all APbX3 NCs using similar halide precursors. It is shown that green-

emitting APbBr3 NCs with near-unity PLQY and violet-emitting CsPbCl3 NCs with an 

impressive PLQY of ~70%, mixed-halide NCs, CsPb(Cl/Br)3 and CsPb(Br/I)3, emitting in 

the blue and yellow-orange region with PLQY of 87-95% and 68-98%, respectively can 

indeed be obtained employing the bromo- and chloro-analog of DIDMH. These NCs 

exhibit remarkable stability in different conditions including polar environment. 

Femtosecond pump-probe studies show no ultrafast carrier trapping in these systems. The 

key elements of the halide precursors that facilitated the synthesis and the factors 

contributing to the excellent characteristics of the NCs are determined by careful analysis 

of the data. The results are of great significance because a direct method of obtaining 

highly luminescent and stable APbX3 NCs (excepting violet-emitting hybrid NCs) is 

eventually identified and the work provides valuable insight on selection of appropriate 

halide precursors for development of superior systems. 
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5.1. Introduction 

Owing to their fascinating optical properties,
1-8

 the popularity of the lead-halide based 

perovskite NCs with general chemical formula of APbX3 in optoelectronic applications as 

LEDs, lasing medium and photodetectors has skyrocketed in recent years.
9-14

 Increasing 

demand for various lighting and display technologies has generated huge interest in 

developing methodologies for preparation of high quality perovskite NCs.
8, 12, 15, 16

 While 

these studies helped targeted synthesis of violet-, green- or red-emitting all-inorganic 

and/or hybrid NCs,
6, 17-31

 no generic method of obtaining all these systems with good 

optical properties and stability is reported till date despite intense efforts. For example, 

Pradhan and co-workers obtained CsPbX3 (X= Cl, Br and I) NCs with near-unity PLQY, 

but not the hybrid systems.
6
 Manna and co-workers succeeded in obtaining all APbX3 

NCs with highest PLQY of 65, 92 and 58% for the violet-, green- and red-emitting NCs, 

respectively using benzoyl halide as halide precursor, but stability of these systems 

(except for CsPbI3) was not examined.
32

 

The halide precursor chosen for synthesis of the NCs is an important parameter 

that determines the yield, quality and even the stability. The halide precursor reacts with a 

nucleophile and generate HX.
32

 The latter combines with OAm forming oleylammonium 

halides (OAm
+
X

-
), which serves not only as an active source of halogen, but also 

passivates the halide vacancies and protects the surface from its surrounding.
6
 An 

understanding of the chemistry of formation of HX from the halide precursor is key to 

identifying the right halide precursor for synthesis of quality NCs. Our recent success in 

obtaining high quality red/NIR-emitting iodide-based APbI3 (with A= Cs, MA and FA) 

NCs with unmatched optical properties and stability using DIDMH as iodide precursor
33

 

substantiates this statement. As the goal is to develop a generic strategy for the 

preparation of not only the iodides, but the other halides as well, the next step naturally is 

to examine whether green-emitting APbBr3 and violet-emitting APbCl3 NCs can also be 

obtained using the bromo- and chloro-analog of DIDMH as halide precursor. Herein we 

undertake this study, and the results show that the bromo- and chloro-analogs of DIDMH, 

namely, DBDMH and DCDMH, are equally effective in producing highly luminescent 

and stable APbBr3 and APbCl3 NCs. This implies that we have eventually found a generic 

protocol for direct synthesis of phase pure, highly mono-dispersed, stable and 

luminescent APbX3 NCs (A= Cs, MA, FA and X= Cl, Br, I or mixtures) emitting over the 

entire visible range using 1,3-dihalo-5,5-dimethylhydantoin (DXDMH) as halide 

precursor. 
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5.2. Results and Discussion 

Scheme 5.1 depicts preparation of the APbX3 NCs by hot-injection method using 

DXDMH (Figure A3.1) in presence of OA and OAm in ODE. The mechanism of in situ 

generation of OAm
+
X

-
 as intermediate and subsequent formation of the NCs is shown in 

Scheme A3.1 and additional details can be found in Chapter 4.
33

 The quality of the as-

synthesized NCs, as indicated by PLQY and size-uniformity, is found to depend on the 

Pb:X molar precursor ratio and reaction temperature. 1:3 (Pb:X) molar precursor ratio 

was found optimum for all systems except for MAPbCl3 NCs (discussed later). A lower 

content of the halide precursor yields NCs with a mixture of phases, broad size 

distribution and low PLQY (Figure A3.2, Table A3.1). The optimum reaction 

temperatures for the synthesis of most luminescent, phase pure, homogeneous, and stable 

all-inorganic CsPbX3 and mixed-halide NCs, green-emitting hybrid APbBr3 and violet-

emitting hybrid APbCl3 NCs are found to be 210, 165 and 95°C, respectively (Table 5.1). 

Reactions when carried out below the optimum temperature, the obtained NCs were of 

inhomogeneous size distribution displaying higher PL bandwidth and rapidly decreasing 

PLQY (Figure A3.3, A3.4 and Table A3.1). The reproducibility of the present method is 

examined and found to be very good (Figure A3.5). 

 

 

 

 

 

 

 

Scheme 5.1. DXDMH-mediated direct synthesis of the APbX3 (X= Cl and Br) NCs. 

Bright-field TEM images show cubic morphology and narrow size distribution of 

all APbX3 NCs (Figure 5.1A-C and A3.6A-C), with average edge length of 8.03±0.5, 

10.06±0.6 and 14.6±1.3 nm for the CsPbBr3, MAPbBr3 and FAPbBr3 NCs, respectively 

and 7.08±0.05, 12.5±1.15 and 10.4±1.28 nm for the CsPbCl3, MAPbCl3 and FAPbCl3 

NCs, respectively (Figure A3.6 and A3.7). Additional TEM images of different 

resolutions are made available in Figure A3.7 and A3.8. High crystallinity of the NCs  
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Figure 5.1. Bright-field TEM images of (A) CsPbBr3, (B) MAPbBr3 and (C) FAPbBr3 

NCs. The scale is bar is 200 nm for all the samples. PXRD patterns of (D) CsPbBr3, (E) 

MAPbBr3 and (F) FAPbBr3 NCs with reference patterns obtained from their bulk cubic 

phases. 

allows clear observation of the lattice fringes in high-resolution TEM images (Figure 

A3.9 and A3.10). The PXRD patterns are also consistent with cubic crystal structure of 

all APbX3 NCs (Figure 5.1D-F and A3.6D-F). Comparison of the measured PXRD 

patterns with available ICSD codes confirms the cubic perovskite structures for CsPbBr3 

(ICSD Code: 29073), MAPbBr3 (ICSD Code: 252415) and CsPbCl3 (ICSD Code: 23108) 

NCs. The cubic crystal structure of the FAPbBr3, MAPbCl3 and FAPbCl3 NCs is 

confirmed by comparing the diffraction peaks with the literature data.
32, 34, 35

 The absence 

of any additional diffraction peak in the PXRD spectra eliminates the possibility of 

formation of any secondary (undesired) phases in the prepared NCs and suggests high 

phase purity of the samples. 

The excellent optical properties of the NCs obtained by the present method are 

evident from high PLQY and narrow FWHM of all three green-emitting APbBr3 NCs 

emitting between 513±1 and 533±2 nm (Figure 5.2). All APbBr3 NCs exhibit near-unity 

(99±1%) PLQY with narrow FWHM of 19, 21 and 20 nm for CsPbBr3, MAPbBr3 and 

FAPbBr3 NCs, respectively (Figure 5.2A-C and Table 5.1). These values are comparable 

or better than the best PLQY reported for these systems by any method till date.
22, 32

 

Similarly, the violet-emitting APbCl3 NCs, especially all-inorganic CsPbCl3 NCs display  
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Figure 5.2. UV-Vis absorption and PL spectra of (A) CsPbBr3, (B) MAPbBr3 and (C) 

FAPbBr3 NCs. The excitation wavelength (λex) was 400 nm in each case. Digital images 

of the respective NCs under 365 nm UV illuminations are also shown in the insets. 

impressive optical properties (Figure A3.6). A PLQY of 70±2% for violet-emitting 

CsPbCl3 NCs (λem = 406 nm, Figure A3.6G) is quite remarkable as it represents one of 

the highest reported values for this system obtained by any direct method of synthesis 

(Table A3.2).
6, 24, 25, 32

 An important point to note here is that a stoichiometric amount of 

DCDMH produces these brightly luminescent CsPbCl3 NCs (Table A3.2), unlike earlier 

cases, where much higher amount of chloride precursor was necessary.
6, 24, 25, 32

 We found 

that an excess amount of DCDMH did not have much influence on the PLQY of the 

system initially, but the PLQY dropped for Pb:Cl precursor ratio exceeding 1:7 (Figure 

A3.11). The hybrid MAPbCl3 and FAPbCl3 NCs, which emit in the 396 - 400 nm region, 

are however, found to be poorly luminescent with PLQY of 3.3±0.2% and 1.2±0.1%, 

respectively (Figure A3.6H-I, Table 5.1). The violet-emitting CsPbCl3, MAPbCl3 and 

FAPbCl3 NCs show narrow FWHM of 10, 11 and 13 nm, respectively. Another point to 

note in this context is that, in case of MAPbCl3 NCs, 1:3 Pb:Cl molar precursor ratio 

results in formation of undesired PbCl2 (Figure A3.12), which is, however, not surprising 

as PbCl2 formation during the preparation of MAPbCl3 NCs is reported earlier.
32

 To avoid 

this problem, a lower Pb:Cl ratio (1:1.5) is used for synthesis of this system (Figure 
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A3.12B). The reaction parameters and optical properties of all APbX3 NCs (including the 

iodides obtained in Chapter 4)
33

 are collected in Table 5.1. 

Table 5.1. Reaction conditions and PL characteristics of the APbX3 NCs. 

Samples Temp.
(°C) 

Pb:X OA   
(mL) 

OAm 
(mL) 

PLQY 
(%) 

FWHM 
(nm) 

λem 
(nm) 

Ref. 

CsPbBr3 210 1:3 2.0 2.0 99±1 19 513±1  

 

 

This 
work 

MAPbBr3 165 1:3 1.5 0.5 99±1 21 520±2 

FAPbBr3 165 1:3 1.5 0.5 99±1 20 533±2 

CsPbCl3 210 1:3 2.0 2.0 70±2 10 406±1 

MAPbCl3 95 1:1.5 2.0 0.4 3.3±0.2 11 397±1 

FAPbCl3 95 1:3 2.0 0.8 1.2±0.1 13 400±1 

CsPbI3 210 1:3 1 1 96±2 32 660±1  

33 MAPbI3 85 1:3 1.6 0.8 74±2 41 740±1 

FAPbI3 85 1:3 1.6 0.8 67±2 47 761±2 

 

We examined the PL decay characteristics of the NCs to understand the 

associated photophysical processes. All three green-emitting (APbBr3) NCs exhibit bi-

exponential decay kinetics, but the violet-emitting (APbCl3) NCs display a 3-component 

decay profile (Figure 5.3, A3.13). Specifically, PL decay of the CsPbBr3 NCs (Figure 

5.3A) consists of 4.97 (73%) and 12.50 (27%) ns lifetime components (Table A3.3). 

While the major (4.97 ns) component arises from excitonic recombination, the longer 

component is assigned to shallow trap-mediated excitonic recombination.
6, 22, 36

 Absence 

of any sub-nanosecond component indicates that these NCs are free from surface defect 

related non-radiative recombination channels.
22

 Indeed, CsPbBr3(II) NCs, which are 

 

 

 

 

 

 

 

 

Figure 5.3. PL decay profiles of (A) CsPbBr3 and (B) CsPbCl3 NCs. For recording the 

PL decay curves laser sources of 404 and 376 nm were used, and the PL was monitored 

at 513 and 406 nm for the CsPbBr3 and CsPbCl3 NCs, respectively. 
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prepared using a lower bromide concentration (Pb:Br = 1:2), possess a sub-nanosecond 

component (0.61 ns, 12%) indicating the presence of surface defect states (Figure A3.14 

and Table A3.3). The PL decay of the CsPbCl3 NCs consists of 4.63 (19%), 20.72 (5%) 

and 0.47 (76%) ns lifetime components (Figure 5.3B). The shortest and major component 

(0.47 ns, 76%) is due to rapid nonradiative relaxation of the carriers through the trap 

states.
25, 37

 The absence of this trapping component for the CsPbBr3 NCs explains its 

higher PLQY compared to the CsPbCl3 NCs. The calculated radiative (kr) and non- 

radiative (knr) rate constants of the systems give further insight into the charge carrier 

recombination processes. A much higher kr/knr value for CsPbBr3 NCs compared to 

CsPbCl3 NCs (140 vs. 2.33) is in line with the PLQY values of the systems. The PL 

decay profiles and associated decay parameters of other APbX3 NCs are presented in 

Figure A3.13 and A3.14 and in Table A3.3. 

The early-time photophysical processes in these systems have been studied by 

femtosecond TA measurements (details in Chapter 2, section 2.3.3) and for a clear 

understanding of these events, we have compared the ultrafast carrier dynamics of the 

CsPbBr3 NCs and CsPbBr3(II) NCs. As can be seen (Figure 5.4), the TA spectra 

comprising excitonic bleach (ΔA= -ve) at ~509 nm and transient absorption (ΔA= +ve) in 

the lower wavelength region (470 - 490 nm), are quite similar for both samples.
38, 39

 

However, the recovery of bleach in CsPbBr3 NCs is substantially smaller than that in 

CsPbBr3(II) NCs (~20% vs. ~46% in initial ~600 ps, Figure 5.4A and 5.4B) due to slower 

bleach recovery kinetics in the former system and this is clearly seen in Figure 5.4C. 

Moreover, while the bleach recovery is bi-exponential for the CsPbBr3(II) NCs 

comprising a 53.2±5 ps component due to carrier trapping and a >1000 ps due to direct 

recombination (Table A3.4),
39-41

 the dynamics is single exponential comprising only the 

long component in the case of CsPbBr3 NCs (Figure 5.4C). Similarly, though the TA 

spectra of CsPbCl3 and CsPbCl3(II) NCs are similar (Figure 5.4D and 5.4E), the bleach 

recovery kinetics of the CsPbCl3 NCs (Figure 5.4F) is found to be bi-exponential 

comprising a trapping component of 5.9±1.6 ps (27%, Table A3.4) unlike a 3-component 

decay of the CsPbCl3(II) NCs consisting of two dominant (total 85%) ultrafast trapping 

components (5.8±0.3 and 74.8±5 ps) and a long direct recombination component (>1000 

ps).
42

 We have also performed an fs-TA experiment on the violet-emitting hybrid NCs 

(Figure A3.15) for the first time. The bleach recovery kinetics of these NCs are tri-

exponential with large contribution (~86-89%) of ultrafast trapping component (Table 

A3.4) consistent with poor PLQY of these samples. 
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Figure 5.4. TA spectra of (A) CsPbBr3 and (B) CsPbBr3(II) NCs. (C) A comparison of the 

bleach recovery dynamics of the two samples. TA spectra of (D) CsPbCl3, (E) 

CsPbCl3(II) and (F) bleach recovery dynamics of the two NCs. The NCs were excited at 

350 nm by fs-laser pulses and the bleach recovery dynamics were monitored at respective 

bleach maxima. 

The universality of the present method is examined by extending the synthesis to 

mixed-halide CsPb(Cl/Br)3 and CsPb(Br/I)3 NCs as well. The mixed-halide NCs were 

obtained readily using appropriate quantities of two halide precursors during the reaction 

(Table A3.5). The blue-emitting CsPbCl2Br, CsPbCl1.5Br1.5 and CsPbClBr2 NCs exhibit 

outstanding PLQY of 87±1%, 95±1%, 96±1% with PL peak between 431 and 478 nm 

and narrow FWHM (Figure 5.5A, Table A3.6), as compared to commonly observed 

PLQY of <40% of these systems.
43-45

 These values are impressive as they are comparable 

or better than the PLQY of previously reported blue-emitting NCs obtained by other 

direct methods (Table A3.7).
25, 46

 The yellow-orange-emitting CsPb(Br/I)3 NCs also 

display excellent PL properties as exemplified by narrow FWHM and PLQY of 68±2 to 
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Figure 5.5. UV-Vis absorption and PL spectra of (A) blue-emitting CsPb(Cl/Br)3 and (B) 

yellow-orange-emitting CsPb(Br/I)3 NCs obtained by using mixture of different DXDMH. 

The insets show digital photographs of the respective NCs under 365 nm UV light with 

their PLQY values. 

98±1% (Figure 5.5B, Table A3.6). We are not aware of any literature reporting this high 

PLQY of these mixed-halide NCs emitting in the 531 - 635 nm region by any direct 

synthetic method. PL decay profiles of the mixed-halide NCs are mostly tri-exponential 

with major contribution from the band-edge radiative recombination process (Figure 

A3.16 and Table A3.8). Thus, a wide 430 - 635 nm range is covered by these directly 

synthesized mixed-halide NCs (Figure A3.17). This wavelength range extends much 

wider (395 - 760 nm, Figure 5.6) when the results of our recent work (in Chapter 4) 

following this generic strategy is taken into consideration.
33

 

 

 

 

 

 

 

 

Figure 5.6. (A) PL spectra of all APbX3 (X = Cl, Br and I) and mixed-halide NCs 

prepared by our method (including data from Chapter 4 on APbI3 NCs) showing the wide 

window of PL. (B) Digital photographs of the colloidal solutions of the CsPbX3 NCs 

under UV illumination. 

Bright-field TEM images indicate cubic morphology of these mixed-halide NCs 

with an average size of ~6.9 - 10 nm depending on the halide compositions (Figure 

A3.18). Furthermore, a linear shift of the PXRD diffraction peak toward lower angle, 
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while moving from chloride- to iodide-based NCs (via the bromide ones), also indicates 

uniform cubic crystal structure of all these mixed-halide NCs (Figure A3.19). 

The great effectiveness of DXDMH as halide precursor even at room-temperature 

(RT) is evident from instantaneous post-synthetichalide exchange reactions on the as-

synthesized NCs. For example, a green colloidal dispersion of pre-synthesized CsPbBr3 

NCs turns violet (or red) instantly on addition of a small amount of hexane solution of 

DCDMH (or DIDMH) in OA and OAm due to rapid anion exchange reactions at ambient 

condition (Figure A3.20). This allows tuning of the PL peak position of the NCs post-

synthetically over a wide range (~410 to 660 nm) using appropriate DXDMH. High 

reactivity of these halide precursors even at RT is quite impressive considering that 

commonly used metal halide solutions for halide-exchange are not very effective in non-

polar media or they induce phase transformation of the system.
47 We have also examined 

post-synthetic A-site cation (Cs
+
 here) exchange at RT by treating the CsPbBr3 NCs with 

dilute FA–oleate solution in hexane. A gradual red-shift of the PL maximum from ∼513 

to ∼530 nm in 15 min suggests partial replacement for Cs
+ 

with FA
+
. The PLQY of the 

system is however not affected by this exchange (Figure A3.21). 

Lack of long-term stability of the perovskite NCs is a major issue and a variety of 

methods, which include protective coating of the surface with an inert layer,
48-50

 ligand 

engineering,
20, 24, 51

 in situ modification,
52, 53

 doping,
40, 42

 etc. have been attempted for 

enhancing their stability. The NCs obtained by our method are found to be exceptionally 

stable under atmospheric conditions and in presence of polar solvent like water. For 

example, PLQY of the CsPbBr3 NCs decreases only ~16% after 70 days in ambient 

condition (Figure 5.7A) with no change in PL peak position (Figure A3.22A). Unchanged 

PXRD patterns and TEM images recorded after storing the sample for 60 days under 

ambient condition suggest excellent phase stability of these NCs (Figure 5.7B and 5.7C). 

Excellent photostability of these NCs is evident from only 15% reduction of PLQY after 

~38 h of continuous UV illumination (Figure A3.22B). The perovskite NCs readily 

degrade in polar environment due to their ionic nature. However, the CsPbBr3 NCs 

obtained by this method display significant resistance to water retaining ~75% PLQY in 

presence of water even after a day of storage under ambient condition (Figure 5.7D). The 

hybrid MAPbBr3 and FAPbBr3 NCs too are highly stable under atmospheric condition. 

The impressive air stability of these systems is evident from 80-82% PLQY and cubic 

morphology even after 80 days of storage under ambient conditions (Figure A3.23-25). 

The hybrid systems are generally not very stable; they undergo rapid photo-degradation 

with concomitant shift of the PL peak wavelength.
54

 A PLQY of 82-87% of the hybrid 
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Figure 5.7. (A) Stability of colloidal CsPbBr3 NCs stored under ambient condition. Inset 

shows digital image of a films of the NCs under UV light stored in ambient condition for 

one month. (B) PXRD patterns of the NCs after 60 days. (C) TEM images of the NCs after 

the same period of time. Scale bar is 50 nm. (D) Time-dependent change of PLQY of the 

CsPbBr3 NCs in presence of polar solvent (water). Digital images at different time 

intervals under UV light are shown in the inset. 

systems after a long time under continuous illumination of UV light without any shift of 

PL peak and change of FWHM indicates much better photostability of these NCs (Figure 

A3.23 and A3.24). The stability of the violet-emitting CsPbCl3 NCs is also quite 

impressive. A PLQY of 55% and 58% is still maintained after ~45 days of storage under 

ambient condition and 24 h under continuous illumination at 365 nm by a UV lamp, 

respectively (Figure A3.26). A major problem with the mixed-halide systems is halide 

migration, which causes continuous drifting of the PL peak.
55

 However, our mixed-halide 

systems show distinctive stability with a PLQY of 85-90% without any change in PL 

peak position and FWHM even after 25 days of storage in ambient condition (Figure 

A3.27). However, the violet-emitting MAPbCl3 and FAPbCl3 NCs show poor stability 

under ambient condition with a PLQY of only 1.6% and 0.2%, respectively after ~7 days 

of storage (Figure A3.28). The exceptional characteristics of the NCs obtained by the 

present method becomes clear when these are compared for different green- and violet- 

emitting samples obtained by other direct synthetic methods (Table A3.9). 

A separate halide precursor is used in three-precursor method of synthesis of the 

lead-halide perovskite NCs. Under the reaction condition, the halide precursor generates 
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HX that reacts with oleylamine to form OAm
+
X

-
, which serves as the active source of 

halide in reaction medium (Scheme A3.1). Benzoyl halides are good choice as halide 

precursor
32

 as they readily produce HX upon nucleophilic attack by OA and OAm at the 

electron-deficient carbonyl carbon.
56

 On the other hand, the N-haloimides (NXIm, Scheme 

5.2) like N-halosuccinimide or N-halophthalimide, produce HX by protonation of one of 

the carbonyl oxygens followed by nucleophilic (oleate ion) attack at the halogen center.
22, 

57
 A key point to note here is that in NXIm, X is electrophilic due to the presence of two 

electron withdrawing carbonyl groups linked to the nitrogen with which X is attached. 

Protonation of the carbonyl oxygen further enhances the electrophilicity of X making its 

release as HX easier upon nucleophilic attack by oleate.
57

 This explains the effectiveness 

of NXIm as a halogenating agent for all green and selective violet-emitting NCs. 

However, the chloro/iodo-based hybrid systems are not formed or of poor quality (like 

 

 

 

 

 

 

Scheme 5.2. Increased effectiveness of DXDMH over NXIm towards nucleophilic attack 

leading to the formation of HX. The N(1) halogen in DXDMH is marked for convenience. 

CsPbI3) using NXIm. In the case of DXDMH, HX formation is much more facile because 

of the presence of an additional halogen at N(1), which acts as an inductive activator of 

the N(3) halogen (the actual source of halogen) and makes it much more electrophilic 

than that in NXIm (Scheme 5.2).
58, 59

 Facile formation of HX in the reaction medium 

generates in situ OAm
+
X

-
, which acts as a source of active halide and also, a surface 

passivating ligand for the APbX3 NCs. Instantaneous post-synthetic halide excange 

reactions at RT (Figure A3.20) shows the ease of formation of HX (and OAm
+
X

-
) from 

DXDMH. Therefore, when the halogen atom of the halide precursor is electron deficient 

(like in DXDMH) or directly attached to an electron withdrawing group (EWG) (like 

C=O in benzoyl halides
32

 or P=O in PhPOCl2
24

), nucleophilic attack at the halogen center 

or electrophilic center of the EWG, leads to facile generation of HX and subsequent 

formation of OAm
+
X

- 
and high quality perovskite NCs. Table A3.10 summarizes the 

advantages and disadvantages of popular halide precursors used in hot-injection method 

of synthesis. 
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The factors responsible for the exceptional characteristics of the present NCs are 

identified as follows using the CsPbBr3 NCs as model system. The EDX measurements, 

which show a Cs:Pb:Br ratio of 0.80:1.00:3.15 in these NCs (Figure 5.8A), indicate a 

bromide-rich surface of these NCs as compared to the bromide deficient CsPbBr3(II) NCs 

(Figure 5.8A and A3.29), which exhibit poor stability under ambient condition (Figure 

A3.30). The XPS measurements provide additional insight on the chemical environment 

of the elements. The XPS survey spectra confirm the presence of all constituent elements 

of CsPbBr3 NCs (Figure A3.31). The Pb 4f XPS core-level spectrum shows 

characteristics Pb 4f5/2 and Pb 4f7/2 peaks at 143.17 and 138.27 eV, respectively (Figure 

5.8B),
52

 but, for CsPbBr3(II) NCs, each signal consists of two clearly resolvable peaks 

representing two different chemical environments of Pb (Figure 5.8C); the signals with 

higher and lower binding energy are assigned to Pb-Br (138.23 and 143.09 eV) and Pb-

oleate (136.14 and 141.02 eV), respectively.
60, 61 

The latter is a reflection of bromide 

vacancy related surface defect in CsPbBr3(II) NCs, which is absent in CsPbBr3 NCs. The 

atomic percentage ratio calculated from the XPS data (insets of Figure 5.8B, 5.8C and 

Table A3.11) matches that obtained from EDX measurements (Figure 5.8A) and further 

confirm bromide rich surface of the CsPbBr3 NCs.
52

 The core-level Br 3d XPS spectrum 

(Figure A3.32) shows Br 3d3/2 and Br 3d5/2 signal, representing the bromide ions at the 

surface and core, respectively.
62

 The much intense and blue-shifted (~0.12 eV) Br 3d3/2 

peak of the CsPbBr3 NCs compared to CsPbBr3(II) NCs corroborates the bromide rich 

surface of the CsPbBr3 NCs (Figure A3.32A).
52, 62 

Similarly, a chloride rich surface of the 

CsPbCl3 NCs compared to the CsPbCl3(II) NCs is also observed (Figure A3.33). A point 

to note in this context is that atomic % of chloride in CsPbCl3 NCs is very similar for 

Pb:Cl precursor molar ratio between 1:3 and 1:7 (Table A3.12). However, for ratios >1:7, 

the formation of PbCl2 as a byproduct (Figure A3.34) decreases the effective amount of 

chloride in the reaction medium and the CsPbCl3 NCs formed under this condition 

contain a lower atomic % of chloride and are weakly luminescent (Figure A3.11A).  

The surface ligand environment, which influences the optical properties and 

stability of the perovskite NCs,
63, 64

 is determined by 
1
H NMR and FTIR studies. The 

1
H 

NMR spectrum of purified CsPbBr3 NCs (Figure A3.35) shows two broad signature 

peaks of the α-protons (-NH3
+
) and β-protons (-CH2-NH3

+
) of OAm

+ 
at ~7 and ~3.6 

ppm,
64

 respectively, indicating the presence of OAm
+
 at the surface of the NCs and the 

broadness of these two peaks (denoted as a and b) suggests firm anchoring of OAm
+ 

on 

the surface.
33, 64

 In this context, it may be noted that the NMR signal for the three α-

protons of OAm
+ 

in the present case appears as a broad singlet,
63, 64

 not as a multiplet.
27

 In 



Direct Synthesis of High ….. Chapter 5 

 

 Page 109 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. (A) EDX spectra of CsPbBr3 NCs. The claculated atomic % ratio of the 

CsPbBr3 and CsPbBr3(II) NCs obtained from the EDX measurements are provided in the 

inset. High-resolution Pb 4f XPS signal of the (B) CsPbBr3 and (C) CsPbBr3(II) NCs. 

Inset shows the atomic % ratio (with respect to lead) of the respective samples calculated 

based on the XPS results. (D) Schematic representation of halide rich surface of the 

synthesized APbX3 NCs, showing direct binding of oleylammonium on the surface. 

contrast, sharp nature of the characteristic peak of the oleate ion at ~2.4 ppm (labeled as 

c) indicates that oleate ion is not bound to the surface, but present in solution,
33, 64

 

suggesting a bromide rich surface and absence of uncoordinated surface Pb
2+

 of the NCs. 

This finding is consistent with the XPS data presented earlier, where no signature of Pb-

oleate was observed for CsPbBr3 NCs (Figure 5.8B). The asymmetric and symmetric 

bending absorption of the N
+
-H bond at ~1641 and 1548 cm

-1
 in the FTIR spectrum 

further establishes anchoring of OAm
+ 

on the surface (Figure A3.36).
27

 A halide-rich 

surface attracts a greater number of OAm
+
 and provide them access to some of the 

surface exposed A-sites and allow replacement of some Cs
+
 ions.

26
 A higher N/Pb ratio 

and low Cs
+
 content in CsPbBr3 NCs (Figure 5.8B inset and Table A3.11) support this 

picture. It is thus evident that strongly bound OAm
+ 

provides a robust ligand environment 

at the surface that contributes to the exceptional stability of the NCs.
27, 33

 Moreover, the 

hydrophobic environment of OAm
+ 

protects the NCs from moisture and polar solvents 
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preventing or slowing down the decomposition of optically active inorganic framework.
33

 

Although OA is not bound to the surface, it maintains an optimum concentration of oleate 

and OAm
+
 ligands and provides colloidal stability.

64
 Therefore, OAm

+
X

-
 produced in situ 

creates a halide-rich surface of the NCs that eventually turns into an oleylammonium-lead 

halide terminated surface by replacing some of the surface Cs
+
 that endows exceptional 

characteristics to the NCs (Figure 5.8D). 

 

5.3. Conclusions 

It is shown that high quality all-inorganic and hybrid lead halide perovskite APbX3 NCs 

(where A= Cs
+
, MA

+
 or FA

+
 and X= Cl

-
, Br

-
 or I

-
) emitting in the 395 - 760 nm region 

can be obtained in direct synthesis by a generic method using DXDMH as halide 

precursors. The high phase purity, narrow size distribution, high PLQY and excellent 

stability (except for MAPbCl3 and FAPbCl3 NCs) of such large collection of NCs 

obtained by a common method are attributed to the efficacy of this class of halide 

precursors facilitating formation of oleylammonium-lead halide terminated surface, 

which passivates the defect states and provides necessary protection to the NCs. The 

present work not only provides a generic methodology for direct synthesis of good 

quality APbX3 NCs, but also provides useful insight for design and development of even 

better APbX3 NCs. 
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Direct Synthesis of Exceptionally Stable and Intense Violet 

Emitting CsPbCl3 Nanocrystals: A Paradigm of  
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Overview 

Poor PLQY and stability of the violet-emitting CsPbCl3 NCs is responsible for very low 

efficiency of the violet-LEDs (<435 nm) based on these substances. Herein, we report a 

direct method of obtaining CsPbCl3 NCs with exceptional characteristics employing 

diphenlyphosphoryl chloride, which serves not only as an efficient chloride precursor, but 

also prevents protonation of the amine ligand. High PLQY (~87%) and remarkable 

stability of these NCs in polar environment, at high temperature and with low density 

capping ligands are attributed to strong L-type coordination of the unprotonated amine 

ligand with Pb
2+ 

of a PbClx-terminated surface. A high-performance violet-LED with 

ultrapure electroluminescence at 410 nm, narrow bandwidth of 12 nm and external 

quantum efficiency of ~0.16-0.19 % is achieved using these NCs as emitting material. 

The results not only provide a new approach to obtaining quality CsPbCl3 NCs, but also 

highlight their potential in optoelectronic devices in this challenging high-energy spectral 

region. 
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6.1. Introduction 

Growing demand for low-cost luminescent devices has drawn worldwide attention 

towards the CsPbX3 (X= Cl, Br or I) perovskite NCs because of their high PLQY, narrow 

PL bandwidth, halide composition dependent PL tunability and easy solution 

processability.
1-3

 While the luminous efficiency of the blue- and green-/red-emitting 

perovskite LEDs has reached over 12.3 and 20%, respectively,
4-6

 that of the violet-LEDs 

(<435 nm) is still way behind (0.25%)
7-9

 because unlike the green- and red-emitting 

counterparts, the large band-gap CsPbCl3 NCs are weakly luminescent (PLQY typically 

<5%) due to high density of the deep trap states arising from chloride vacancies and less 

stable due to the distorted [PbCl6]
4- 

octahedra.
3, 10-14

 

Following the first synthesis of the CsPbCl3 NCs,
15

 a number of methods have 

been developed later employing independent source of chloride for obtaining more 

luminescent systems.
16-20

 However, these moderately stable NCs
17, 18

 are not good enough 

for applications like LEDs due to the insulating nature of high density long-chain capping 

ligands.
21, 22

 Except for a very recent work by Qi and co-workers, who succeeded in 

obtaining strongly luminescent (PLQY ~71%) and stable CsPbCl3 NCs with low density 

surface capping ligands, and fabricated LED with an efficiency of ~0.18% using these 

systems,
19

 we are not aware of any other work reporting such desired qualities of these 

NCs. 

In this work, for synthesis of the CsPbCl3 NCs, we have used diphenlyphosphoryl 

chloride [(PhO)2POCl, Figure 6.1A] as chloride precursor as it is expected to be more 

efficient than Ph2POCl, a chloride precursor reported to be superior to widely popular 

benzoyl chloride and PhPOCl2,
23

 due to stronger inductive (–I) effect of the phenoxy 

groups compared to the phenyl moieties.
24, 25

 The results show that the NCs obtained by 

our method not only exhibit intense violet emission, but they also maintain bright 

emission and phase even for low density of surface ligands, which allow fabrication of 

down-converted violet-LED employing these NCs with ultra-narrow electroluminescence 

(EL) peaking at 410 nm and luminous efficiency of ~0.16-0.19%. 

 

6.2. Results and Discussion 

An excess amount of (PhO)2POCl was swiftly injected into a solution of the Cs- and Pb-

precursors containing oleic acid (OAH) and OAm in ODE maintained at 220°C. 

Immediate appearance of white precipitate indicated formation of the CsPbCl3 NCs, 

which were washed using a mixture of hexane and MeOAc and collected through 
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centrifugation followed by re-dispersion in hexane (details in Chapter 2, section 2.2.3.4). 

The reaction temperature and chloride concentration were found to be crucial for overall 

quality of these NCs. A Pb:Cl precursor molar ratio of 1:9 and a temperature of 220°C 

yielded the best quality NCs (Figure A4.1). A lower concentration of the Cl precursor or 

a lower reaction temperature yielded inhomogeneous NCs with low PLQY (Figure A4.2). 

Bright field TEM images show cubic morphology and a tight size distribution of 

the NCs with average edge-length of ~8.7±1.2 nm (Figure 6.1B, A4.3 and A4.4). Clearly 

observable lattice fringes in the high-resolution image indicate high crystallinity of the 

CsPbCl3 NCs (Figure 6.1B, inset) and a lattice spacing of ~0.56 nm corresponding to the 

(100) planes, which is in agreement with literature.
20

 The PXRD pattern matches with the 

cubic crystal structure (ICSD Code: 23108) of the NCs
16

 (Figure 6.1C) and suggests high 

phase purity of the sample.  

The steady state UV-Vis absorption and PL spectra of the NCs (Figure 6.1D) 

show excitonic absorption at ~402 nm and PL maximum at ~405 nm with narrow 

bandwidth (fwhm ~10 nm). The PLQY of the NCs, measured to be ~87%, is the second 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. (A) Chemical structure of tetrahedral (PhO)2POCl. (B) Bright-field TEM 

images of the CsPbCl3 NCs (scale bar 50 nm). Inset shows HRTEM image of the NCs 

with a lattice spacing of 0.56 nm.  (C) PXRD patterns of the NCs. (D) UV-Vis absorption 

and PL spectra of the NCs. Inset shows digital image of a colloidal solution of the NCs 

under UV exposure (365 nm, 8W/cm
2
). (E) PL decay kinetics of the NCs monitored at 405 

nm (λex = 375 nm). 
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best reported value of the CsPbCl3 NCs till date (Table A4.1).
16-20

 The average PL 

lifetime (<τ>) of 2.30 ns for these NCs is comparable to the brightly luminescent CsPbCl3 

NCs (Figure 6.1E).
17, 19, 26

 

While surface ligands are essential for the stability and PL of the CsPbCl3 NCs, 

high density of the most commonly used surface capping ligands like OAH and OAm 

hinders charge flow across the surface due to insulating nature of the long chains.
21, 27, 28

 

Replacement of the long chain ligands with smaller ones improves charge 

transportation,
21, 27

 but it sometimes trigger unwanted growth of the NCs resulting in a 

change of morphology and emission characteristics.
19, 29, 30

 Lowering the density of the 

capping ligands by washing of the NCs can improve the charge flow across the surface. 

However, in the case of CsPbCl3 NCs, this is reported to form non-emissive CsPb2Cl5 

NCs.
31

 Interestingly, unlike earlier reports,
31, 32 

our NCs exhibit fairly strong emission 

even after multiple cycles of washing by polar (MeOAc) and non-polar (hexane) solvents 

(details in Chapter 2, section 2.2.3.4), monitored by periodic removal of the ligand by 

FTIR measurements (Figure A4.5). For example, these NCs exhibit a PLQY of >67 and 

>71%, respectively after five cycles of washing with MeOAc (Figure 6.2A) and hexane 

(Figure 6.2B) without any shift in the absorption or PL maximum (Figure A4.6). The 

unchanged PXRD patterns (Figure 6.2C and A4.7) and TEM images (Figure 6.2D and 

A4.7) indicate intact crystal phase and morphology of the NCs even after multiple 

washing. The stability of the NCs is quite remarkable even beyond five cycles of 

washing. After 10 cycles of washing with MeOAc and hexane, the NCs exhibit PLQY of 

~43% and ~52%, respectively (Figure 6.2A and 6.2B) with very little change in crystal 
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Figure 6.2. Variation of PLQY of the NCs on repeated washing with (A) MeOAc and (B) 

Hexane. (C) PXRD patterns of the NCs before and after multiple cycles of washing with 

MeOAc. Bright-field TEM images of the NCs after (D) five and (E) ten washing cycles 

with MeOAc. (F) Bright-field TEM images of the NCs after ten cycles of washing with 

hexane.  Insets in Figures (A) and (B) show digital images of the NCs solution before and 

after different cycles of washing with respective solvents. The arrows in Figure (F) point 

to the attached corners of the NCs after washing with hexane. 

structure and morphology (Figure 6.2C, 6.2E, 6.2F and A4.7). A few low intensity 

diffraction peaks observed between 10-20 degrees after ten cycles of washing with 

MeOAc indicate formation of small amount of non-emitting CsPb2Cl5 in the sample 

(Figure 6.2C).
31, 32

 This becomes more clear from the TEM and PXRD data (Figure A4.8) 

of the samples recorded after 14 cycles of washing. The size of the NCs increases slightly 

due to removal of the surface ligands
21, 33 

beyond ten cycles of washing. This leads to 

small (~ 2 nm) red-shift of the absorption and PL spectra of the NCs (Figure A4.6). Very 

low ligand density after ten cycles of washing with hexane exposes the surface of the 

NCs and facilitates fusion of the adjacent nanocubes through their corners (Figure 6.2F, 

white arrows).
34

 A comparison of the structural and optical stability data of the CsPbCl3 

NCs obtained by different methods reveals superior resistivity of the present NCs towards 

repeated washing (Table A4.2). 

Distinctive stability of these NCs under different external stress condition is 

evident from the fact that even after two days of contact with water the NCs exhibit a 

PLQY of ~64% (Figure 6.3A) with unchanged FWHM and PL peak position (Figure 

A4.9A). Bright emission can also be seen in presence of ethanol (Figure A4.10). A PLQY 

of ~80% (Figure 6.3B) with unchanged PL peak position (Figure A4.9B) even after 10 h 

of continuous exposure to 365 nm UV radiation demonstrates excellent photostability of 

these NCs. Unchanged PXRD patterns with bright emission after continuous heating for 

over 10 h reflects remarkable thermal stability of these NCs (Figure 6.3C). Exceptional 

stability of these NCs under atmospheric conditions is evident from unchanged PXRD 

pattern (Figure 6.3D), TEM images (Figure 6.3E) and a PLQY of ~79% (Figure 6.3F) 

after 48 days of storage under ambient condition. A vis-a-vis comparison of the CsPbCl3 

NCs prepared by different three-precursor methods (Table A4.3) clearly places the 

present NCs atop as far as their optical properties and stability are concerned. 

To determine the factors that contribute to the remarkable characteristics of these 

NCs, we first examine the surface ligand environment. We note that (PhO)2POCl is not 
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Figure 6.3. (A) Change in PLQY of the CsPbCl3 NCs in presence of water as a function 

of time. (B) Photoinduced change in PLQY of the NCs under continuous illumination of 

UV light (365 nm, 8W/cm
2
). (C) PXRD patterns of the NCs before and after heating at 

85°C for 10h. (D) PXRD patterns, (E) TEM images and (F) change in PLQY of the NCs 

after 48 days of storage under ambient condition. The inset in Figure (A and B) and (C-

D) shows digital images of the NCs solution and films, respectively, under UV light. 

Digital images of the as-synthesized and aged NCs under sunlight (left) and UV light 

(right) are shown in the inset of Figure (F). 

merely a chlorinating agent, but can also passivate the surface of the NCs through the 

lone pair of electrons (O of the P=O moiety and Cl).
23

 However, the absence of 

characteristic P=O stretching absorption (at ~1298 cm
-1

)
35

 in the FTIR spectrum (Figure 

A4.11) and lack of any signal due to ‘P’ both in the 
31

P-NMR and core-level XPS 

spectrum (Figure A4.12) rule out the possibility of (PhO)2POCl acting as a surface 

capping agent. 

The 
1
H-NMR spectrum of oleylammonium (OAmH

+
)-capped perovskite NCs 

commonly shows two broad singlet at ~3.5 and ~7.0 ppm, respectively, due to the β-

protons (-CH2-NH3
+
) and α-protons (-NH3

+
) of the surface-bound long-chain ammonium 

ligand.
36, 37 

The 7.0 ppm α-proton signal sometimes appears as a multiplet.
38

 However, for 

our CsPbCl3 NCs, only a sharp singlet at ~2.9 ppm due to the β-protons (Figure 6.4A) is 

observed. Absence of the signature peak of the α-protons and consequent up-field shift of 

the β-protons signal (by ~0.6 ppm) indicate that these NCs are capped by unprotonated 

(L-type) OAm ligand instead of conventional protonated OAmH
+
.
19, 39

 The ~42.28 ppm 
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peak in the 
13

C-NMR spectrum of the NCs (Figure A4.13), which is due to the α-carbon 

of neutral OAm, further confirms unprotonated nature of the ligand (signal due to the α-

carbon of OAmH
+
 capped NCs was expected at ~39.6 ppm

39
).

40
 Therefore, it becomes 

clear that the CsPbCl3 NCs are capped with L-type unprotonated OAm ligand. 

The surface ligand coverage of the NCs is assessed by monitoring the intensity of 

the signature peak of the oleyl protons (at ~5.34 ppm) in the 
1
H-NMR spectra after 

successive washing with MeOAc (Figure A4.14).
21, 33 

The number of ligands per unit 

surface area (often termed as ligand density, details in Chapter 2, section 2.5) in as-

synthesized, five- and ten-times MeOAc-washed samples is estimated to be ~5.34, 3.92 

and 0.43 nm
-2

, respectively (Table A4.4), indicating effective removal of excessive 

insulating ligands upon repeated washing. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. (A) 
1
H-NMR spectrum of the as-synthesized NCs in CDCl3 and an illustration 

of the plausible acid-base equilibrium between OAH and OAm (R= alkene part) in the 

current method of synthesis. (B) Core level ‘N 1s’ spectrum of the NCs and its 

deconvolution indicating the contribution due to the protonated and unprotonated 

amines. (C) Atomic % ratio of the CsPbCl3 NCs estimated from the XPS results. The 

presented XPS data is calibrated with respect to ‘C 1s’ signal at 285.0 eV. 

Valuable information on the surface ligand chemistry is obtained from the core-

level ‘N 1s’ XPS spectrum. Close inspection of the ‘N 1s’ high-resolution signal shows a 

hump towards the higher binding energy region (Figure 6.4B), deconvolution of which 
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yields two peaks at ~400.1 and ~401.9 eV, characteristics of unprotonated amine (-NH2) 

and protonated ammonium (-NH3
+
), respectively, of the surface ligand.

39, 41 
The estimated 

weightages of free and protonated species (~92% and ~8%, respectively) clearly show 

that these NCs are indeed largely passivated by the L-type (unprotonated) OAm ligand. 

This uncommon surface passivation with free amine can be explained considering strong 

affinity of the ‘P=O’ moiety towards the acidic proton of OAH,
42 

which protonates the 

former and reduces the concentration of protonated OAm in the reaction medium (Figure 

6.4A, Inset),
19 

thus facilitating such L-type passivation of the NCs. 

A chloride rich surface usually enhances the PL of the CsPbCl3 NCs.
16, 17, 43 

However, the XPS data of the present NCs (Figure 6.4C and Table A4.5), shows sub-

stoichiometric chloride content (Cs:Pb:Cl ratio of 0.53:1.0:2.73), suggesting a PbClx-rich 

surface (vide later).
19, 30 

As the EDX data is also in agreement with the XPS data (Figure 

A4.15), it is clear that the present CsPbCl3 NCs are passivated by L-type neutral OAm 

ligand through coordinate bonding with Pb
2+ 

on a PbClx-rich/terminated surface. 

The organic-inorganic interface of the perovskite NCs passivated by OAmH
+ 

is 

highly dynamic in nature due to its loose association with the surface.
44, 45 

Deprotonation 

of OAmH
+
, bound to the surface chlorides through weak H-bonds,

36, 44 
by processes like 

OAmH
+
 + OA

-
 = OAm + OAH or OAmH

+
 + Cl

-
 = OAm + HCl leads to its desorption 

and sometimes results in concomitant removal of Cl
- 

from the surface, introducing Cl
- 

vacancy related surface defects.
44, 45 

However, in the present case, much stronger binding 

of the OAm ligand to Pb
2+ 

of a PbClx-terminated surface using the nitrogen lone-pair of  

 

 

 

 

 

 

 

 

Scheme 6.1. Schematic representation of (left) conventional CsCl-terminated (Cl-rich) 

CsPbCl3 NCs passivated by weakly H-bonded OAmH
+
 ligand and (right) PbClx-

terminated NCs passivated by strong coordination of unprotonated OAm ligand (L-type) 

at the surface. 

Cs+ Pb2+ Cl-

OAmH+ OAm

CsCl-terminated

(Cl-rich surface)
PbClx-terminated

strong covalently 
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electrons (similar to that reported for the CsPbBr3 NCs
39

) compared to traditional weak 

H-bonding interaction of OAmH
+ 

with Cl
- 
(Scheme 6.1) provides greater stability to the 

NCs under different external stresses and towards multiple washing. Strong binding of 

OAm with surface Pb
2+ 

effectively eliminates surface defects arising from under-

coordinated Pb
2+ 

explaining a high PLQY of ~87%, the second-best reported value till 

date for directly prepared samples of CsPbCl3 NCs (Table A4.1). Conventional OAmH
+
 

capped high-quality CsPbCl3 NCs on the other hand, show a PLQY of ~70%, which 

converts into poorly luminescent NCs (PLQY ~6%) after 10 cycles of washing with 

MeOAc (Figure A4.16). It is to be noted that repeated washing of the NCs removes not 

only the unbound ligands, but also some bound ligands (Scheme A4.1). Which results in 

a decrease of PLQY (Figure A4.17). However, the OAm protected NCs exhibit far better 

optical and phase stability for low density of surface ligands compared to the common 

OAmH
+
 capped NCs. Therefore, L-type association of the OAm ligand is key to 

providing greater protection and surface passivation of these high-quality CsPbCl3 NCs. 

To explore how removal of excess ligands influences the charge transport across 

the interface of CsPbCl3 NCs we have studied the current (I) – voltage (V) responses of 

the as-synthesized and ten times washed NCs deposited on FTO plates. A higher current 

density of the washed NCs compared to the as-synthesized NCs for any given voltage 

(Figure A4.18) indicates better charge transport properties of the washed samples. From 

an application point of view, as a proof-of-concept, we have fabricated down-converted 

LED using the washed NCs as emitting material on a commercial ultraviolet LED chip 

emitting at 365 nm. The fabricated LED exhibits ultrapure EL spectrum peaking at ~410 

nm with a narrow fwhm (~12 nm) under bias voltage of 3.5V (Figure 6.5A). The fwhm of 

the emission is narrower than that for the best performing perovskite-based violet-LED 

(Table A4.6).
7-9, 19

 Figure 6.5A (inset) shows digital image of the working violet-LED in 

dark. A comparison of the EL and PL spectra of the washed NCs shows that the EL arises 

only from the CsPbCl3 NCs (Figure 6.5A). A small red-shift (~3-4 nm) of the EL 

spectrum (in film) with respect to the PL spectrum (in solution) of the washed NCs 

(Figure 6.5A) is not uncommon.
7, 28

 The EL intensity (Figure A4.20) and output power 

(Figure 6.5B) of the LED increase monotonically with bias voltage without any change in 

shape and spectral position (Figure A4.19). A linear increase in output power (measured 

at the EL maximum) suggests negligible loss of the applied voltage under the operating 

condition. The estimated EQE of the device (~0.16 –0.19 %) is comparable to the highest 

value (~0.25%) achieved so far in the violet region for any lead-based or lead-free 

perovskite LEDs till date (Table A4.6).
8, 9, 19

 The calculated Commission Internationale 
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Figure 6.5. (A) Normalized EL spectra (dotted line) of the violet-LED under bias voltage 

of 3.5V. The PL spectrum (solid line) of the NCs is also shown for comparison. Inset 

shows a digital image of the working LED. (B) Output power and EQE at different bias 

voltage. (C) CIE coordinates of the fabricated LED. Inset provides zoomed in view of the 

coordinates. (D) Variation of EL intensity with running time at a fixed applied bias 

voltage of 3.5V. The EL spectra of the device before and after running for 3 h are shown 

in the inset. 

de l’Eclairage coordinate (CIE chromaticity), (0.18, 0.13), is located at the violet region 

of the chromaticity diagram (Figure 6.5C). The present fabricated LED works 

continuously for over 3h at a fixed applied voltage of 3.5 V (Figure 6.5D) retaining ~70% 

of its initial EL intensity under ambient condition (RH of ~50%) with unchanged spectral 

feature (Figure 6.5D inset) suggesting high colour purity of the device even in long run, 

highlighting great working stability of a device based on present CsPbCl3 NCs. 

 

6.3. Summary 

In short, phase pure, monodispersed and exceptionally stable CsPbCl3 NCs with a PLQY 

of ~87% is obtained in direct synthesis using a new chloride precursor that also 

suppresses protonation of the capping ligand. Strong L-type coordination of the 

unprotonated ligand with Pb
2+ 

on a PbClx-terminated surface contributes to the 

extraordinary features of these NCs. Possible utility of these strongly photoluminescent, 
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highly crystalline and stable NCs even for low density capping ligands in light-emitting 

applications is explored by fabricating a high-performance down-converted violet-LED 

with an ultra-narrow EL spectrum and high EQE of ~0.16-0.19%. The results provide a 

new route for obtaining efficient short wavelength perovskite-based optoelectronic 

devices. 
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Overview 

This chapter briefly summarizes the background and results obtained. Also, based on the 

current findings, future direction of studies and possible challenges are discussed. 
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7.1. Conspectus 

The thesis revolves around photophysical studies of lead-halide perovskite NCs, a newly 

emerged semiconductor of this century with great potential in light-emitting and 

absorbing applications. However, apart from the presence of toxic lead, these NCs suffer 

from poor PL efficiency and ambient stability which back-foot their promising utility in 

real applications. In this thesis, we have attempted to identify the factors responsible for 

these detrimental properties of the NCs and develop new strategies to partially overcome 

those challenges in achieving stable and brightly luminescent NCs. Since relaxation 

dynamics of the photoinduced transients is the key in achieving efficient devices of any 

materials, an in-depth understanding of the nonradiative and radiative charge carrier 

recombination processes in the photoexcited NCs was acquired using ultrafast pump-

probe and TCSPC techniques. Besides, the steady state UV-Vis spectrophotometer and 

spectrofluorimeter were used as preliminary studies of every optical measurement. The 

surface ligand environment, which has a profound role in stabilization of the NCs, was 

investigated employing NMR (
1
H and 

13
C) and FTIR studies. Any change in morphology 

and crystal phase of the NCs was determined from TEM and PDRD data, respectively. 

EDX and XPS provide useful insight into the elemental composition and surface 

stoichiometry, which were needed for elucidation of the structure-property relationship of 

the NCs. A summary of the experimental findings of this study is presented below.  

Though perovskite NCs are known to be defect tolerant, they are however not 

completely free from surface and/or intrinsic defects resulting in a sub-unity PLQY of the 

NCs. Impurity doping is reported to be an effective strategy in modulating optical 

properties of the conventional metal chalcogenide QDs that was later extended to the 

perovskite NCs.  Here we have shown that a simple room temperature post-synthetic 

treatment of CsPbX3 (X = Cl and Br) NCs with MgX2 leads to incorporation of 

significant amount of Mg
2+

 into the NCs (in place of Pb
2+

) yielding systems that are 

brightly luminescent (PLQY of ~51% to ~100% for CsPbBr3 and from ~1% to ~79% for 

CsPbCl3 NCs), highly stable, less toxic (~23% less lead content) and more resistant 

towards polar environment like water and ethanol. We have proposed a model explaining 

the improved PL properties of the doped systems based on the findings of the ultrafast 

pump-probe and temperature dependent PL measurement. Effective suppression of the 

halide vacancy related surface defects and curing of octahedral distortion are found to be 

the key factors for such improved PLQY and stability of the doped NCs. Moreover, Mg-

doping introduces some energy states in the conduction band resulting in faster HCC in 

these systems. Excellent optical properties, less toxicity and high stability of these NCs 
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under different conditions are expected to make them promising materials for 

optoelectronic and photovoltaic applications. 

Although ‘three-precursor’ method of synthesis of the perovskite NCs using an 

independent source of halide produces much better quality NCs compared to the 

conventional ‘two-precursor’ method, PLQY and stability of the NCs again largely 

depend on efficiency of the employed halide precursors. Iodide-based NCs are the most 

demanding due to their low band-gap. However, high phase sensitivity and abundant 

iodide vacancy related surface defects are impediments to their utilization particularly in 

solar photovoltaic applications. Therefore, achieving highly luminescent and stable APbI3 

NCs emitting in the red-to-NIR region is a challenging task, termed as ‘perovskite red-

wall’. Here we have developed a generic method of preparation of mono-dispersed, 

phase-pure, exceptionally stable and highly luminescent red/NIR-emitting all three 

iodide-based systems, CsPbI3, (MA)PbI3 and (FA)PbI3 NCs, employing 1,3-diiodo-5,5-

dimethylhydantoin (DIDMH) as iodide precursor. The CsPbI3 NCs exhibit a near-unity 

PLQY, while (MA)PbI3 and (FA)PbI3 NCs display PLQY of 74±2 and 67±2%, 

respectively. These values are comparable with their best PLQY values reported till date. 

Moreover, the NCs retain their crystal phase for several months under ambient 

conditions. DIDMH-assisted formation of oleylammonium-lead iodide terminated surface 

contributes to such exceptional characteristics to these NCs. Outstanding phase durability 

and excellent PLQY of all three all-inorganic and hybrid systems obtained by a common 

procedure is an important advancement that significantly brightens the prospect of 

utilization of these narrow bandgap materials in optoelectronic and photovoltaic 

applications, particularly in single-absorber solar cells. 

Direct syntheis of all possible lead-halide perovskite NCs of APbX3 type [A= 

Cs
+
, methylammonium (MA

+
) or formamidinium (FA

+
) and X= Cl

-
, Br

-
 or I

-
] following a 

common method is found to be a challenging job even after seven years of their 

invention. Motivated by our earlier success in achieving high quality iodide-based NCs 

with unmatched optical properties and stability using DIDMH as iodide precursor, we 

have extended this approach even for the violet-emitting APbCl3 and green-emitting 

APbBr3 NCs using the chloro- and bromo-analogs of DIDMH. Our experimental findings 

show that, indeed one can directly obtain all-inorganic and hybrid lead halide perovskite 

APbX3 NCs (where A= Cs
+
, MA

+
 or FA

+
 and X= Cl

-
, Br

-
 or I

-
) of high-quality emitting in 

the 395 - 760 nm region using the respective halo-analog of the hydantoin derivative as 

halide precursors. The excellent characteristics of these NCs, e.g. great phase purity, 

narrow size distribution, high PLQY (near-unity for APbBr3 and ~70% for CsPbCl3 NCs) 
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and superb stability (except for MAPbCl3 and FAPbCl3 NCs), make our APbX3 NCs by 

far the best systems obtained by a common procedure. Thanks to highly effective halide 

precursors, which facilitate in situ generation of OAm
+
X

-
 resulting in oleylammonium-

lead halide terminated surface, such exceptional characteristics of the NCs are observed. 

This methodology that works for all three ‘A
+
’ and ‘X

-’
 components clearly stands out for 

its versatility and impressive outcomes. 

The violet-emitting CsPbCl3 NCs are the least emitting systems among the 

perovskite NCs, and this feature impedes their utilization in violet-LEDs. Moreover, large 

density of insulating surface ligands hinders the charge injection processes into the 

perovskite NCs further diminishing the efficiency of LEDs based on CsPbCl3 NCs. 

Therefore brightly luminescent stable CsPbCl3 NCs with low density of passivating 

ligands are required for obtaining highly efficient violet-emitting optoelectronic devices. 

We have shown that phase pure and monodispersed CsPbCl3 NCs with very high PLQY 

of ~87% can indeed be obtained directly employing DPPC as a chlorinating agent. 

Moreover, unlike weakly H-bonded protonated amines, the NCs prepared by our method 

are found to be strongly coordinated by neutral amine ligands with surface Pb
2+

, which 

effectively passivates the uncoordinated Pb ions in achieving such high PL efficiency of 

the NCs. More interestingly, the NCs retain their bright emission even after 10 times 

washing with polar and nonpolar solvents making them ideal for real applications by 

removing excessive insulating surface capping ligands. We have also demonstrated 

ultrapure down-converted violet-LEDs based on these NCs with emission peak at 410 

nm, EQE of up to 0.19% and FWHM of 12 nm. Thus we have eventually opened up a 

new avenue for achieving a broad range of efficient perovskite-based light-emitting 

devices in this high-energy spectral region. 

 

7.2. Future Scope and Challenges 

Although Mg doping boosts PLQY of the Mg-CsPbBr3 NCs to near-unity, for the Mg-

CsPbCl3 NCs, this value is limited to 79%. Again, post-synthetic Mg-doping is not that 

effective for the iodide–based CsPbI3 NCs. A common post-synthetic metal ion doping to 

attain near-unity PLQY of all CsPbX3 (X= Cl, Br and I) NCs covering the entire visible 

region is not reported yet. As doping not only improves the PLQY and stability of the 

NCs but also reduces the toxicity of the overall system, we need to find a suitable benign 

metal salt that is equally effective for all systems. Although we have succeeded in 

obtaining all APbX3 NCs through a common procedure, the chloride-based hybrid NCs 

are poorly luminescent (PLQY of ~1-3%) compared to the other NCs. The same is true 



Summary and Concluding …… Chapter 7 

 

 Page 135 
 

for the hybrid MAPbI3 and FAPbI3 NCs, which exhibit PLQY in the range of 67-74%. 

This indicates that, DXDMH is clearly not equally effective for all lead-halide NCs and 

this invites more attention in designing new halide precursors for all the NCs with equal 

effectivity. Near-unity PLQY of the APbX3 NCs will be a huge breakthrough from the 

point of view of light-emitting applications. Again, we have to look into methodologies 

for even better stabilization of the iodide-based NCs keeping in mind of their great 

promise towards solar photovoltaics. As L-type coordination of capping ligands provides 

better structural and optical stability of the CsPbCl3 NCs, we can use this methodology 

even for the CsPbBr3 and CsPbI3 NCs, possibly using the respective halo derivatives of 

DPPC or any other halogen sources. Also, CsPbCl3 NCs with near-unity PLQY are rare 

and any success in this direction will definitely boost the efficiency of perovskite based 

violet-LEDs. 

Finally, perovskites are sometimes termed as ‘miracle material’ as the 

mechanism by which they interact with metal halide salts are frequently not predictable. 

Hence, identifying a metal salt or designing a halide precursor for achieving great quality 

APbX3 NCs is indeed a challenging task. Different electronic band structure of the NCs 

for different halide compositions is possibly the reason behind such highly specific 

behaviour. Again a popular paradigm about the stability of perovskite NCs is that they are 

as easy as to make, it is just as easy to break. Although a great progress has been made in 

terms of optical and structural stability of these NCs since their introduction, a long way 

still needs to be covered for practical utility of these highly coveted materials for the 

mankind. 
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Appendix 1 

 

 

 

 

 

 

Figure A1.1. Lattice distances of the 100 planes as obtained from the TEM images of (A) 

undoped and (B) doped NCs. 

 

 

 

 

 

Figure A1.2. TEM images of (A) undoped and (B) Mg-doped CsPbCl3 NCs. The edge-

length of the undoped and doped NCs are found to be 8.6±1.5 and 7.5±1.5 nm 

respectively. 

 

 

 

 

 

Figure A1.3. (A) PXRD patterns of undoped and Mg-doped CsPbCl3 NCs. (B) Shift of 

PXRD peak position at higher angle corresponding to the (200) plane indicates lattice 

contraction in the doped NCs. 
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Figure A1.4. EDX spectrum of undoped CsPbBr3 NCs. 

 

 

 

 

 

Figure A1.5. EDX spectrum of undoped and Mg-doped CsPbCl3 NCs. 

 

 

 

 

 

 

 

 

Figure A1.6. (A) FESEM images of doped CsPbCl3 NCs. The central portion is scanned 

for elemental mapping. (B to E) Elemental mapping indicates homogeneous distribution 

of all the corresponding elements throughout the scanned area. 
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Figure A1.7. XPS survey spectra of undoped and Mg-doped CsPbBr3 NCs. The spectra 

were calibrated with respect to ‘C1s’ peak at 285.0 eV. 

 

 

 

 

 

 

 

 

 

 

Figure A1.8. FTIR spectra of undoped and doped (A) CsPbBr3 and (B) CsPbCl3 NCs.The 

inset in (A) shows enhanced intensity of N-H bending (scissoring) of the surface 

oleylammonium cations.
1, 2

 

 

 

 

 

 

 

 

 

 

Figure A1.9. Absorption spectra of undoped and doped (A) CsPbBr3 and (B) CsPbCl3 

NCs. 
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Figure A1.10. (A) PL decay profile (λex = 404 nm) of CsPbBr3 NCs synthesized by 

following ref. 3 (PLQY of 92±2%). The decay parameters obtained on bi-exponential 

fitting of the data are: τ1 = 4.49 ns (0.83) and τ2 = 9.06 ns (0.17) with <τamp> of 5.27 ns. 

(B) HCC dynamics of the same NCs showing a cooling time of (610±20 fs) (λex = 350 

nm). 

 

 

 

 

 

 

 

 

 

Figure A1.11. Temperature dependence of the PL spectra of undoped (A) and doped (B) 

CsPbBr3 NCs. A red-shift (~5 nm) of the PL maximums observed for undoped sample, 

while it remains unchanged for the doped one over the same temperature window. 

 

 

 

 

 

 

 

 

Figure A1.12. Comparison of the average PL lifetime of undoped and doped CsPbBr3 

NCs with temperature. 
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Figure A1.13. EDX spectrum of MgO-treated CsPbBr3 and CsPbCl3 NCs, respectively. 

 

 

 

 

 

 

 

 

 

 

Figure A1.14. PL decay profile of MgO treated CsPbBr3 NCs. PL decay was recorded by 

exciting the sample with 405 nm laser, and monitored at the corresponding emission 

maxima. The decay parameters obtained on tri-exponential fitting of the data are: τ1 

=5.41 ns (0.44), τ2 = 15.69 ns (0.14) and τ3 = 0.86 ns (0.42), which correspond to <τamp> 

of 4.94 ns. Presence of faster trapping component i.e τ3 indicates the existence of bromide 

vacancy related trap states, resulting in sub-unity (~87%) PLQY of the doped NCs. 
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Figure A1.15. Time-dependence of the PL spectra of undoped and doped CsPbBr3 NCs 

in air (A and B respectively) and under 365 nm (8W) continuous UV light exposure (C 

and D respectively). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1.16. Resistance of undoped and doped CsPbBr3 NCs towards ethanol. Here 20 

µl ethanol was mixed with a colloidal dispersion of the doped/undoped NCs in hexane 

(0.01 µM) and PL intensity was monitored with time. (A) PL is quenched almost 

completely in just 20 mins for the undoped NCs while for the doped one PL is hardly 

affected after 240 min under similar environment. (B,C) Change in PL spectra with time 

for the two samples. In addition to drastic drop in PL intensity, the undoped sample 
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shows a red shift of ~8-10 nm of the PL peak position immediately after addition of 

ethanol indicating rapid degradation of the NCs, whereas the PL peak position remains 

unchanged for the doped system. (D) Corresponding digital photographs (under 365 nm 

UV light) of the two samples showing the greater resistance of the doped NCs towards 

ethanol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1.17. (A) Comparison of the relative PL intensity of undoped and doped 

CsPbBr3 NCs with progressive addition of ethanol. For undoped NCs ~80% of the initial 

PL intensity reduces upon addition of maximum volume (100 µl) of ethanol, while for the 

doped sample ~75% PL intensity is retained after adding same volume of ethanol. (B,C) 

Apart from the drop in PL intensity, ~10 nm red-shift of the PL maximum is observable 

for undoped NCs. The Mg-doped CsPbBr3 system, however, shows only ~2 nm red-shift. 
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Figure A1.18. Comparison of (A) air-stability under ambient condition and (B) photo-

stability under 365 nm (8W) continuous UV illumination of undoped and doped CsPbCl3 

NCs. (C) unchanged PXRD patterns of freshly prepared and 60 days old doped sample 

indicates superior phase stability of the doped NCs compared to the undoped sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1.19. Change of PL spectra of undoped and doped CsPbCl3 NCs in air (A and B 

respectively) and under 365 nm (8W) continuous UV light exposure (C and D 

respectively) with time. 
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Table A1.1. PL decay parameters of undoped and doped CsPbCl3 NCs. 

System Time(h) τ1(a1)/ns τ2(a2)/ns τ3(a3)/ns <τamp>/ns 

CsPbCl3 --- --- --- --- --- 

Mg-CsPbCl3 1h 5.04(0.16) 21.35(0.11) 0.74(0.73) 3.69 

 

Table A1.2. Temperature dependencies of the PL decay parameters of undoped and 

doped CsPbBr3 NCs. 

System Temperature/K τ1(a1)/ns τ2(a2)/ns τ3(a3)/ns <τamp˃/ns 

 

 

 

CsPbBr3 

273 3.39(0.45) 6.79(0.50) 13.59(0.05) 5.60 

283 1.53(0.47) 5.11(0.47) 17.24(0.06) 4.15 

293 1.22(0.53) 4.87(0.40) 18.31(0.07) 3.88 

303 0.90(0.59) 4.20(0.35) 18.20(0.06) 3.09 

313 0.76(0.66) 3.81(0.29) 19.10(0.05) 2.56 

323 0.65(0.67) 3.49(0.27) 19.60(0.06) 2.55 

333 0.59(0.68) 3.14(0.26) 19.30(0.06) 2.37 

System Temperature/K τ1(a1)/ns τ2(a2)/ns <τamp˃/ns 

 

 

 

Mg-CsPbBr3 

273 3.30(0.67) 6.70(0.33) 4.42 

283 3.52(0.65) 7.70(0.35) 4.98 

293 3.87(0.63) 8.62(0.37) 5.63 

303 3.85(0.60) 9.33(0.40) 6.04 

313 4.20(0.58) 10.48(0.42) 6.84 

323 4.59(0.56) 11.46(0.44) 7.61 

333 4.89(0.53) 19.57(0.47) 11.79 

 

 

 

Table A1.3. Comparison of the stability and optical properties of green- and violet-

emitting perovskite NCs obtained through B-site doping. PS, HI and RT represents post-

synthetic treatment, hot-injection method and room-temperature respectively. The % 

values in bracket under stability column indicate the retained PLQY values.  
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Appendix 2 

 

 

 

 

 

 

Mechanism of Step 1: 

 

 

 

 

 

 

Scheme A2.1. Reaction intermediates and mechanism of formation of HI in the reaction 

between DIDMH and OA (represented as RCOOH). 
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Figure A2.1. a) UV-Vis absorption spectra of (MA)PbI3 and (FA)PbI3 NCs obtained 

using NIS as iodinating agent. b) UV-Vis absorption and PL spectra of CsPbI3 NCs 

prepared using NIS as iodide source. c) Digital photographs of the NCs under ambient 

conditions at different time intervals. 

 

 

 

 

 

Figure A2.2. Comparison of the UV-Vis absorption spectra of two solutions of OA and 

OAm in ODE with (red) and without (black) DIDMH (heated at 130°C). Presence of a 

sharp absorption peak at ~220 nm for the former suggests the formation of iodide in the 

medium.  

 

 

 

 

 

 

 

 

Figure A2.3. A comparison of the 
1
H NMR spectra of pure OAm (black) and a mixture of 

DIDMH, OA and OAm in ODE (brown) (heated at 130°C). a) Selected portion of the 
1
H 

NMR spectrum and b) corresponding full range 
1
H NMR spectrum. The measurements 

were performed in CDCl3. All the peaks are consistent with the reported literatures.
1, 2

 

The singlet resonance marked ‘a’ corresponds to methyl protons of the complex formed 

in ‘step 1’ of our reaction (Scheme 4.1 and A2.1). 
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Figure A2.4. UV-Vis absorption and PL spectra of the CsPbI3 NCs obtained by injecting 

OAm
+
I

-
 at 210°C in a solution containing Cs-oleate and Pb-oleate. The OAm

+
I

- 
was 

prepared by reacting DIDMH with OA and OAm in ODE at 130°C. 

 

 

 

 

 

 

 

 

 

 

Figure A2.5. PL spectra of a) CsPbI3, b) (MA)PbI3 and c) (FA)PbI3 NCs obtained at 

different reaction temperature. 
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Figure A2.6. Bright-field TEM images of CsPbI3 NCs obtained at a) 130°C, b) 160°C 

and c) 180°C. The scale bar is 100 nm in each case. 

 

 

 

 

 

Figure A2.7. Dependence of the PLQY of APbI3 NCs on the reaction temperature. 

 

 

 

 

 

 

Figure A2.8. a) Dependence of PLQY of the NCs on the Pb:I precursor molar ratio (at 

respective optimum temperature). b) Digital images of the APbI3 NCs (Pb:I = 1:3) under 

365 nm UV light. 

 

 

 

 

 

 

Figure A2.9. Batch-to-batch variation of the PLQY of the CsPbI3 NCs obtained using a 

molar Pb to I ratio of 1:3 at 210°C. 
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Figure A2.10. Bright-field TEM images of a,b) CsPbI3, c,d) (MA)PbI3 and e,f) (FA)PbI3 

NCs highlighting the homogeneous size distribution of the NCs. The b), d) and f) are high 

resolution TEM images of the corresponding NCs. The scale bars (in white) are indicated 

in the bottom left corner of each image. 
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Figure A2.11. Long term air stability of the CsPbI3 NCs. a) Variation of PL intensity at 

emission maxima of the NCs with time when stored under ambient conditions. b) UV-Vis 

absorption and PL spectra of the as-synthesized and 4 months old sample of CsPbI3 NCs 

stored in a sealed bottle in ambient conditions and c) PL decay profiles of the 

corresponding as-synthesized and aged samples. The excitation wavelength was 481 nm 

and the decay was monitored at their respective PL maxima. The digital photographs of 

the NCs under 365 nm lamp and sunlight are shown as insets in the (a) and (b) panels. 

 

 

 

 

 

 

 

 

 

Figure A2.12. a) Time-dependence of the PL intensity (λem = 661 nm) and b) 

corresponding PL spectra of the CsPbI3 NCs under continuous irradiation of UV light 

(365 nm, 8W) at room-temperature under ambient condition. 
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Figure A2.13. a) Evolution of the PL intensity (at 661 nm) and b) PL spectra of the 

CsPbI3 NCs in presence of water under ambient condition. The digital images of the NCs 

dispersion under UV light are also shown. 

 

 

 

 

 

 

 

 

 

Figure A2.14. a) Change in PL intensity (λem = 740 nm) of (MA)PbI3 NCs stored under 

ambient condition for 2 months. b) Unchanged PXRD patterns of the NCs over the same 

course of time. 

 

 

 

 

 

 

 

 

Figure A2.15. Bright field TEM images of the a) CsPbI3, b) (MA)PbI3 and c) (FA)PbI3 

NCs, stored under ambient condition in sealed bottle for 2 months. The scale bar is 20 nm 

in each image. 
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Figure A2.16. EDX spectra of the CsPbI3 NCs prepared at 210°C using Pb:I precursor 

molar ratio of a) 1:3 and b) 1:2. c) Ratio of the atomic percentage of the constituting 

elements, as obtained from the EDX measurements, showing a halide rich environment 

for the NCs synthesized with Pb:I of 1:3. 

 

 

 

 

 

 

 

 

 

 

Figure A2.17. Survey XPS spectra of the CsPbI3 NCs prepared using a Pb:I molar ratio 

of 1:3 (red) and 1:2 (blue). Similar energy bands of Cs, Pb, I and N indicate the same 

elemental composition of both the CsPbI3 NCs. 
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Figure A2.18. Core level XPS spectra of a) Cs 3d, b) I 3d and c) N 1s for the CsPbI3 NCs 

obtained using a Pb:I molar precursor ratio of 1:3 (red) and 1:2 (blue). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.19. 
1
H NMR spectrum of purified CsPbI3 NCs in CDCl3. 
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Figure A2.20. FTIR spectrum of purified CsPbI3 NCs in hexane. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.21. a) 
1
H NMR and b) FTIR spectra of DIDMH in CDCl3. 
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Table A2.1. Variation of the optical properties of the APbI3 NCs with reaction 

temperature and Pb:I precursor molar ratio. 

Systems Reaction temp (°C) Pb:I λem (nm) PLQY(%) 

 

 

CsPbI3 

180 1:3 657 75 

200 1:3 654 87 

210 1:3 660 96 

220 1:3 661 93 

210 1:2 659 63 

 

 

(MA)PbI3 

80 1:3 740 73 

85 1:3 740 74 

100 1:3 746 60 

110 1:3 765 44 

85 1:2 739 42 

 

 

(FA)PbI3 

80 1:3 759 62 

85 1:3 760 67 

100 1:3 775, 705 57 

110 1:3 794, 721, 684 39 

85 1:2 760 41 

 

Table A2.2. PL decay parameters of the APbI3 NCs. The radiative (kr) and non-radiative 

(knr) rate constants, calculated using the measured PLQY and <τamp> values, are also 

shown. 

Systems τ1(a1)/ns τ2(a2)/ns τ3(a3)/ns <τamp>/ns kr/ns
-1

 knr/ns
-1

 

CsPbI3 9.17 (0.68) 17.12 (0.32) ---- 11.71 0.08 0.003 

(MA)PbI3 41.7(0.51) 108.65(0.05) 17.56(0.44) 34.43 0.02 0.008 

(FA)PbI3 42.10(0.59) 103.33(0.08) 17.94(0.33) 39.30 0.02 0.009 

 

Table A2.3. Kinetic parameters of the bleach recovery dynamics of CsPbI3 NCs obtained 

from fs-TA study. 

Systems Pb:I λex(nm) τ1(a1)/ps τ2(a2)/ps 

CsPbI3 1:3 530 ---- >1000 

CsPbI3 1:2 530 243±15 (0.11) >1000 (0.89) 
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Table A2.4. PL decay parameters, radiative (kr) and non-radiative (knr) rate constants of 

the as-synthesized and 4-month aged samples preserved in ambient conditions. 

Samples τ1(a1)/ns τ2(a2)/ns τ3(a3)/ns <τamp>/ns kr/ns
-1

 knr/ns
-1

 

CsPbI3 

(as-synthesized) 

9.17 (0.68) 17.12 (0.32) ---- 11.71 0.08 0.003 

CsPbI3 (aged) 9.11 (0.65) 15.35 (0.35) ---- 11.29 0.08 0.009 

 

Table A2.5. A comparison of the optical property and phase stability of red/NIR-emitting 

perovskite NCs obtained by different groups through direct synthesis method with our 

samples. 

System/s Synthetic strategy Approach PLQY Stability Reference 

CsPbI3 

 

PbI2 used as iodide 

source, hot-injection 

HI 50-

90% 

few hours to 

days 

3 

CsPbI3 Alkyl phosphinic 

acid as anionic 

ligand 

HI NA 20 days 4 

CsPbI3 Tri-octylphosphine 

(TOP) used as 

additional capping 

ligand 

HI 100% retain ~85% 

PLQY after 1 

month of 

storage 

5 

CsPbI3 TOP mediated ligand 

replacement 

PST 30% 1 month 6 

CsPbI3 Used zwitterionic 

capping ligand 

HI ~80% NA 7 

CsPbI3 PbI2 and 

oleylammonium 

iodide used as halide 

source 

HI 80-

95% 

1 month in 

ambient 

condition and 

6h under 

heating at 

100°C 

8 

CsPbI3 

 

 

Benzoyl iodide taken 

as iodide precursor 

HI 58% 

 

 

20 days 

 

 

9 



           Appendices 

 

 Page 160 
 

(MA)PbI3 

 

(FA)PbI3 

45% 

 

55% 

NA 

 

NA 

CsPbI3 Trimethylsilyl iodide 

as halide source 

HI 96% 86% PLQY 

retained after 

105 days; 

photostability: 

30% after 3h 

10 

CsPbI3 Excess OAm
+
I

-
 as 

sole halide source 

HI 90-

100% 

NA 11 

CsPbI3 

 

(FA)PbI3 

Molecular I2 as 

halide source 

HI 79% 

 

74% 

2 weeks 

 

2 weeks 

1 

(FA)PbI3 PbI2 or 

oleylammonium 

iodide used as iodide 

source 

HI 70% 6 months 12 

(FA)PbI3 PbI2used as iodide 

source 

LARP 55% 150 days 13 

(MA)PbI3 PbI2 used as iodide 

precursor 

LARP ~50-

70% 

NA 14 

(MA)PbI3 PbI2 used as iodide 

precursor 

RT 27% 39 days 15 

(MA)PbI3 (MA)PbI3 single 

crystal powder 

LARP 79% Photostability: 

30% after 15h 

16 

(MA)PbI3 PbI2 serves as iodide 

source 

HI 20-

30% 

Non-purified 

samples stable 

for weeks but 

purified samples 

decomposes 

quickly 

17 

CsPbI3 

 

 

1,3-diiodo-5,5-

dimethylhydantion 

(DIDMH) as iodide 

HI 96±1% 

 

 

20 days when 

exposed to 

ambient 
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(MA)PbI3 

 

 

 

 

 

(FA)PbI3 

precursor  

 

 

 

 

 

 

 

 

74±1% 

 

 

 

 

 

67±2% 

condition and 

>4 months 

when stored in a 

sealed bottle in 

similar 

conditions; 

Photostability: 

82% after 22h 

Water 

resistivity: 75% 

after 240 min 

 

retains 90% 

PLQY after 2 

months of 

storage at room-

temperature 

 

retains 87% 

PLQY after 2 

months of 

storage under 

ambient 

condition 

 

This 

work 

HI= Hot-injection, RT= Room-temperature, PST= Post-synthetic treatment and LARP= 

Ligand assisted re-precipitation. 

Table A2.6. Atomic % ratio of the constituting elements (with respect to Pb) of the 

CsPbI3 NCs calculated based on the XPS data and using atomic sensitivity factor of the 

elements.
18, 19

 

 

 
Samples  Atomic % ratio (with respect to Pb) 

 Pb:I Cs Pb I N 

CsPbI3 1:3 0.94 1.00 3.36 2.22 

CsPbI3 1:2 0.99 1.00 2.86 2.03 
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Appendix 3 

 

 

 

 

 

 

 

 

 

 

Scheme A3.1. Schematic representation of the steps involved in DXDMH-mediated hot 

injection synthesis of the APbX3 NCs. 

 

 

 

 

 

1,3-dihalo-5,5-dimethylhydantoin (DXDMH) 

Figure A3.1. Chemical structure of 1,3-dihalo-5,5-dimethylhydantoin (DXDMH). ‘X’ 

represents the halogen atom. 

 

 

 

 

 

 

Figure A3.2. (A) Dependence of PLQY of the CsPbCl3 and CsPbBr3 NCs (obtained at 

210°C) on the Pb:X precursor molar ratio. (B) PXRD pattern and (C) TEM image of the 

samples of CsPbBr3(II) NCs (prepared using a Pb:Br molar ratio of 1:2). The scale bar is 

100 nm. 
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Figure A3.3. PL spectra (normalized) of the (A) CsPbBr3, (B) MAPbBr3 and (C) 

FAPbBr3 NCs obtained at different reaction temperature. 

 

 

 

 

 

 

 

 

Figure A3.4. (A) PLQY of the NCs as a function of reaction temperature. (B) TEM image 

of the CsPbBr3 NCs prepared at 180°C. The scale bar is 100 nm. 

 

 

 

 

 

 

 

 

Figure A3.5. PLQY of the CsPbBr3 NCs of different batches highlighting reproducibility 

of our method. 
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Figure A3.6. Bright-field TEM images of (A) CsPbCl3, (B) MAPbCl3 and (C) FAPbCl3 

NCs. Inset shows size distribution histogram of the respective NCs. The scale bar is 100 

nm for all samples. PXRD patterns of (D) CsPbCl3, (E) MAPbCl3 and (F) FAPbCl3 NCs 

with reference patterns obtained from their cubic bulk counterparts. UV-Vis absorption 

and PL spectra of (G) CsPbCl3, (H) MAPbCl3 and (I) FAPbCl3 NCs. The samples were 

excited at 400 nm. 
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Figure A3.7. Additional bright-field TEM images and size distribution histogram of (A-

C) CsPbBr3, (D-F) MAPbBr3 and (G-I) FAPbBr3 NCs. The scale bar is indicated at the 

bottom left corner of each image. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3.8. Additional bright-field TEM images of (A) CsPbCl3, (B) MAPbCl3 and (C) 

FAPbCl3 NCs. The scale bar is 50 nm in all cases. 
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Figure A3.9. High-resolution TEM images of (A-C) CsPbCl3 and (D-F) CsPbBr3 NCs. 

The inter-planar spacing (d100) corresponding to the (100) planes of the NCs is also 

measured and shown in Figure C and F. The scale bar is shown in the bottom-left corner 

of each image. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3.10. (A-C) High-resolution TEM images of FAPbBr3 NCs. The inter-planar 

spacing (d100) corresponding to the (100) planes of the NCs is also measured and shown 

in Figure C. The scale bar is shown in the bottom-left corner of each image. 
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Figure A3.11. (A) Dependence of PLQY of the CsPbCl3 NCs on the Pb:Cl molar 

precursor ratio. An excess amount of DCDMH is seen to have a detrimental effect on the 

optical properties of the NCs. (B) Digital image showing the PL of the CsPbCl3 NCs 

obtained using Pb:Cl precursor molar ratio of 1:3. 

 

 

 

 

 

 

 

Figure A3.12. (A) PXRD pattern of the MAPbCl3 NCs prepared using 1:3 ratio of Pb:Cl 

showing the additional diffraction peaks arising from undesired PbCl2 by-product. (B) 

Absorption spectra of the MAPbCl3 NCs prepared using Pb:Cl precursor ratio of 1:3 and 

1:1.5. 
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Figure A3.13. PL decay characteristics of the (A) MAPbBr3, (B) FAPbBr3, (C) MAPbCl3 

and (D) FAPbCl3 NCs. The excitation wavelengths are 405 and 376 nm for the bromide- 

and chloride-based NCs, respectively and the PL was monitored at their respective PL 

peak maxima. The early (short) component of the PL decay of FAPbCl3 NCs could not be 

measured accurately as this component is shorter than the time-resolution of our TCSPC 

setup (~63 ps). 

 

 

 

 

 

 

 

 

Figure A3.14. PL decay of (A) CsPbBr3(II) and (B) CsPbCl3(II) NCs (prepared using 

Pb:X precursor molar ratio of 1:2). These samples were excited at 405 and 376 nm, 

respectively and the decay was monitored at the corresponding PL maxima. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3.15. TA spectra of (A) MAPbCl3 and (B) FAPbCl3 NCs obtained upon 

excitation at 350 nm by a fs-pulsed laser. Bleach recovery dynamics of (C) MAPbCl3 and 

(D) FAPbCl3 NCs monitored at their respective bleach maxima.  

0 20 40 60 80
1

10

100

1k

10k

C
o

u
n

ts

Time (ns)

(B)
CsPbCl3(II)

0 25 50 75 100
1

10

100

1k

10k

C
o

u
n

ts

Time (ns)

(A)

CsPbBr3(II)

375 400 425 450

-0.004

0.000

0.004

 2 ps

 5 ps

 8 ps

 10 ps

 20 ps

 30 ps

 50 ps

 80 ps

 100 ps

D
A

 (
m

O
D

)

Wavelength (nm)

(A)

375 400 425 450

-0.008

-0.004

0.000

0.004

 1.5 ps

 3 ps

 5 ps

 8 ps

 15 ps

 20 ps

 30 ps

 50 ps

 80 ps

 100 ps

D
A

 (
m

O
D

)

Wavelength (nm)

(B)

0 100 200 300 400 500
-0.006

-0.004

-0.002

0.000

0.002

D
A

Delay Time (ps)

(C)

0 100 200 300 400 500

-0.008

-0.004

0.000

D
A

Delay Time (ps)

(D)



         Appendices 

 

 Page 170 
 

 

 

 

 

 

 

 

Figure A3.16. PL decay behavior of the (A) blue-emitting CsPb(Cl/Br)3 and (B) yellow-

orange-emitting CsPb(Br/I)3 NCs. The samples were excited at 375 and 405 nm, 

respectively and the decay curves were monitored at their respective peak maxima. 

 

 

 

 

 

 

 

Figure A3.17. (A) PL spectra (normalized) of our samples of mixed-halide NCs covering 

a wide (431 to 635 nm) range of the visible region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3.18. Bright field TEM images (A) CsPbCl2Br, (B) CsPbCl1.5Br1.5, (C) 

CsPbClBr2, (D) CsPbBr2I, (E) CsPbBr1.5I1.5 and (F) CsPbBrI2 NCs. The average edge 
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lengths of the NCs are 6.9±1.4, 7.8±1.2, 9.3±2.2, 8.5±1.7, 9.4±2.5 and 10±2 nm, 

respectively. 

 

 

 

 

 

 

 

 

Figure A3.19. PXRD patterns of pristine CsPbCl3, CsPbBr3 and the mixed-halide 

CsPb(Cl/Br)3 and CsPb(Br/I)3 NCs.  

 

 

 

 

 

 

 

 

Figure A3.20. (A) Addition of a small quantity of DCDMH/DIDMH solution (in OAm 

and OA) to a colloidal dispersion of CsPbBr3 NCs results in an instantaneous blue/red 

shift of the PL maximum in the range of ~410 to 660 nm due to room-temperature post-

synthetic reversible halide exchange on the NCs. (B) Digital images of the CsPbBr3 NCs 

before and after halide exchange reactions. 

 

 

 

 

 

 

 

 

Figure A3.21. Post-synthetic cation exchange (A-site) on CsPbBr3 NCs using FA-oleate 

solution at RT. 
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Figure A3.22. (A) Change in PL spectrum of the CsPbBr3 NCs with time (stored under 

ambient conditions). (B) Photoinduced change in the PLQY of the CsPbBr3 NCs under 

continuous illumination of 365 nm UV light (8W). Inset shows the PL spectra of the 

sample during the testing period. 

 

 

 

 

 

 

 

 

Figure A3.23. Change in PL spectrum of the MAPbBr3 NCs with time (stored under 

ambient conditions). (B) Photoinduced change in the PLQY of the MAPbBr3 NCs under 

continuous illumination of 365 nm UV light (8W). Inset shows the PL spectra of the 

sample during the testing period. 

 

 

 

 

 

 

 

 

Figure A3.24. Change in PL spectrum of the FAPbBr3 NCs with time (stored under 

ambient conditions). (B) Photoinduced change in the PLQY of the FAPbBr3 NCs under 
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continuous illumination of 365 nm UV light (8W). Inset shows the PL spectra of the 

sample during the testing period. 

 

 

 

 

 

 

 

Figure A3.25. Bright-field TEM images of the (A) MAPbBr3, (B) FAPbBr3 NCs taken 

after 80 days of storage under ambient condition. The scale bar is 100 nm in each image. 

 

 

 

 

 

 

Figure A3.26. Time-dependent change in PLQY of the CsPbCl3 NCs under (A) ambient 

condition and (B) UV light (365 nm, 8W) illumination highlighting the air-stability and 

photo-stability of the samples. 

 

 

 

 

 

 

Figure A3.27. Absorption and PL spectra of (A) CsPbCl1.5Br1.5 and (B) CsPbBr1.5I1.5 NCs 

recorded after storing under ambient conditions for 25 days. 

 

(A) (B)

0 10 20 30 40 50
0

20

40

60

80

(A)

P
L

Q
Y

 (
%

)

Time (Days)
0 5 10 15 20 25

0

20

40

60

80

(B)

P
L

Q
Y

 (
%

)

Time (h)

300 350 400 450 500 550 600

0.00

0.02

0.04
 As synthesized

 After 25 Days

Wavelength (nm)

A
b

s
o

rb
a
n

c
e

(A)

0

20

40

60

80

100

P
L

 I
n

te
n

s
it

y
 (

a
.u

.)

500 600 700

0.00

0.05

0.10

0.15

P
L

 I
n

te
n

s
it

y
 (

a
.u

.)

 As synthesized

 After 25 Days

Wavelength (nm)

A
b

s
o

rb
a

n
c

e

(B)

0

10

20

30



         Appendices 

 

 Page 174 
 

 

 

 

 

 

 

Figure A3.28. Time dependent evolution of PLQY of (A) MAPbCl3 and (B) FAPbCl3 NCs 

under ambient condition. 

 

 

 

 

 

 

Figure A3.29. EDX spectrum of the CsPbBr3(II) NCs. The atomic % ratio of the 

constituting elements is indicated in the panel. 

 

 

 

 

 

 

 

 

Figure A3.30. Time-dependent change in PLQY of the CsPbBr3(II) NCs stored under 

ambient condition. 
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Figure A3.31. XPS general survey scans of the CsPbBr3 and CsPbBr3(II) NCs indicating 

the presence of all constituent elements in both samples. Both spectra were corrected 

with respect to ‘C 1s’ peak at 285.0 eV. 

 

 

 

 

 

 

 

 

 

 

Figure A3.32. Core-level XPS spectra of Br 3d of (A) CsPbBr3 and (B) CsPbBr3(II) NCs. 

 

 

 

 

 

 

 

Figure A3.33. EDX spectra of (A) CsPbCl3 and (B) CsPbCl3(II) NCs. Atomic % ratios of 

the NCs are shown in the panels. 
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Figure A3.34. PXRD spectra of CsPbCl3 NCs prepared with Pb:Cl molar ratio of 1:9. 

(*) represent PbCl2 diffraction peaks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3.35. 
1
H NMR spectrum of purified CsPbBr3 NCs in CDCl3. 
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Figure A3.36. FTIR spectrum of purified CsPbBr3 NCs in hexane. 

 

Table A3.1. Dependence of the optical properties of the APbX3 NCs on reaction 

temperature and Pb:X precursor molar ratio. 

Systems Pb:X Temperature (
0
C) PLQY (±2 %) FWHM (nm) 

CsPbBr3 1:3 165, 180, 200 and 210 66, 80, 91 and 99 26, 23, 20 and 

19 

MAPbBr3 1:3 130, 150 and 165 52, 79 and 99 55, 26 and 21 

FAPbBr3 1:3 130, 150 and 165 68, 86, 99 29,24 and 19 

CsPbCl3 1:3 165, 180, 200 and 210 39, 56, 64 and 70 14-10 

CsPbBr3(II) 1:2 210 81 20 

CsPbCl3(II) 1:2 210 36 11 

 

Table A3.2. Comparison of the PLQY of violet-emitting CsPbCl3 NCs obtained by 

different methods of direct synthesis. 

System Pb:Cl ratio PLQY (%) λem(nm) References 

 

 

CsPbCl3 

1:(5.5-6.6) 

1:9 

1:4.5 

1:9 
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Table A3.3. PL decay parameters, radiative (kr) and non-radiative (knr) rate constants of 

the APbX3 NCs. The decay was monitored at the respective PL maximum after excitation 

at 375 nm (for violet-blue-emitting), 404 nm (for green-emitting) and 485 nm (for yellow-

orange-emitting) samples. The kr and knr values were calculated using kr=PLQY/<τamp> 

and knr=(1-PLQY)/<τamp>. 

Systems Pb:X 

ratio 

τ1(a1)[ns] τ2(a2)[ns] τ2(a2)[ns] <τamp> 

[ns] 

kr 

[ns
-1

] 

knr 

[ns
-1

] 

CsPbBr3 1:3 4.97 

(0.73) 

12.50 

(0.27) 

--- 7.0 0.14 0.001 

CsPbBr3(II) 1:2 5.31 

(0.42) 

20.65 

(0.08) 

0.61 

(0.50) 

4.18 0.18 0.057 

MAPbBr3 1:3 8.50 

(0.74) 

29.20 

(0.26) 

--- 13.88 0.07 0.0007 

FAPbBr3 1:3 21.02 

(0.68) 

65.80 

(0.32) 

--- 35.35 0.03 0.0003 

CsPbCl3 1:3 4.63 

(0.19) 

20.72 

(0.05) 

0.47 

(0.76) 

2.48 0.28 0.120 

CsPbCl3(II) 1:2 3.67 

(0.07) 

18.05 

(0.07) 

0.40 

(0.86) 

1.86 0.19 0.344 

MAPbCl3 1:1.5 4.52 

(0.43) 

12.79 

(0.13) 

1.05 

(0.44) 

4.10 0.008 0.240 

FAPbCl3 1:3 3.90 

(0.45) 

15.39 

(0.15) 

0.59 

(0.40) 

4.30 0.003 0.229 

 

Table A3.4. Kinetic parameters of the bleach recovery dynamics of different 

samples of CsPbBr3 and CsPbCl3 NCs. 

Samples Pb:X τ1 (a1)/ps τ2 (a2)/ps τ3 (a3)/ps 

CsPbBr3 1:3  >1000  

CsPbBr3 (II) 1:2 53.2 (0.43) >1000 (0.57)  

CsPbCl3 1:3 5.9±1.6 (0.31)  >1000 (0.69) 

CsPbCl3 (II) 1:2 5.8±0.3 (0.29) 74.8±5 (0.56) >1000 (0.15) 

MAPbCl3 1:1.5 2.9±1.0 (0.60) 36.3±3.5 (0.26) >1000 (0.14) 

FAPbCl3 1:3 2.1±0.4 (0.56) 20±2.2 (0.33) >1000 (0.11) 
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Table A3.5. Amount of DCDMH, DBDMH or DIDMH taken for the synthesis of 

mixed-halide NCs at 210°C. 

Systems Pb:X 

ratio 

X:X' 

ratio 

DCDMH/mg DBDMH/mg DIDMH/mg 

CsPbCl2Br 1:3 2:1 74.08 53.75 --- 

CsPbCl1.5Br1.5 1:3 1.5:1.5 55.56 80.63 --- 

CsPbClBr2 1:3 1:2 37.04 107.51 --- 

CsPbBr2I 1:3 2:1 --- 107.51 71.42 

CsPbBr1.5I1.5 1:3 1.5:1.5 --- 80.63 107.14 

CsPbBrI2 1:3 2:1 --- 53.75 142.85 

 

Table A3.6. Optical properties of various mixed-halide CsPb(Cl/Br)3 and CsPb(Br/I)3 

NCs. 

Systems λem(nm) PLQY (%) FWHM (nm) 

CsPbCl2Br 

CsPbCl1.5Br1.5 

CsPbClBr2 

CsPbBr2I 

CsPbBr1.5I1.5 

CsPbBrI2 

431±2 

458±2 

478±2 

531±2 

584±2 

635±2 

87±1 

95±1 

96±1 

68±2 

86±2 

98±1 

12 

13 

15 

21 

32 

37 

 

Table A3.7. Comparison of the optical properties of different mixed-halide systems 

obtained directly by different methods. 

Systems Synthetic strategy Method PLQY 

(%) 

PL peak/ 

FWHM (nm) 

Ref. 

CsPbCl3 

CsPbCl1.5Br1.5 

CsPbClBr2 

PbX2 as lead and 

halide source 

 

 

 

10 

37 

70 

10/12 

455/16 

478/18 
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CsPbBr2I 

CsPbBr1.5I1.5 

CsPbBr1.2I1.8 

CsPbBrI2 

LARP  

 

 

78 

72 

80 

70 

 

 

 

548/26 

600/38 

628/35 

640/35 

5 

 

 

 

 

CsPb(Br1-

xClx)3 

Where x= 0-

0.39 

 

 

 

 

Quaternary alkyl 

ammonium halides 

as additional halide 

source with PbX2 

 

 

 

 

 

HI 

25 

(x = 0.39) 

32 

(x = 0.24 ) 

48 

(x = 0.19) 

62 

(x = 0.11) 

80 

(x = 0) 

462 

 

476 

 

487 

 

499 

 

510 

FWHM= 18-

20 

 

 

 

6 

CsPbCl3 

CsPbCl2Br 

CsPbCl1.5Br1.5 

CsPbClBr2 

CsPbBr3 

 

N-chloro- and N-

bromophthalimides 

as halide precursors 

 

 

HI 

80 

85 

92 

97 

99 

404/9 

428/14 

447/15 

475/17 

51020 

 

 

4 

CsPbCl2Br 

CsPbCl1.5Br1.5 

CsPbClBr2 

CsPbBr2I 

CsPbBr1.5I1.5 

CsPbBrI2 

 

 

DHDMH as halide 

precursor 

 

 

HI 

87±1 

95±1 

96±1 

68±2 

86±2 

98±1 

431±2/12 

458±2/13 

478±2/15 

531±2/21 

584±2/32 

635±2/37 

 

 

This 

work 

 

Table A3.8. PL decay components of different mixed-halide samples of CsPb(Cl/Br)3 and 

CsPb(Br/I)3 NCs. 

Systems τ1(a1)/ns τ2(a2)/ns τ3(a3)/ns <τamp>/ns kr/ns
-1

 knr/ns
-1

 

CsPbCl2Br 5.37(0.34) 17.32(0.09) 0.71(0.57) 3.79 0.23 0.03 

CsPbCl1.5Br1.5 7.78(0.43) 24.20(0.08) 1.53(0.49) 6.03 0.16 0.008 

CsPbClBr2 6.14(0.54) 16.60(0.10) 1.5(0.36) 5.52 0.17 0.007 

CsPbBr2I 11.30(0.53) 30.90(0.17) 0.94(0.30) 11.52 0.06 0.03 

CsPbBr1.5I1.5 34.20(0.50) 88.60(0.30) 2.44(0.20) 44.17 0.02 0.003 

CsPbBrI2 27.30(0.69) 84.60(0.31) --- 45.06 0.02 0.0004 
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Table A3.9. Comparison of the optical properties and stability of the green- and violet-

emitting perovskite NCs obtained by different three-precursor method of synthesis. 

Systems Halide precursor PLQY (%)/ 

FWHM (nm) 

Stability parameters Ref. 

FAPbBr3 Oleylammonium 

bromide 

85/22 Stable up to 2-3 round of 

purification with ACN 

7 

 

 

CsPbBr3 

 

 

Tetraoctyl ammonium 

bromide 

 

 

78 

~20% PLQY retained 

after 35 days in air and 

~24% PLQY reduced 

after 3 heating-cooling 

circle at 100°C 

8 

 

CsPbBr3 

 

Tetraoctyl ammonium 

bromide 

 

70 

Stable towards 

purification with polar 

solvents up to 2 times 

9 

CsPbBr3 NH4Br 75/19 Stable towards 

purification 

10 

 

FAPbBr3 

 

Octadecylamine 

bromide 

 

88/21 

~75% retention of PLQY 

after 50 days of storage 

in air 

11 

CsPbBr3 

MAPbBr3 

FAPbBr3 

CsPbCl3 

 

Benzoyl halide 

92/18 

92/19 

92/20 

 

NA 

2 

 

CsPbBr3 

 

Trioctylphosphene-

Br2 adduct 

 

90/17 

PLQY retained in the 

range of 70-90% for 28-

50 days 

12 

CsPbBr3 Benzoyl halide 48-80/16-17 NA 13 

CsPbCl3 

 

 

CsPbBr3 

 

Oleylammonium 

halide 

97 

 

 

97 

80% PLQY retained after 

7 days 

 

NA 

1 

 

 

 

 

CsPbBr3 

MAPbBr3 

FAPbBr3 

 

 

 

 

N-bromosuccinamide 

 

 

 

 

99/18 

98/21 

95/20 

Air-stability:CsPbBr3 

retains 90% while 

MAPbBr3 and FAPbBr3 

retains 85% of initial 

PLQY after 3 and 2 

months in air, 

respectively 

14 
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Photo-stability:CsPbBr3, 

MAPbBr3 and FAPbBr3 

retains 81, 75 and 80% of 

their initial PL intensity 

after 24h of UV 

illumination 

 

Polar solvent 

stability:CsPbBr3 NCs 

retains 70% of its initial 

PL intensity after 24h in 

presence of water 

 

 

CsPbBr3 

 

 

Bromopropane 

 

 

78.5/18.2 

Initial PLQY reduced by 

17%in air after 120 days 

and retained 

67.85%under UV light 

for 96 h 

15 

 

 

CsPbCl3 

 

 

Phenylphosphonicdic

hloride 

 

 

71/12 

80% and 50% of initial 

PLQY retained after 5h 

under UV light and 10 

rounds of purification 

3 

CsPbCl3 

 

 

 

 

CsPbBr3 

 

 

N-halophthalimide as 

halide source 

80/9 

 

 

 

 

99/20 

Air-stability:Retention of 

85% PLQY after 2 weeks 

in ambient condition 

 

 

NA 

4 

 

 

 

 

 

CsPbBr3 

MAPbBr3 

FAPbBr3 

 

 

 

 

 

 

 

 

 

 

 

1,3-dihalo-5,5-

dimethylhydantoin 

 

 

 

 

 

99/19 

99/21 

99/20 

 

 

 

 

 

 

Air-stability: ~80-85% of 

initial PL intensity 

retained after 70-80 days 

of storage under ambient 

condition Photo-

stability: ~85% of initial 

PLQY restored after 

>30h of continuous UV 

irradiation 

Polar solvent stability: 

~80% of initial PL 

intensity retained even 

after 24h in presence of 

water 

 

 

 

 

 

 

 

This 

work 
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CsPbCl3 

 

70/10 

 

Air/Photo-stability: 

~80% of initial PLQY 

retained after 45 days in 

ambient condition and 

under 24h UV 

irradiation, respectively. 

 

Table A3.10. Advantages and disadvantages of different halide precursor used in hot-

injection method of synthesis. 

Halide 

Precursor 

Advantage Disadvantage/s Ref. 

PbX2 

(X= Cl, Br and 

I) 

Most frequently used halide 

and lead precursor 

Difficult to control 

composition of the final NCs 

due to sub-stoichiometric 

amount of halogen and the 

formed halide-deficient NCs 

show poor stability and 

optical properties. 

7, 16, 

17 

 

 

 

OAm
+
X

-
 

(X= Cl, Br and 

I) 

All three all-inorganic CsPbX3 

NCs with near-unity PLQY 

can be prepared. 

 

Produces good quality 

FAPbX3 (X= Br and I) NCs 

with high stability. 

Highly hygroscopic and 

hence, special protection is 

needed for storing the 

samples. 

 

Systems like MAPbX3 and 

FAPbCl3 NCs are not 

reported yet. 

 

In some cases, the NCs are 

moderately stable under 

ambient condition (1-2 

weeks). 

1, 7, 

18, 19 

 

 

 

Benzoyl 

halides 

All APbX3 NCs can be 

obtained. 

 

The green-emitting APbBr3 

shows PLQY of ~92% and the 

violet/red-emittingCsPbCl3and 

CsPbI3 NCs show PLQY of 

~65 and 58%, respectively. 

 

The iodide-based NCs are 

moderately luminescent 

(PLQYbetween45-58%). 

 

Except CsPbI3 NCs, stability 

of the other systems are not 

examined. 

 

Optical properties and 

2 
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The CsPbI3 NCs are stable for 

over 20 days under ambient 

condition. 

stability of the mixed-halide 

NCs are not explored. 

 

Benzoyl halides are highly 

toxic. 

NXIm 

(X= Cl, Br) 

High quality APbBr3 NCs 

with near-unity PLQY can be 

prepared with exceptional 

stability under ambient 

condition. 

 

Blue-emitting NCs with 

PLQY of 85-97% and violet-

emitting CsPbCl3 NCs with 

second highest value of PLQY 

of 80% can be prepared. 

Many systems like chloride 

and iodide-based hybrid NCs 

and yellow/orange-emitting 

mixed-halide NCs could not 

be obtained. 

 

The CsPbI3 NCs are weakly 

luminescent (PLQY 

~27%)and stable only for a 

few days. 

 

 

4, 14 

DBDMH PLQY of the APBr3 NCs 

between~91-95% can be 

prepared. 

Only the green-emitting NCs 

are formed. 

 

Stability of the NCsis 

moderate. 

20 

DXDMH 

(X= Cl, Br and 

I) 

APbBr3 NCs exhibit near-

unity PLQY with excellent 

stability. 

 

Red/NIR-emitting APbI3 NCs 

exhibit high phase stability for 

several months and possess 

PLQY in the range of 67-96%, 

highest by any common 

method till date. 

 

PLQYs of the mixed-halide 

NCs are comparable or better 

than any previous method. 

 

Provides a common method of 

achieving high quality all 

APbX3 NCs emitting across 

the visible (extendable to NIR) 

region. 

Violet-emitting MAPbCl3 

and FAPbCl3 NCs exhibit 

poor optical properties and 

stability. 

 

PLQY of CsPbCl3, MAPbI3 

and FAPbI3 NCs are less than 

unity. 

 

Size control of the NCs was 

unsuccessful. 

 

 

 

 

 

 

 

 

 

This 

work 
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Table A3.11. Atomic % ratio of the constituting elements (Cs, Pb and Br) and nitrogen 

(N) in CsPbBr3 NCs obtained from XPS measurement. 
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Appendix 4 

 

 

 

 

 

 

Scheme A4.1. Schematic representation of the surface ligand content after 5 and 10 

cycles of washing with MeOAc. For simplicity only OAm is shown here as surface 

capping ligand and ODE is not shown at the surface of the NCs. 

 

 

 

 

 

 

Figure A4.1. Dependence of PLQY of the NCs on (A) Pb:Cl precursor molar ratio at 

reaction temperature of 220°C and (B) reaction temperature for a fixed Pb:Cl molar 

ratio of 1:9. 

 

 

 

 

 

 

 

 

Figure A4.2. Bright-field TEM images of the NCs obtained using Pb:Cl precursor molar 

ratio of (A) 1:3, (B) 1:6 and (C) 1:9. The scale bar is 50 nm in each image. 
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Figure A4.3. Size distribution histogram of the CsPbCl3 NCs prepared at 220°C using 

Pb:Cl precursor ratio of 1:9. Inset shows average edge length of the NCs. 

 

 

 

 

 

 

 

 

Figure A4.4. Additional bright-field TEM images of the CsPbCl3 NCs. The scale bar is 

indicated in the bottom left corner of each image. 

 

 

 

 

 

 

 

 

 

 

Figure A4.5. FTIR spectra of the NCs before and after 5
th
 and 10

th 
cycle of washing with 

(A) MeOAc and (B) hexane. 
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Figure A4.6. UV-Vis absorption and PL spectra of the NCs before and after 5
th

 

and 10
th 

cycle of washing with (A) MeOAc and (B) Hexane. 

 

 

 

 

 

 

 

 

 

Figure A4.7. (A) Bright-field TEM images of the NCs after 5
th
 cycle of washing with 

hexane. (B) PXRD patterns of the NCs before and after 5
th
 and 10

th
 cycle of washing with 

hexane. 

 

 

 

 

 

 

 

 

 

Figure A4.8. (A) Bright-field TEM image and (B) PXRD pattern of the NCs after 14 

cycles of washing with MeOAc. The unidentified peak at ~12 degrees possibly arises from 

2D layered perovskite NCs. 
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Figure A4.9. Evolution of the PL spectrum of the NCs (A) in presence of water 

and (B) under continuous exposure to UV radiation (365 nm, 8W/cm
2
).  

  

 

 

 

 

 

 

 

 

Figure A4.10. (A) Change in PLQY and (B) evolution of the PL spectrum of the NCs in 

presence of ethanol under ambient condition. 

 

 

 

 

 

 

 

 

 

Figure A4.11. (A) A comparison of the FTIR spectra of as-synthesized NCs and pure 

(PhO)2POCl. (B) The highlighted region in Figure (A) shows no existence of P=O 

stretching band of (PhO)2POCl in the NCs. 
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Figure A4.12. (A) 
31

P-NMR spectra of the as-synthesized NCs in CDCl3 at RT. (B) High 

resolution XPS spectrum of the ‘P 2p’ region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.13. A comparison of the 
13

C-NMR spectra of the as-synthesized NCs capped 

with OAm (brick red) and conventional OAmH
+
 capped NCs prepared with DCDMH as 

chloride precursor (black). 
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Figure A4.14.  
1
H-NMR spectra of the NCs after different cycles of washing with MeOAc, 

indicating gradual reduction of oleyl due to both OAH and OAm ligands and ODE. After 

ten cycles of washing, ODE is completely removed from the surface and the oleyl content 

becomes so less that its presence is observed only after 25 times magnification of the 
1
H-

NMR data (top). 

 

 

 

 

 

 

 

Figure A4.15. EDX spectra of the as-synthesized NCs with atomic % ratio of the 

elements. 
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Figure A4.16. The change in PLQY of OAmH
+
 capped CsPbCl3 NCs (prepared using 

DCDMH as chloride precursor) after multiple washing with (A) MeOAc and (B) hexane. 

(C) PXRD patterns of the NCs after ten cycles of washing with MeOAc. 

 

 

 

 

 

 

 

 

 

Figure A4.17. Change in PLQY and ligand density of the NCs with successive washing 

using MeOAc. 

 

 

 

 

 

 

 

 

 

Figure A4.18. Current (I) – Voltage (V) characteristics of the as-synthesized and ten 

times washed (with MeOAc) CsPbCl3 NCs coated on a FTO plate. 
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Figure A4.19. (A) EL spectra of the LED at different bias voltages. (B) Unchanged peak 

maxima of the EL spectra over a wide range of applied voltages. 

 

Table A4.1. A comparison of the optical properties of the CsPbCl3 NCs prepared by 

different direct methods. 

Chloride 

precursor 

Pb:Cl ratio 

used 

λem (nm) PLQY (%) fwhm (nm) Ref. 

OAmH
+
Cl

-
 1:5.5-5.6 411 97 ---- 1 

Benzoyl 

chloride 

1:9 408 65 11 2 

PhPOCl2 1:4.5 404 71 12 3 

NCP 1:9 404 80 9 4 

DCDMH 1:3 406 70 10 5 

(PhO)2POCl 1:9 405 87 10 This work 

 

Table A4.2. Optical and phase stability of the CsPbCl3 NCs prepared by different direct 

methods towards repeated washing. 

Sample Chloride 

precursor/s 

Stability toward washing Ref. 

CsPbCl3 PbCl2 

 

Optical stability: PL intensity almost completely 

quenched after 4
th 

washing cycles. 

Phase stability: Phase transformation into non-

emitting tetragonal phase starts after 2
nd

 round of 

washing and completely converted into it after 4
th
 

round of washing. 

 

 

6 

CsPbCl3 combination Optical stability: Retains ~50% of initial PL  
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of PbCl2 and 

OAmH
+
Cl

-
 

intensity after 4
th 

round of washing 

Phase stability: The tetragonal phase arises after 

4
th 

round of washing. 

6 

CsPbCl3 PhPOCl2 Optical stability: From an initial value of 71%, 

the PLQY decreases to 66.2 and 36.8% after 4
th
 

and 10
th
 cycles of washing. 

Phase stability: Retains original phase and 

morphology after 10
th
 cycles of washing. 

 

 

3 

Sr doped 

CsPbCl3 

combination 

of PbCl2 and 

SrCl2 

Optical stability: The initial PLQY (82.4%) 

decreases to only ~1% after 8
th 

cycle of washing. 

However, their self assembled product remains 

bright with a PLQY of ~57% after the same 

cycles of washing. 

Phase stability: The tetragonal phase starts 

appearing after 5
th 

washing cycles and 

completely converted to it after 8
th
 such washing 

steps. 

 

 

 

7 

CsPbCl3 (PhO)2POCl Optical stability: The NCs exhibit ~67% and 

~43% PLQY, respectively after 5
th
 and 10

th
 

cycles of washing with MeOAc. An even better 

PLQY of ~71% and ~52% is observed after 

similar washing cycles with hexane. 

Phase stability: Original crystal phase and 

morphology is almost retained after 10
th
 cycles of 

washing with both MeOAc and hexane. The 

tetragonal phase appears only after 14
th
 such 

cycles of washing with MeOAc. 

 

 

 

This 

work 

 

Table A4.3. A comparison of the PLQY and stability of the violet-emitting CsPbCl3 NCs 

obtained by different three-precursor method of synthesis. 

Chloride precursor 

used 

PLQY (%) Stability parameters Ref. 

Benzoyl chloride 65 Not studied 2 

OAmH
+
Cl

-
 97 Ambient stability: PLQY reduced to 1 
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~80% after 7 days of storage in air. 

PhPOCl2 71 Photostability: ~80% of initial PL 

intensity is retained after 5 h under 

continuous UV illumination. 

 

3 

NCP 80 Ambient stability: ~85% of initial PL 

intensity is retained after 14 days of 

storage in ambient atmosphere. 

 

4 

DCDMH 70 Ambient stability: ~80% of initial 

PLQY retained after 45 days in 

ambient conditions. 

Photostability: ~80% of the initial 

PLQY retained after 24h under 

continuous UV light illumination. 

 

 

5 

(PhO)2POCl 87 Ambient stability: The NCs shows 

~79% PLQY even after 48 days of 

storage under ambient condition. 

Polar solvent stability: A PLQY of 

~64% and ~48% is still obtained even 

after 2 days and 36 h of storage in 

water and ethanol, respectively. 

Photostability: A PLQY of ~80% is 

still retained after 10h continuous 

illumination of UV light. 

Thermal stability: Cubic phase and 

bright emission of the NCs remains 

intact even after continuous heating at 

85°C for 10h. 

 

 

 

 

 

This 

work 

 

Table A4.4. Ligand coverage of the CsPbCl3 NCs after different cycles of washing with 

MeOAc. 

Washing steps 

with MeOAc 

Concentration of 

alkene species  

(mM) 

Concentration of 

the NCs  

(nM) 

Size of the 

NCs  

(nm) 

No. of 

ligands 

(nm
-2

) 

0 25.00 10.3 8.7 5.34 
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5 12.68 6.8 8.9 3.92 

10 0.49 2.1 9.5 0.43 

 

Table A4.5. Atomic % ratio of the constituting elements and N in CsPbCl3 NCs 

calculated from core-level XPS data and atomic sensitivity factor of the elements. 

System Atomic % ratio (with respect to Pb) 

 

CsPbCl3 

Cs Pb Cl N 

0.53 1.00 2.73 1.64 

 

Table A4.6. Summary of the performance and operational stability of perovskite-based 

violet-LEDs. 

Systems EL 

maxima 

(nm) 

Fabrication 

Method 

fwhm 

(nm) 

EQE 

(%) 

EL 

decay 

Ref. 

(PEA)2PbBr4 NPLs 410 Solution 

processed 

14 0.038 --- 8 

(PEA)2PbBr4 NPLs 

 

MAPbCl2.4Br0.6 

NCs 

408.8 

 

--- 

" 

 

" 

18 

 

--- 

0.25 

 

--- 

5% in 

5h 

90% in 

3h 

 

9 

Cs3Sb2Br9 QDs 408 " 55 0.206 10% in 

6h 

10 

Mg
2+

 doped 

CsPbCl3 NCs 

402 " --- 0.1 --- 11 

CsPbCl3 NCs 405 " 10.6 0.18 --- 3 

CsPbCl3 NCs 410 " 12 0.16-

0.19 

30% in 

3h 

This 

work 
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ABSTRACT: The lack of long-term stability, the presence of toxic lead, and a low
photoluminescence (PL) efficiency are the major obstacles to the commercialization of
lead-halide perovskite-based optoelectronic and photovoltaic devices. Herein we report a
facile ambient condition doping protocol that addresses all three issues of the CsPbX3
perovskite nanocrystals (NCs) to a substantial extent. We show that the room-
temperature treatment of these NCs with MgX2 results in the partial (18−23%)
replacement of toxic lead, enhances the PL quantum yield of green-emitting CsPbBr3 (to
∼100% from ∼51%) and violet-emitting CsPbCl3 NCs (to ∼79% from ∼1%), and
improves the stability under ambient conditions and in the presence of light and a polar
solvent. Ultrafast pump−probe and temperature-dependent PL studies reveal that curing
of the intrinsic structural disorder, introduction of some shallow energy levels close to
the conduction band edge, and effective passivation of the halide deficiency contribute to
the improved properties of the doped systems.

The outstanding potential of the lead halide perovskites
(ABX3-type, A = Cs, FA (formamidinium, CH(NH2)2

+)
and MA (methylammonium, CH3NH3

+), B = Pb and X = Cl,
Br, and I) in various photovoltaic and optoelectronic
technologies such as solar cells,1−4 light-emitting diodes
(LEDs),5,6 lasers7,8 photodetectors, and nonlinear optics,9−12

which has already been demonstrated, is owing to their unique
optical and photophysical properties, namely, high lumines-
cence efficiency,6,13−15 high color purity,13 large absorption
coefficient,16 defect-tolerant nature,17 ease of tunability of the
band gap throughout the entire visible region,18,19 and facile
low-cost synthesis.13,20−22 Unlike the conventional metal
chalcogenide semiconductor nanocrystals (NCs), the halide
perovskites exhibit high photoluminescence (PL) due to their
defect-tolerant nature.17,23,24 However, in the nanodimension,
a large surface to volume ratio has a detrimental effect on their
optical properties and stability,24−26 and the PL quantum yield
(QY) and stability of these NCs under ambient conditions are
often far from satisfactory.25 For example, the violet-emitting
CsPbCl3 NCs are poorly luminescent with typical PLQYs of
<5%, as deep trap centers generated by halide vacancies and
distorted [PbCl6]

4− octahedral units facilitate the nonradiative
recombination of photogenerated charge carriers.27−36 Such a
low PLQY is a major issue with this material in its practical
utilization. In contrast, the green-emitting CsPbBr3 NCs
possess much higher PLQY because the defects are weakly
localized and shallow in nature.13,14,29,37 However, the
subunity PLQY of the pristine CsPbBr3 NCs implies a non-
negligible contribution of the nonradiative recombination

mediated by these shallow defect states that needs to be
eliminated to obtain high-quality NCs with a near-unity
PLQY.37

Although several successful strategies have been developed
for enhancing the PLQY of these NCs, the presence of toxic
lead has been a major concern for the commercialization of
products based on these materials. In this regard, B-cation
doping is an attractive approach because it not only enhances
the PLQY of the system but also reduces the content of toxic
lead in the NCs. The literature indicates that the PLQY of
green-emitting CsPbBr3 NCs is enhanced upon the doping of
Ce3+, Zn2+, Sn2+, Cd2+, and Na+28,38−42 and that of violet-
emitting CsPbCl3 NCs is enhanced by the doping of Ni2+, Y3+,
La3+, Cd2+, Cu+, and Ca2+.27,28,30,31,43−46 Although Cd2+ is one
metal ion, which is effective for both green- and violet-emitting
NCs,28 its doping does not help reduce the toxicity of the NCs
because cadmium compounds are also highly toxic.47

In the quest for a metal ion that will enhance the PLQY and
the stability of both the blue- and green-emitting CsPbX3 (X =
Cl and Br) NCs and at the same time reduce the toxicity, we
zeroed in on magnesium halides, MgX2, considering their
environmentally friendly nature, high natural abundance,
strong preference for octahedral coordination,48 and com-

Received: December 23, 2019
Accepted: January 24, 2020
Published: January 24, 2020

Letterpubs.acs.org/JPCL

© 2020 American Chemical Society
1178

https://dx.doi.org/10.1021/acs.jpclett.9b03831
J. Phys. Chem. Lett. 2020, 11, 1178−1188

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
H

Y
D

E
R

A
B

A
D

 o
n 

N
ov

em
be

r 
26

, 2
02

2 
at

 1
3:

17
:4

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Somnath+Das"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Apurba+De"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anunay+Samanta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.9b03831&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.9b03831?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.9b03831?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.9b03831?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.9b03831?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.9b03831?fig=tgr1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.9b03831?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf


parable Mg−X and Pb−X bond dissociation energies.49

Another factor that influenced our choice in favoring Mg2+ is

a recent theoretical study that identified it as the best

alternative to Pb2+ in the CsPbX3 crystal lattice.
50 Two recent

findings on the influence of Mg2+ on the PL of the CsPbX3 film

and NCs were, however, not encouraging because the reported

PL enhancement was rather moderate.27,51 Herein we report

an entirely different strategy for introducing a significant

Scheme 1. (A) Schematic Representation of the Post-Synthetic Doping Strategy under Ambient Condition and (B) Illustration
of Substitution of Pb2+ by Mg2+ and Passivation of the Halide Vacancy

Figure 1. TEM images of (A) undoped and (B) Mg-doped CsPbBr3 NCs with corresponding HRTEM images (inset) showing lattice spacing of
the (100) planes. (C) PXRD patterns of the undoped and doped CsPbBr3 NCs. (D) Zoomed view of the PXRD pattern shows the peak shift of the
(200) plane to a higher angle upon Mg doping.
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amount of Mg2+ under ambient conditions into the CsPbX3
crystal, which reduces the lead content by ∼25%, dramatically
improves the PLQY of both green- and violet-emitting
perovskite NCs (near-unity for CsPbBr3 and ∼79% for
CsPbCl3), and provides superior air- and photostability and
robustness toward the polar solvent.
The undoped CsPbX3 (X = Cl and Br) NCs were prepared

following a conventional hot-injection method,13 the details of
which are provided as Supporting Information (SI). These
NCs were dispersed in hexane and used for further
investigation. For doping, MgX2 (0.30 mmol) was dissolved
in 4 mL of oleylamine (OAm) by heating to 100 °C for 2 h.
The addition of 30 μL of this hexane-diluted solution to 0.50
mL of a colloidal dispersion (∼0.015 μM) of CsPbX3 NCs,
maintained under ambient conditions and stirring for 1 h
(Scheme 1A), produced a brightly luminescent solution of
CsPbX3 NCs. This solution was mixed with methyl acetate in a
1:2 volume ratio and centrifuged at high speed (13 000 rpm)
for 5 min. The supernatant liquid containing excess ligands and
salts was discarded, and the residue at the bottom of the
centrifuge tube was then collected and redispersed in hexane
for further studies. Additional details of the method of
synthesis are provided as SI.
The TEM images of the undoped and doped CsPbBr3 NCs

(Figure 1A,B) indicate the cubic morphology of both the
samples. High-resolution TEM (HRTEM) images show an
interplanar distance (100 lattice planes, d100) of 0.592 nm in
undoped NCs that is consistent with the literature.14,29 A
smaller interplanar distance of 0.573 nm in doped NCs is a
reflection of the lattice contraction due to the smaller size of
Mg2+ (72 pm, when hexa-coordinated) compared with Pb2+

(119 pm, hexa-coordinated).52,53 It is to be noted that the
stated d100 lattice spacings were obtained by the inspection of
∼40 NCs for both samples (Figure S1A,B). Although the cubic
morphology of the CsPbBr3 NCs was retained upon doping,
the average edge length of the doped NCs is found to be

noticeably smaller (11 ± 2 nm) compared with that of the
undoped sample (14.5 ± 2 nm). A similar trend is observed for
CsPbCl3 NCs upon MgCl2 treatment (Figure S2). The
decrease in the edge length of the NCs upon doping is
presumably due to the etching and smoothening of the doped
NCs during the postsynthetic treatment.54 Doping-induced
lattice contraction (see later) can also contribute to this factor.
A careful inspection of the individual diffraction peaks of the

powder X-ray diffraction (PXRD) patterns (Figure 1C) of the
undoped and doped CsPbBr3 NCs (Figure S3 for CsPbCl3)
shows a clear shift of the peaks toward a higher 2θ value,
further confirming the lattice contraction upon doping. For
example, the peak at 31.02° for undoped CsPbBr3, which
corresponds to the (200) plane, shifts to 31.12° for doped NCs
(Figure 1D). Such a lattice-contraction-induced peak shift in
the PXRD patterns is well-documented in the litera-
ture.39,52,53,55,56 The estimated interplanar distance (d100 =
0.566 nm, see SI) from the PXRD data of the doped samples is
very similar to that (0.573 nm) directly obtained from the
HRTEM images, both confirming lattice contraction upon
doping. The splitting of the (100) diffraction peak of the
undoped CsPbBr3 NCs is perhaps due to the existence of an
orthorhombic phase as well, which, however, disappears upon
Mg2+ incorporation into the lattice, indicating the pure cubic
phase of the doped NCs.57,58 Moreover, the absence of any
new diffraction peak in doped NCs shows that no impure
crystal phase is induced by Mg2+ doping.
The elemental analysis of a large area of the field-emission

scanning electron microscopy (FESEM) images (Figure 2),
obtained by energy-dispersive X-ray (EDX) measurements,
allows a quantitative estimation of the dopant content. A
characteristic peak of Mg at 1.3 keV only in the case of doped
NCs (Figure 2A) confirms the presence of Mg2+. The
elemental analysis of the doped CsPbBr3 NCs indicates a
Cs/(Pb + Mg)/Br atomic ratio of ∼0.73:1.0:3.32 with overall
∼4.68% Mg, suggesting the replacement of ∼23.4% Pb2+ by

Figure 2. (A) EDX spectrum of the doped CsPbBr3 NCs indicating the relative content of the individual elements. (B) FESEM image of the doped
NCs. The center of the FESEM image, scanned for elemental mapping, indicates the homogeneous distribution of Cs, Pb, Mg, and Br throughout
the scanned area of the doped NCs (C−F), respectively.
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Mg2+ and a significant reduction in the toxicity of the pristine
NCs. The Mg2+ content in doped NCs is also estimated
through inductively coupled plasma optical emission spectros-
copy (ICP-OES) measurements. The Mg2+ content (with
respect to Pb2+) is estimated to be ∼23.13%. This value is very
close to that obtained from the EDX measurement.
Furthermore, elemental mapping (Figure 2B−F) shows a
homogeneous distribution of all four elements throughout the
scanned area of doped NCs. The EDX data and elemental
mapping of undoped CsPbBr3, CsPbCl3, and doped CsPbCl3
NCs are presented in Figures S4−S6.
An X-ray photoelectron spectroscopy (XPS) study of the

samples provides insight into the chemical environment of the
elements upon Mg2+ doping (Figure 3 and Figure S7). The

high-resolution XPS spectrum of CsPbBr3 shows that the
intense peaks at ∼138.1 and ∼143 eV (Figure 3A) due to Pb
4f7/2 and Pb 4f5/2, respectively,

59 are shifted to a higher binding
energy by ∼0.2 eV upon doping. The Br 3d5/2 peak (Figure
3B) is also blue-shifted by ∼0.2 to ∼68.4 eV in doped CsPbBr3
NCs.42 The appearance of an additional peak at ∼1305 eV
only in doped NCs, which corresponds to Mg 1s (Figure 3C),
re-establishes the presence of Mg2+.60 The blue shift of the Pb
4f and Br 3d peaks upon doping is due to the contraction of
the [PbBr6]

4− units (and the consequent strengthening of the
Pb−Br bonds) upon the incorporation of smaller Mg2+ (rMg

2+

= 72 pm versus rPb
2+ = 119 pm) at the B site.28,53

A comparison of the FTIR spectra of the undoped and
doped samples shows that except for some enhancement in the
oleylammonium content (Figure S8), the surface ligand
arrangement is not significantly changed upon doping. The
observed change is not surprising because the oleylamine
solution of MgX2 has been used for the postsynthetic
treatment.
We find that the peak positions of the UV−vis absorption

and emission spectra of the CsPbX3 NCs are not significantly
changed upon doping, but the PL intensity of the systems is
dramatically enhanced (Figure 4A). For example, the PLQY of
the CsPbBr3 NCs increases to ∼100% from its initial value of
∼51%, and that for CsPbCl3 NCs increases to ∼79% from an
initial value of only ∼1%. Careful inspection of the spectra
reveals a small blue shift (∼3 nm) of both absorption and PL
maxima of CsPbBr3 NCs upon doping (Figure S9 and Figure
4A, respectively) due to the lattice contraction induced by the
smaller Mg2+ ion. In this context, we take note of a very recent
work by Huang et al. on Mg doping of the CsPbBr3 perovskite
film (not NCs) improving its morphology, crystallinity, and
PLQY and the external quantum efficiency (EQE) of the
fabricated LEDs.51 We also note the recent observation by Sun
and coworkers of the increase in the PLQY of the violet-
emitting CsPbCl3 NCs from 0.8 to 36.6% upon the addition of
MgCl2 during the hot-injection synthesis of the NCs.27 No
doping of Mg was, however, observed like in our case. We
surmise that the self-purification effect of NCs is dominant in
the hot-injection synthesis and thus inhibits the doping of
Mg2+ ions, whereas our postsynthetic doping strategy is based
on the room-temperature reorganization of the perovskite
lattice, which could feature the rather weak self-purification of
NCs.
The PL decay behavior of undoped and Mg2+-doped

CsPbBr3 NCs is shown in Figure 4B, and the decay parameters
are presented in Table 1. Whereas CsPbBr3 NCs exhibit three-
component PL decay, the decay profile of Mg-doped samples
is biexponential in nature. The contribution of the 2.91 ns
component due to the band-edge excitonic recombina-
tion28,29,61 is substantially enhanced from ∼28 to ∼70%
upon treatment, and the fastest trapping component (0.64 ns),
which has the largest contribution (∼67%) in undoped NCs,
vanishes completely in doped NCs. Another important point
to note here is the increase in the contribution of the shallow
trap-mediated radiative recombination component from ∼5 to
∼30% upon doping. An estimation of the rate constant (knr) of
the nonradiative deactivation process using the measured
PLQY and lifetime values of the systems before and after
doping shows that the knr value decreases by a factor of ∼128
after the treatment (Table 1). Likewise, Mg-doped CsPbCl3
NCs also exhibit a much improved PL lifetime (Figure 4C)
(<τamp> = 3.69 ns) compared with the undoped counterpart,

Figure 3. High-resolution XPS spectra of the undoped and doped
CsPbBr3 NCs showing signals due to (A) Pb 4f, (B) Br 3d, (C) Cs 3d,
and (D) Mg 1s. All spectra were calibrated with respect to the C 1s
peak at 285.0 eV.
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which is too short to be accurately estimated in our time-
correlated single photon counting (TCSPC) setup, which has a
time resolution of ∼61 ps.

We have also studied the carrier dynamics in undoped and
doped CsPbBr3 NCs by transient absorption (TA) measure-
ments with femtosecond time resolution. The TA spectral
features (Figure 5A) are quite similar for both the undoped

Figure 4. Effect of doping on (A) the PL spectra and (B,C) the decay
profiles of CsPbBr3 and CsPbCl3 NCs. The inset in panel A shows the
digital images of undoped (1) and doped (2) NCs under illumination
by 365 nm radiation. The PL spectra were recorded by exciting the
CsPbCl3 and CsPbBr3 NCs at 350 and 400 nm, respectively. For
recording the PL decay curves, laser sources of 376 and 404 nm were
used, and the PL was monitored at the respective peak wavelengths.

Table 1. PL Decay Parameters of Undoped and Doped CsPbBr3 NCs

system τ1(a1) (ns)
a τ2(a2) (ns) τ3(a3) (ns) <τamp> (ns)b kr (ns

−1) knr (ns
−1)

CsPbBr3 2.91(0.28) 17.64(0.05) 0.64(0.67) 2.13 0.24 0.23
Mg-CsPbBr3 4.32(0.70) 8.11(0.30) 5.46 0.18 0.0018

aai is the amplitude associated with ith lifetime component. b<τamp> = Στiai/Σai; kr = PLQY/<τamp>; knr = (1 − PLQY)/<τamp>. PL decay
parameters of undoped and doped CsPbCl3 NCs are summarized in Table S1.

Figure 5. (A) TA spectra (λex = 350 nm) of the doped and undoped
NCs (inset). (B) Comparison of the HCC dynamics of the samples.
(C) Bleach recovery dynamics of the two NCs. The kinetic
parameters obtained upon biexponential fitting to the data are 47 ±
2.43 ps (0.55) and >850 ps (0.45) for the undoped CsPbBr3 NCs. For
the doped sample, the recovery dynamics is single-exponential with a
time constant of >850 ps.
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and doped systems and are characterized by a sharp negative
(bleach) signal due to the ground-state depopulation of the
NCs upon excitation by the pump pulse.62,63

Because the excitation wavelength (350 nm) corresponds to
∼1.46Eg (where Eg corresponds to the band gap (∼2.42 eV) of
the undoped CsPbBr3 NCs), photoexcitation of the NCs
creates charge carriers much above the band-edge, which cool
down to the band-edge excitonic state to initiate the bleach
recovery process. The hot-carrier relaxation (hot-carrier
cooling (HCC)) time estimated from the bleach formation
dynamics in undoped NCs is 580 ± 21 fs, which is in good
agreement with literature data.62,63 The hot carriers, however,
relax much faster (325 ± 16 fs) in doped system (Figure 5B)
presumably due to the enhanced coupling of the conduction
band states upon the introduction of the dopant states within
the conduction band.38,64,65 Because the conduction band is
formed mainly by the Pb orbitals, the partial substitution of Pb
with Mg is expected to change the distribution of energy levels
in the conduction band. To validate that a faster HCC is due
to the introduction of new energy levels within the conduction
band upon doping, we have investigated the HCC dynamics of
another undoped CsPbBr3 NCs (λex = 350 nm) with a
comparable PLQY (92 ± 2%), synthesized following a
reported three-precursor method.21 A much slower HCC
process (610 ± 20 fs) in these NCs (Figure S10) compared
with the doped system (325 ± 16 fs) indeed proves the role of
the higher density of the states in the conduction band of the
doped NCs. A stronger electron−phonon coupling upon
doping may also contribute to faster HCC dynamics, but we
are not sure about this aspect. As far as bleach recovery is
concerned (Figure 5C), the undoped CsPbBr3 NCs exhibit a
biexponential dynamics comprising one major ultrafast
component (∼47 ± 2.43 ps) due to carrier trapping and a
much longer (>850 ps) recombination component.38,62

However, estimation of the exact time constant for the longer
component is not possible due to the time-window limitation
of our experimental setup.62 The presence of only a >850 ps
component in the doped system indicates the effective
elimination of the ultrafast nonradiative recombination routes
for the carriers upon doping.
Further insight into carrier dynamics is obtained by

examining the influence of temperature on the steady-state
and time-resolved PL of the undoped and doped CsPbBr3 NCs
over a temperature window of 273−333 K. The PL intensity of
undoped CsPbBr3 NCs decreases by a factor of ∼95 upon an
increase in temperature from 273 to 333 K, but for the doped
system, ∼85% of its initial PL is retained even at 333 K (Figure
6A and Figure S11). This shows that carrier trapping, which is
a thermally activated process and which decreases the PL of
the undoped system at higher temperature, is almost
eliminated upon doping. This conclusion is corroborated by
the temperature dependence of the PL decay parameters
(Table S2). With the increase in temperature, the contribution
of the short trapping component increases from 45 to 68%
(with a negligible change in the contribution of the longest
time component) in the case of undoped CsPbBr3 NCs,
whereas the contribution of the longest time component,
which represents the trapping−detrapping process, increases
from 33 to 47% for the doped system. This increase in the
contribution of the longest time component at higher
temperature indicates the involvement of new energy states,
which lie very close to the excitonic state and participate in the
trapping−detrapping process, resulting in a prolonged PL

lifetime of the doped system (Figure S12).61 Our ultrafast TA
and these PL measurements show that the states, which
facilitate the nonradiative deactivation of the carriers, are
largely eliminated upon doping, but at the same time, doping
can introduce new energy states that are distributed
throughout the conduction band and a little below it (Scheme
2).
Halide-deficiency-associated point defects on the surface and

distortion of the [PbX6]
4− octahedral units are the two main

reasons for poor optical properties and low phase stability of
the halide perovskite NCs.37,66 The halide vacancies generate
inter-band-gap trap states, which facilitate the nonradiative
recombination of the photogenerated charge carriers, resulting
in the poor PLQY of the NCs. The better optical properties
and stability of the halide-rich NCs prove this point.67 In the
present case, the ratios of the atomic percentage Br/Pb and

Figure 6. (A) Variation of the PL intensity of undoped and doped
CsPbBr3 NCs with temperature. (B,C) PL decay kinetics of the two
samples over the same temperature window.
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Br/(Pb + Mg) in undoped and doped CsPbBr3 NCs (∼2.98
and ∼3.32, respectively, obtained from EDX study) indicate
the effective removal of the halide-vacancy-related defects

upon doping and the concomitant increase in the band-edge
radiative excitonic recombination, as confirmed by the time-
resolved PL decay (see Figure 4B) and TA studies (see Figure
5C). Apart from the halide vacancies, [PbX6]

4− octahedral
distortion is also known to contribute to a poor PLQY and
stability of the CsPbX3 NCs.43,66,68 Well-known octahedral
distortion in CsPbX3 NCs arises from the size-mismatch of the
cuboctahedral void and the Cs+ ion.66 This distortion can be
minimized either by replacing Cs+ by a larger cation like
formamidinium (FA+)/methylammonium (MA+) or by
reducing the size of the octahedral unit by replacing the B-
site Pb2+ with smaller cations.28,66,68−70 Some very recent
reports, however, suggest that the replacement of Pb2+ with
smaller cations like Ni2+ (69 pm) and Cu2+ (73 pm) increases
the defect formation energy of the resulting doped NC,
endowing it with much improved optical properties and
stability.43,68,65,70 To determine the influence of Mg2+ alone on
the PL properties of the NCs, when similar experiments were
performed using MgO, a PLQY of ∼87% was achieved
(compared with 100% with MgBr2) for CsPbBr3 NCs,
indicating that the doped NCs still suffered from halide
vacancies, which is confirmed by the measured Br/(Pb + Mg)
value of ∼2.9 (Figure S13) in the doped sample. This was
further proved by the PL decay behavior of the MgO-treated
NCs. These NCs exhibited a short time component (0.86 ns,
42%), which could not be observed in MgBr2-treated samples
(Figure S14). However, in the case of CsPbCl3 NCs, the

Scheme 2. Schematic Illustration of Different Photophysical
Processes in Undoped and Doped CsPbBr3 NCs

a

aVB, CB, HCC, TR, DTR, NRR, and TS are the acronyms for valence
band, conduction band, hot carrier cooling, trapping, de-trapping,
non-radiative recombination, and trap states. The red-shaded portion
in the CB of the doped NCs indicates that Mg doping induced the
introduction of energy states distributed throughout the CB and a
little below it.

Figure 7. Comparison of the stability of undoped and doped CsPbBr3 NCs. (A) Air stability under ambient conditions and (B) photostability
under 365 nm (8 W) continuous UV illumination. (C) PXRD pattern of freshly prepared and 60 days aged samples kept under ambient conditions.
(D) Digital images (under 365 nm UV illumination, 8 W) of the doped and undoped samples in the presence of 20 μL of ethanol at various time
intervals.
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PLQY was enhanced only up to ∼28%, indicating the
dominant role of the Cl− vacancies in its low PLQY (Figure
S12).37 It is worth mentioning that addition of oleylamine
solution alone enhances the PLQY of CsPbBr3 NCs by only
8%, which is quite consistent with previous literature.71 Thus it
is evident that both Mg2+ and X¯ play important roles in
contributing to the superior optical properties of the Mg-
doped CsPbX3 NCs compared with their undoped cousins by
rectification of the octahedral distortion and suppression of the
halide-vacancy-related defects (Scheme 1B). An important
point to note in this context is that B-cation doping is
commonly executed under high-temperature reaction con-
ditions because room-temperature exchange at the B site of
perovskite NCs is considered to be quite challenging due to
the high energy requirement to open up the rigid [PbX6]

4−

octahedral units.72 In our case, the room-temperature exchange
is made possible, first by anchoring MgX2 on the pre-existing
halide vacancies of the NC surface and then by the elimination
of the PbX2 aided by OAm. This mechanism of the
incorporation of Mg2+ into the crystal lattice is consistent
with literature.39,73

Apart from reduced toxicity and high PLQY, these Mg-
doped CsPbX3 NCs are also characterized by remarkable
stability, which is evident from Figure 7 (also Figure S15). As
can be seen, under ambient conditions, the PL intensity of a
freshly prepared Mg-doped CsPbBr3 NCs remains unchanged
for almost 20 days, and ∼75% of its initial PL intensity is
retained even after 2 months without any change in the band
position or full width at half-maxima (fwhm) (Figure 7A,
Figure S15). In contrast, under similar conditions, the PL of
undoped NCs is quenched almost completely within 10 days.
The doped NCs also exhibit excellent photostability. The
initial PL intensity of doped CsPbBr3 NCs remains unchanged
for ∼38 h (under 365 nm UV irradiation, 8 W), whereas for
undoped NCs, the PL is lost almost completely in just 6 h
(Figure 7B). The unchanged PXRD pattern recorded after
storing the doped sample for 60 days under ambient
conditions (Figure 7C) confirms the long-term stability of
the sample. These measurements indicate the phenomenal air-
and photostability of the doped NCs when compared with
their undoped counterparts. The doped CsPbBr3 NCs are also
found to be significantly resistant toward polar solvents like
ethanol, in which a bright emission can be observed for a long
time (>960 min) without any change to the PL peak position
or the fwhm (Figure 7D and Figures S16 and S17). In sharp
contrast, the undoped NCs aggregate instantly in the presence
of ethanol, and the PL intensity drops dramatically with a ∼10
nm red shift of emission maxima (Figure S16). The enhanced
stability of the doped NCs toward the polar solvent is most
likely due to the protection provided by the long hydrocarbon
chain of the surface-bound oleylammonium cations, which give
a more hydrophobic nature to the doped NCs.74 The MgBr2
treatment provides a bromide-rich surface for the doped
CsPbBr3 NCs that attracts more oleylammonium cations.75 A
drop in the ratio of the Cs/Pb atomic percentage in the
CsPbBr3 NCs from ∼0.81 to ∼0.73 (as evident from the EDX
data) upon doping confirms the replacement of some Cs ions
from the surface by oleylammonium cations.75−77 The
presence of more oleylammonium ions at the surface is also
evident from the FTIR spectra of the doped CsPbBr3 NCs
(Figure S8), as previously mentioned. Thus both an improved
crystallinity and hydrophobicity play important roles in
enhancing the stability of the doped NCs. The superior air-

and photostability of the doped CsPbCl3 NCs is evident from
Figures S18 and S19. A table collecting the stability and optical
properties of green- and violet-emitting perovskite NCs
obtained through the B-site doping is provided as SI (Table
S3). It highlights the air- and photostability and the robustness
toward polar media of our doped NCs vis-a-̀vis the other
samples.
It is shown that the room-temperature postsynthetic

treatment of the CsPbX3 (X = Cl and Br) NCs with MgX2

leads to the incorporation of a significant quantity of Mg2+ into
the NCs, yielding systems that are brightly luminescent, highly
stable, less toxic, and more resistant to a polar environment. A
model explaining the improved PL properties of the doped
systems is proposed based on the findings of the ultrafast
pump−probe and temperature-dependent PL measurements.
The excellent optical properties, lower toxicity, and high
stability of these NCs under different conditions make these
systems promising for optoelectronic and photovoltaic
applications.
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ABSTRACT: Because of their low band gap, iodide-based lead halide perovskite
nanocrystals (NCs) with generic formula APbI3 [A = Cs+, methylammonium
(MA+), and formamidinium (FA+)] are most suitable for solar photovoltaic
applications. However, because of their poor phase stability, obtaining these NCs
with stable red/NIR emission is a challenging task and is termed the “red wall”.
We report here a generic protocol for direct synthesis of all three NCs with
extraordinary characteristics employing 1,3-diiodo-5,5-dimethylhydantoin
(DIDMH) as iodide precursor. The as-synthesized NCs are phase-pure and
monodispersed, and they exhibit phase stability for several months in ambient
conditions and photoluminescence quantum yield (PLQY) of near-unity for the
red-emitting CsPbI3 NCs and ∼74 ± 2% and 67 ± 2% for NIR-emitting
(MA)PbI3 and (FA)PbI3 NCs, respectively. The results highlight the greater
efficacy of DIDMH over other iodide precursors, with which the present task
could not be achieved earlier. The high-quality NCs for the red−NIR region may
be useful for developing efficient perovskite-based solar photovoltaic devices.

Among lead-halide perovskite nanocrystals (NCs),
iodide-based CsPbI3, (MA)PbI3, and (FA)PbI3 are
most suitable for single-junction solar cells because of

their narrow band gap.1−10 However, unlike the widely
explored bromide-based green-emitting APbBr3 NCs, the
poor phase stability of these iodide-based NCs leads to their
rapid deterioration even under ambient conditions and
prevents the practical utility of these otherwise promising
substances.6,11−17 The challenging task of obtaining small-sized
and iodide-based perovskites emitting in the red and NIR
region with high photoluminescence efficiency and stability,
termed the “perovskite red wall”,18 needs to be accomplished
for these substances to achieve their potential.
The stability and optical properties of the NCs depend to a

great extent on their method of preparation.5,19−23 The widely
used two-precursor method of synthesis, in which PbI2 is used
as a source of both lead and iodine, produces NCs of poor
quality.5 For example, (MA)PbI3 and (FA)PbI3 NCs obtained
by this method exhibit a broad size distribution and low
photoluminescence quantum yield (PLQY),24−26 and even
CsPbI3 NCs show a PLQY of only ∼30−70%.11,17 The three-
precursor method, which was developed later, employs a
separate halide precursor for synthesis in a halide-rich
condition and produces much better quality NCs.27,28

However, despite great recent efforts to overcome the

perovskite red wall, the success is rather limited and no
generic method of preparation of all three NCs with high phase
stability and PLQY is available to date.8,18,29−31 For example,
Kovalenko and co-workers prepared high-quality FAPbI3 and
mixed-cation FA0.1Cs0.9PbI3 NCs with PLQY of ∼70% that
retained its phase for several months.18 Akkerman et al.
succeeded in obtaining highly luminescent (PLQY ≈ 74−79%)
CsPbI3 and FAPbI3 NCs, which were stable for at least 2
weeks.29 Similarly, stable CsPbI3 NCs with near-unity PLQY
were also prepared by Pradhan and co-workers and later by Cai
et al.8,30,31 Interestingly, in none of these reports could all three
red- and NIR-emitting APbI3 NCs be obtained following a
generic method. To the best of our knowledge, it was only
Manna and co-workers who could obtain all three iodide-based
NCs using benzoyl iodide as iodide precursor with a PLQY of
58% for CsPbI3, 45% for (MA)PbI3, and 55% for (FA)PbI3
NCs.32 While these CsPbI3 NCs were reported to be stable for
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∼20 days, stability data for the two hybrid systems were not
mentioned.
Recognizing the immense potential of the CsPbI3, (MA)-

PbI3, and (FA)PbI3 NCs in solar photovoltaic and optoelec-
tronic applications and the lack of any common method of
preparation of these systems in their bright and stable form, we
have been working for some time toward developing a generic
method for the preparation of all three all-inorganic and hybrid
systems to overcome the perovskite red wall. While it became
clear to us that the iodide precursor chosen for synthesis was a
key factor, we did not have much success with the iodo-
analogues of the bromide precursors, which produced great
quality green-emitting APbBr3 NCs. For example, using N-
bromosuccinamide (NBS) as bromide precursor, we obtained
green-emitting APbBr3 NCs with near-unity PLQY,

33 but using
its iodo-analogue, N-iodosuccinamide (NIS), we could obtain
only CsPbI3 NCs, with PLQY of merely 27 ± 3%. The hybrid
systems could not be prepared (Figure S1). Moreover, it was
observed that phase transformation of the prepared CsPbI3
NCs started within a day of synthesis (Figure S1c). Our
continued work in this direction and careful search of the
literature led us to 1,3-dichloro-5,5-dimethylhydantoin
(DCDMH), which was reported to be a highly effective
reagent for chloro-lactonization reaction even at −40 °C.34,35

The N(1) halogen of DCDMH acts as an inductive activator of
the N(3) halogen, which serves as the actual source of halogen.
This important piece of information led us to explore the
utility of its iodide analogue, 1,3-diiodo-5,5-dimethylhydantoin
(DIDMH), as an iodinating agent for synthesis of the APbI3
NCs.
The reaction of DIDMH with oleic acid produces HI

(Scheme S1)33,36 that reacts with oleylamine, generating
oleylammonium iodide (OAm+I−),29−32 which served as the
active source of iodide in the reaction (Figure 1a).30,31 The

APbI3 NCs were obtained using an optimum quantity of the
oleate salt of the “A” cation followed by rapid quenching of the
reaction mixture (Figure 1a, with details in the Supporting
Information).
The formation of OAm+I− in the reaction medium was

confirmed by the strong ∼220 nm absorption in the UV
spectrum and ∼0.12 ppm down-shift of the 1H NMR signal of
the α-protons of OAm in the reaction mixture with respect to
pure OAm (Figures S2 and S3).29 It was also found that
injection of OAm+I− (after preparing separately) into the
reaction medium instead of its in situ generation produced only
moderately luminescent CsPbI3 NCs (PLQY of 38 ± 2%),
which exhibited poor stability under ambient conditions
(Figure S4). The phase transformation started within a day
of synthesis. These results are consistent with the literature,
which indicates in situ passivation of the perovskite NCs is
much more effective in producing brightly luminescent well-
passivated stable NCs.33,37−39

The Pb:I molar precursor ratio and reaction temperature
were found to be the two most critical factors that influenced
the quality of the NCs. A 1:3 molar precursor ratio of Pb:I and
a temperature of 210 °C for all-inorganic CsPbI3 and 85 °C for
both (MA)PbI3 and (FA)PbI3 were found as the optimum
conditions for obtaining strongly luminescent, monodispersed,
and phase-stable NCs. When the reactions were performed
below or above the optimum temperature, the obtained NCs
consisted of multiple phases with inhomogeneous size
distribution, and they exhibited broad PL bandwidth and
substantially low PLQY (Figures S5−S8 and Table S1).
The excellent optical properties of all three APbI3 NCs are

evident from their high PLQY and narrow full width at half-
maxima (fwhm) (Figure 1b-d and Table 1). The red-emitting
CsPbI3 NCs exhibit near-unity (96 ± 2%) PLQY. The NIR-
emitting hybrid systems, (MA)PbI3 and (FA)PbI3 NCs, also

Figure 1. (a) Schematic representation of the steps in DIDMH-mediated synthesis of APbI3 NCs. UV−vis absorption (black) and
corresponding PL spectra (colored) of (b) CsPbI3, (c) (MA)PbI3, and (d) (FA)PbI3 NCs. λexc = 540 nm.
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exhibit impressive PLQYs of 74 ± 2 and 67 ± 2%, respectively.
These values are comparable with the best PLQY values
reported to date.18,23 We are not aware of any literature
reporting such high PLQY values for both the hybrid and all-
inorganic perovskite NCs prepared by a common procedure.
These NCs not only exhibit excellent PL but also display a
number of other extraordinary features like high phase-purity,
monodispersity, and remarkable stability under a variety of
conditions. Moreover, the method is also found to be highly
reproducible (Figure S9).
Bright-field TEM images indicate the cubic shape and fairly

narrow size distribution of all the APbI3 NCs (Figures 2a−c
and S10), and the mean edge lengths of CsPbI3, (MA)PbI3,
and (FA)PbI3 NCs are 8.8 ± 1.2, 12.2 ± 1.2, and 14.4 ± 2.6
nm, respectively, as obtained from different batches of the
NCs. The cubic and tetragonal crystal phases of CsPbI3 and
(MA)PbI3 NCs, respectively, are confirmed by comparing the
PXRD patterns (Figure 2d,e) with the available ICSD codes
(see insets). The diffraction peaks of the (FA)PbI3 NCs
(Figure 2f) suggest a cubic perovskite structure.32,40 Moreover,
the interplanar spacings of the NCs estimated from their high-
resolution TEM (HRTEM) images (Figure 2a−c insets) are
consistent with the literature values.12,18,41 Notwithstanding
two unidentified peaks in Figure 2d and one in Figure 2f,

which is not uncommon,9,10,29,42 the absence of any additional
diffraction peak corresponding to other phases (as per ICSD
data) eliminates the possibility of formation of any secondary
undesired phase of the NCs, indicating high phase purity.
We have examined the PL decay characteristics of the APbI3

NCs to understand the photophysical processes of these
systems. The PL of the CsPbI3 NCs decays biexponentially
with time constants of 9.17 (68%) and 17.12 (32%) ns (Figure
3a and Table S2). The first component, which has a major
contribution, is assigned to direct excitonic recombination, and
the slower component is assigned to shallow trap-mediated
band-edge recombination.43−45 It is important to note here
that the shallow trap states even in defect-tolerant CsPbI3 NCs
with near-unity PLQY arise from intrinsic point defects, which
usually do not participate in the nonradiative recombination of
the photogenerated charge carriers.46 For CsPbI3 NCs, a range
of lifetimes including some large and short values are
reported.11,12,42,47,48 A short PL lifetime for good quality
CsPbI3 NCs is not uncommon17,44 as the iodide-rich nature of
the surface49 and/or small size of the NCs (smaller than
effective Bohr-diameter of ∼12 nm) can contribute to it.50,51

The absence of any subnanosecond component suggests that
the CsPbI3 NCs are largely free from surface defect-related
nonradiative recombination channels. A much higher value of
the radiative rate constant (kr) compared to the nonradiative
one (knr) is consistent with high PLQY of the system (Table
S2). The PL decay profiles of both (MA)PbI3 (Figure 3b) and
(FA)PbI3 NCs (Figure 3c) are found to be triexponential, and
the third (shortest) lifetime component is attributed to
trapping (Table S2).32

We have studied the carrier dynamics of the NCs in the early
time scale using ultrafast (femtosecond resolution) transient
absorption (TA) technique. The strong bleach signal (ΔA =

Table 1. Parameters of Synthesis and Optical Properties of
the NCs

system
temp
(°C)

OA
(mL)

OAm
(mL) λem (nm)

fwhm
(nm)

PLQY
(%)

CsPbI3 210 1 1 660 ± 1 32 96 ± 2
(MA)PbI3 85 1.6 0.8 740 ± 1 41 74 ± 2
(FA)PbI3 85 1.6 0.8 761 ± 2 47 67 ± 2

Figure 2. Bright-field TEM images of (a) CsPbI3, (b) (MA)PbI3, and (c) (FA)PbI3 NCs. The scale bar is 100 nm for all samples. Insets show
HRTEM images of the NCs (with scale bars of 5, 10, and 10 nm, respectively) with interplanar spacing corresponding to the (100), (220),
and (200) planes of the CsPbI3, MAPbI3, and FAPbI3 NCs, respectively. PXRD patterns of (d) CsPbI3, (e) (MA)PbI3, and (f) (FA)PbI3 NCs.
The absence of any additional diffraction peaks suggests that the APbI3 NCs are highly phase-pure in nature.
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−ve), which arises from the ground-state depopulation of the
system,52,53 exhibits very sluggish recovery even after ∼700 ps
(Figure 4a), which is more clearly observable from the nearly
flat bleach recovery kinetic trace (Figure 4b and Table S3),
indicating a long (>1000 ps) recombination component and
negligible nonradiative carrier trapping in these NCs.10,42 In
contrast, the bleach recovery dynamics of samples of CsPbI3
NCs, which are prepared using a lower Pb:I ratio of 1:2, exhibit
clearly an ultrafast trapping component (243 ± 15 ps) (Figure
4b inset and Table S3).
As mentioned earlier, the biggest issue with the red/NIR-

emitting perovskite NCs is their phase sensitivity under
ambient conditions. For instance, the large ionic radius of
iodine (∼220 pm) induces octahedral distortion in CsPbI3
NCs and triggers phase transformation from luminescent cubic
(α) phase to nonluminescent orthorhombic (δ) phase within a
few days.11,12 The hybrid (MA)PbI3 NCs, on the other hand,
are thermally less stable because of volatile MA+, and the

(FA)PbI3 NCs, which are best suited for single-absorber solar
cell, transform into nonperovskite photoinactive hexagonal (δ)
phase because of the hygroscopic nature of large FA+.13−16

Therefore, the stability of these important substances is a
major issue that needs to be urgently addressed. Interestingly,
all three APbI3 NCs prepared following our protocol are
exceptionally stable under ambient atmospheric conditions.
For example, the CsPbI3 NCs stored in a sealed bottle in air
retain almost the original PL for several months (Figure S11
and Table S4). The excellent stability of the CsPbI3 NCs is
also evident from retention of >80% PLQY even after exposure
in ambient conditions for 20 days with relative humidity of
∼55−70% (Figure 5a). The unchanged PXRD pattern of a film
of the sample kept on the benchtop for the same period also
suggests superb phase stability of these NCs (Figure 5b). The
excellent photostability and water resistivity of these NCs are
also evident from their robustness toward continuous UV light
exposure and in the presence of water (Figures S12 and S13).

Figure 3. PL decay profiles of the (a) CsPbI3, (b) MAPbI3, and (c) FAPbI3 NCs and bi/triexponential fits to the data. The samples were
excited at 481 nm using a short laser pulse, and the decay was monitored at the respective PL maximum. The decay parameters are presented
in Table S2.

Figure 4. (a) TA spectra of CsPbI3 NCs at different time intervals after excitation by a fs laser (λex = 530 nm, ∼100 fs). (b) Bleach recovery
kinetics of the NCs (λex = 530 nm), monitored at the bleach maxima ∼656 nm. The inset shows bleach recovery kinetics of the CsPbI3 NCs
prepared using Pb:I molar ratio of 1:2.
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The hybrid (MA)PbI3 and (FA)PbI3 NCs are also found to be
highly stable and resistant to the environmental stresses. The
unchanged PXRD pattern even after 2 months of storage in
ambient conditions is a reflection of their phenomenal phase
(black, α) stability in air (Figures 5d and S14b). Retention of
∼87−90% of the original PL during the same period further
confirms the stability of these systems (Figures 5c and S14a).
Retention of the cubic morphology of all three samples stored
for 2 months under ambient conditions is also evident from the
TEM images (Figure S15). The exceptional phase and optical
stability of all three APbI3 NCs under different external
conditions are quite remarkable, considering that these are
red/NIR-emitting promising candidates for both photovoltaic
and optoelectronic applications. The outstanding character-
istics of the NCs obtained by our method are clearly evident
when they are compared with samples obtained by other
methods (Table S5).
To determine the factors that impart exceptional qualities to

these APbI3 NCs, we closely inspect the analytical data using

CsPbI3 NCs as the model system. Elemental analysis of a large
scanned area of the field emission scanning electron micro-
scope (FESEM) images of the CsPbI3 NCs (EDX measure-
ments) shows a Cs:Pb:I ratio of 0.88:1.00:3.26, suggesting an
iodide-rich surface of these NCs (Figure S16a,c) and hence the
absence of iodide vacancy related surface defects, which
facilitate nonradiative deactivation of the photogenerated
carriers. Indeed, the iodide-deficient CsPbI3 NCs prepared
using 1:2 Pb:I molar ratio are poorly luminescent (Figure
S16b) and exhibit an ultrafast bleach recovery component due
to nonradiative transition through the iodide vacancy-mediated
surface trap states (Figure 4b inset). X-ray photoelectron
spectroscopy (XPS) measurements were performed to examine
the chemical environment of the constituting elements of the
CsPbI3 NCs (Figures 6, S17, and S18). The Pb 4f core level
XPS spectrum exhibits 4f7/2 (138.1 eV) and 4f5/2 (143.0 eV)
peaks, which are assigned to the Pb−I bond in the NCs
(Figure 6a).31,37 For the CsPbI3 NCs, which are prepared
using a Pb:I molar ratio of 1:2, each band exhibits a hump

Figure 5. (a) UV−vis absorption and PL spectra of as-synthesized and 20 days old CsPbI3 NCs kept under ambient conditions on benchtop.
(b) PXRD patterns of the same samples. (c) Air stability of (FA)PbI3 NCs colloidal dispersion stored in ambient conditions and (d) PXRD
patterns of the corresponding as-synthesized and aged samples stored in air.

Figure 6. High-resolution XPS spectra of Pb 4f for CsPbI3 NCs prepared using a Pb:I molar ratio of (a) 1:3 and (b) 1:2. Inset shows the
estimated atomic percentage ratio (with respect to Pb) of the samples from the data.
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toward the lower binding energy region (∼136.69 and
∼141.67 eV), which is attributed to Pb-oleate species in
these NCs (Figure 6b).38,54−56 Appearance of the Pb-oleate
signal for these NCs indicate iodide vacancy related surface
defect,38 and the absence of this signal for the CsPbI3 NCs
prepared using 1:3 molar ratio of Pb:I implies that use of a
stoichiometric amount of DIDMH produces an iodide-rich
surface. The latter is also evident from the calculated atomic %
ratio of the NCs (insets of Figure 6 and Table S6). It is to be
noted that the atomic % ratio estimated from the XPS
measurements (Table S6) is in good agreemnt with that
obtained from EDX studies (Figure S16c). This iodide-rich
environment is a key element in providing better stability and
bringing a desirable near-perfect surface structure of the
CsPbI3 NCs.

28,31,42,57 The surface ligand environment, which
also influences the stability and PL properties of the perovskite
NCs,8,58−63 is assessed by 1H NMR and FTIR studies. The 1H
NMR spectra (Figure S19) show two broad peaks (at ∼6.9 and
∼3.6 ppm), which are signatures of the α-protons (NH3

+) and
β-protons (−CH2−N), respectively, of OAm+.58,60 Not only
does this indicate the presence of OAm+ on the surface of the
CsPbI3 NCs, but also the broadness of the two peaks suggests
that OAm+ is firmly anchored on the surface.8,60 Interestingly,
the ∼2.4 ppm peak (marked a) characteristic of the oleate ion
is quite sharp, indicating that unlike OAm+ it is not bound to
the NCs. The lack of surface-bound oleate indicates the
absence of under-coordinated Pb2+ on the surface and
reconfirms an iodide-rich surface of the NCs.60 This
observation is consistent with the XPS data, which did not
show any signal due to Pb-oleate for the CsPbI3 NCs obtained
with a Pb:I ratio of 1:3 (Figure 6a). The asymmetric and
symmetric bending absorption of N+−H at ∼1641 and 1554
cm−1, respectively, in the FTIR spectrum further confirms the
surface-bound nature of the OAm+ (Figure S20).8,58 A point to
note here is that because of overlapping spectral signatures of
OA, OAm, and ODE (both in 1H NMR and FTIR), it is not
possible to specify from these data whether DIDMH also acts
as a protective surface ligand for the synthesized NCs (Figure
S21). However, high solubility of DIDMH in polar solvents
like MeOAc and ACN, which were used for purification of the
NCs, indicates this possibility is very low. An iodide-rich
surface attracts a greater number of OAm+, giving them access
to the surface sites occupied originally by Cs+. Low Cs+

content in the EDX and XPS data and a higher N/Pb ratio
for CsPbI3 NCs in XPS measurement support this point
(Figures 6 inset, S18c, and Table S6). Substitution of some of
these surface Cs+ with alkylammonium ligand provides high
stability to the perovskite NCs as the surface-bound ligand
(OAm+ in the present case) prevents crystal deformation
through octahedral tilting (i.e., in maintaning the sensitive α-
phase of the NCs).8,64,65 The tightly bound hydrophobic
envelope of OAm+ also provides protection from moisture and
polar media, thus preventing the decomposition of the
sensitive cubic phase of the NCs.61,66 Although OA does not
bind to the surface of the NCs, it helps maintaining a ratio of
OAm+ and oleate (or OAm and OA) that is also crucial for the
stability of the final product.60 It is therefore evident that
oleylammonium iodide produced in situ during the reaction
helps to maintain an iodide-rich environment, which leads to
the oleylammonium-lead iodide terminated surface by
replacing some Cs+ that provides the exceptional stability
and optical properties to the NCs obtained by this method.

In summary, monodispersed, phase-pure, highly stable, and
luminescent red−NIR-emitting CsPbI3, (MA)PbI3, and (FA)-
PbI3 NCs have been obtained by a generic method employing
DIDMH as iodide precursor. DIDMH-assisted formation of
the oleylammonium-lead iodide-terminated surface is shown to
impart the exceptional characteristics of these NCs. The
outstanding phase durability and excellent PLQY of all three
all-inorganic and hybrid systems obtained by a common
procedure by breaching the so-called perovskite red wall
significantly brightens the prospect of utilization of these
narrow band gap materials for optoelectronic and photovoltaic
applications, particularly in single-absorber solar cells. Develop-
ment of blue/violet and green-emitting NCs using other halide
analogues of DIDMH is currently underway.
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On direct synthesis of high quality APbX3 (A = Cs+,
MA+ and FA+; X = Cl−, Br− and I−) nanocrystals
following a generic approach†

Somnath Das and Anunay Samanta *

Direct synthesis of APbX3 [A = Cs+, methylammonium (MA+) or formamidinium (FA+) and X = Cl−, Br− or

I−] perovskite nanocrystals (NCs) following a generic approach is a challenging task even today. Motivated

by our recent success in obtaining directly high-quality red/NIR-emitting APbI3 NCs employing 1,3-

diiodo-5,5-dimethylhydantoin (DIDMH) as an iodide precursor, we explore here whether violet/green-

emitting APbCl3 and APbBr3 NCs can also be obtained using the chloro- and bromo-analog of DIDMH

keeping in mind that a positive outcome will provide the generic protocol for direct synthesis of all APbX3
NCs using similar halide precursors. It is shown that green-emitting APbBr3 NCs with near-unity PLQY

and violet-emitting CsPbCl3 NCs with an impressive PLQY of ∼70%, mixed-halide NCs, CsPb(Cl/Br)3 and

CsPb(Br/I)3, emitting in the blue and yellow-orange region with PLQYs of 87–95% and 68–98%, respect-

ively can indeed be obtained employing the bromo- and chloro-analog of DIDMH. These NCs exhibit

remarkable stability under different conditions including the polar environment. Femtosecond pump–

probe studies show no ultrafast carrier trapping in these systems. The key elements of the halide precur-

sors that facilitated the synthesis and the factors contributing to the excellent characteristics of the NCs

are determined by careful analysis of the data. The results are of great significance because a direct

method of obtaining highly luminescent and stable APbX3 NCs (except violet-emitting hybrid NCs) is

eventually identified and the work provides valuable insight into the selection of appropriate halide pre-

cursors for the development of superior systems.

1. Introduction

Owing to their fascinating optical properties,1–8 the popularity
of the lead-halide based perovskite nanocrystals (NCs) with
the general chemical formula of APbX3 [A = Cs+, methyl-
ammonium (MA) or formamidinium (FA) and X = Cl−, Br− or
I−] in optoelectronic applications as LEDs, lasing medium and
photodetectors has skyrocketed in recent years.9–14 Increasing
demand for various lighting and display technologies has gen-
erated huge interest in developing methodologies for the
preparation of high quality perovskite NCs.8,12,15,16 While
these studies helped targeted synthesis of violet, green or red-
emitting all-inorganic and/or hybrid NCs,6,17–31 no generic
method of obtaining all these systems with good optical pro-
perties and stability is reported to date despite intense efforts.
For example, Pradhan and co-workers obtained CsPbX3 (X =

Cl, Br and I) NCs with near-unity PLQY, but not the hybrid
systems.6 Manna and co-workers succeeded in obtaining all
APbX3 NCs with high PLQYs of 65, 92 and 58% for the violet-,
green- and red-emitting NCs, respectively using benzoyl halide
as the halide precursor, but the stability of these systems
(except for CsPbI3) was not examined.32

The halide precursor chosen for the synthesis of the NCs is
an important parameter that determines the yield, quality and
even the stability. The halide precursor reacts with a nucleo-
phile and generates HX.32 The latter combines with oleylamine
(OAm) forming an oleylammonium halide (OAm+X−), which
not only serves as an active source of halogen, but also passi-
vates the halide vacancies and protects the surface from its
surrounding.6 An understanding of the chemistry of the for-
mation of HX from the halide precursor is key to identifying
the right halide precursor for the synthesis of quality NCs. Our
recent success in obtaining high quality red/NIR-emitting
iodide-based APbI3 (with A = Cs, MA and FA) NCs with
unmatched optical properties and stability using 1,3-diiodo-
5,5-dimethylhydantoin (DIDMH) as the iodide precursor33 sub-
stantiates this statement. As the goal is to develop a generic
strategy for the preparation of not only the iodides, but the

†Electronic supplementary information (ESI) available: Experimental section,
instrumentation and additional characterization data of the APbX3 NCs. See
DOI: https://doi.org/10.1039/d2nr01305c

School of Chemistry, University of Hyderabad, Hyderabad-500 046, India.

E-mail: anunay@uohyd.ac.in

This journal is © The Royal Society of Chemistry 2022 Nanoscale, 2022, 14, 9349–9358 | 9349

Pu
bl

is
he

d 
on

 2
4 

M
ay

 2
02

2.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
H

yd
er

ab
ad

 o
n 

11
/2

6/
20

22
 1

:1
8:

02
 P

M
. 

View Article Online
View Journal  | View Issue

http://rsc.li/nanoscale
http://orcid.org/0000-0002-3414-9597
http://orcid.org/0000-0003-1551-0209
https://doi.org/10.1039/d2nr01305c
https://doi.org/10.1039/d2nr01305c
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nr01305c&domain=pdf&date_stamp=2022-07-04
https://doi.org/10.1039/d2nr01305c
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR014026


other halides as well, the next step naturally is to examine
whether green-emitting APbBr3 and violet-emitting APbCl3
NCs can also be obtained using the bromo- and chloro-analog
of DIDMH as the halide precursor. Herein we undertake
this study, and the results show that the bromo- and chloro-
analogs of DIDMH, namely, 1,3-dibromo-5,5-dimethyl-
hydantoin (DBDMH) and 1,3-dichloro-5,5-dimethylhydantoin
(DCDMH), are equally effective in producing highly lumines-
cent and stable APbBr3 and APbCl3 NCs. This implies that we
have eventually found a generic protocol for direct synthesis of
phase pure, highly mono-disperse, stable and luminescent
APbX3 NCs (A = Cs, MA, and FA and X = Cl, Br, I or mixtures)
emitting over the entire visible range using 1,3-dihalo-5,5-di-
methylhydantoin (DXDMH) as a halide precursor.

2. Results and discussion
2.1. Reaction conditions

Scheme 1 depicts the preparation of the APbX3 NCs by the
hot-injection method using DXDMH (Fig. S1†) in the pres-
ence of oleic acid (OA) and OAm in octadecence (ODE). The
mechanism of in situ generation of OAm+X− as an intermedi-
ate and subsequent formation of the NCs is shown in
Scheme S1† and additional details can be found in our earlier
work.33 The quality of the as-synthesized NCs, as indicated by

PLQY and size-uniformity, is found to depend on the Pb : X
molar precursor ratio and reaction temperature. The 1 : 3
(Pb : X) molar precursor ratio was found optimum for all
systems except for MAPbCl3 NCs (discussed later). A lower
content of the halide precursor yields NCs with a mixture of
phases, broad size distribution and low PLQY (Fig. S2 and
Table S1†). The optimum reaction temperatures for the syn-
thesis of most luminescent, phase pure, homogeneous, and
stable all-inorganic CsPbX3 and mixed-halide NCs, green-
emitting hybrid APbBr3 and violet-emitting hybrid APbCl3
NCs are found to be 210, 165 and 95 °C, respectively
(Table 1). When reactions were carried out below the
optimum temperature, the obtained NCs were of inhomo-
geneous size distribution displaying a higher PL bandwidth
and a rapidly decreasing PLQY (Fig. S3 and S4 and Table S1†).
The reproducibility of the present method is examined and
found to be very good (Fig. S5†).

2.2. Structural features

Bright-field transmission electron microscopy (TEM) images
show cubic morphology and narrow size distribution of all
APbX3 NCs (Fig. 1A–C and S6A–C†), with average edge
lengths of 8.03 ± 0.5, 10.06 ± 0.6 and 14.6 ± 1.3 nm for the
CsPbBr3, MAPbBr3 and FAPbBr3 NCs, respectively and 7.08 ±
0.05, 12.5 ± 1.15 and 10.4 ± 1.28 nm for the CsPbCl3,
MAPbCl3 and FAPbCl3 NCs, respectively (Fig. S6 and S7†).
Additional TEM images of different resolutions are made
available as ESI (Fig. S7 and S8†). The high crystallinity of
the NCs allows clear observation of the lattice fringes in
high-resolution TEM images (Fig. S9 and S10†). The powder
X-ray diffraction (PXRD) patterns are also consistent with the
cubic crystal structure of all APbX3 NCs (X = Cl and Br) NCs
(Fig. 1D–F and S6D–F†). Comparison of the measured PXRD
patterns with available ICSD codes confirms the cubic per-
ovskite structures for CsPbBr3 (ICSD code: 29073), MAPbBr3
(ICSD code: 252415) and CsPbCl3 (ICSD code: 23108) NCs.
The cubic crystal structure of the FAPbBr3, MAPbCl3 and
FAPbCl3 NCs is confirmed by comparing the diffraction
peaks with the literature data.32,34,35 The absence of any
additional diffraction peaks in the PXRD spectra eliminates
the possibility of formation of any secondary (undesired)
phases in the prepared NCs and suggests high phase purity
of the samples.Scheme 1 DXDMH-mediated direct synthesis of the APbX3.

Table 1 Reaction conditions and PL characteristics of the APbX3 NCs

Samples Temp. (°C) Pb : X OA (mL) OAm (mL) PLQY (%) FWHM (nm) λem (nm) Ref.

CsPbBr3 210 1 : 3 2.0 2.0 99 ± 1 19 513 ± 1 This work
MAPbBr3 165 1 : 3 1.5 0.5 99 ± 1 21 520 ± 2
FAPbBr3 165 1 : 3 1.5 0.5 99 ± 1 20 533 ± 2
CsPbCl3 210 1 : 3 2.0 2.0 70 ± 2 10 406 ± 1
MAPbCl3 95 1 : 1.5 2.0 0.4 3.3 ± 0.2 11 397 ± 1
FAPbCl3 95 1 : 3 2.0 0.8 1.2 ± 0.1 13 400 ± 1
CsPbI3 210 1 : 3 1 1 96 ± 2 32 660 ± 1 33
MAPbI3 85 1 : 3 1.6 0.8 74 ± 2 41 740 ± 1
FAPbI3 85 1 : 3 1.6 0.8 67 ± 2 47 761 ± 2
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2.3. Photoluminescence and carrier relaxation dynamics

The excellent optical properties of the NCs obtained by the
present method are evident from high PLQYs and narrow full

widths at half-maxima (FWHM) of all three green-emitting
APbBr3 NCs emitting between 513 ± 1 and 533 ± 2 nm (Fig. 2).
All APbBr3 NCs exhibit near-unity (99 ± 1%) PLQY with narrow
FWHM of 19, 21 and 20 nm for CsPbBr3, MAPbBr3 and

Fig. 1 Bright-field TEM images of (A) CsPbBr3, (B) MAPbBr3 and (C) FAPbBr3 NCs. The scale bar is 200 nm for all the samples. PXRD patterns of (D)
CsPbBr3, (E) MAPbBr3 and (F) FAPbBr3 NCs with reference patterns obtained from their bulk cubic phases.

Fig. 2 UV-Vis absorption and PL spectra of (A) CsPbBr3, (B) MAPbBr3 and (C) FAPbBr3 NCs. The excitation wavelength (λex) was 400 nm in each
case. Digital images of the respective NCs under 365 nm UV illumination are also shown in the insets.
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FAPbBr3 NCs, respectively (Fig. 2A–C and Table 1). These
values are comparable to or better than the best PLQY reported
for these systems by any method to date.22,32 Similarly, the
violet-emitting APbCl3 NCs, especially all-inorganic CsPbCl3
NCs display impressive optical properties (Fig. S6†). A PLQY of
70 ± 2% for violet-emitting CsPbCl3 NCs (λem = 406 nm,
Fig. S6G†) is quite remarkable as it represents one of the
highest reported values for this system obtained by any direct
method of synthesis (Table S2†).6,24,25,32 An important point to
note here is that a stoichiometric amount of DCDMH produces
these brightly luminescent CsPbCl3 NCs (Table S2†), unlike
earlier cases, where a much higher amount of chloride precur-
sor was necessary.6,24,25,32 We found that an excess amount of
DCDMH did not have much influence on the PLQY of the
system initially, but the PLQY dropped for Pb : Cl precursor
ratios exceeding 1 : 7 (Fig. S11†). The hybrid MAPbCl3 and
FAPbCl3 NCs, which emit in the 396–400 nm region, are,
however, found to be poorly luminescent with PLQYs of 3.3 ±
0.2% and 1.2 ± 0.1%, respectively (Fig. S6H and I,† Table 1).
The violet-emitting CsPbCl3, MAPbCl3 and FAPbCl3 NCs show
narrow FWHMs of 10, 11 and 13 nm, respectively. Another
point to note in this context is that, in the case of MAPbCl3
NCs, 1 : 3 Pb : Cl molar precursor ratio results in the formation
of undesired PbCl2 (Fig. S12†), which is, however, not surpris-
ing as PbCl2 formation during the preparation of MAPbCl3
NCs is reported earlier.32 To avoid this problem, a lower Pb : Cl
ratio (1 : 1.5) is used for the synthesis of this system
(Fig. S12B†). The reaction parameters and optical properties of
all APbX3 NCs (including the iodides obtained earlier33) are
collected in Table 1.

We examined the PL decay characteristics of the NCs to
understand the associated photophysical processes. All green-
emitting (APbBr3) NCs exhibit bi-exponential decay kinetics,
but the violet-emitting (APbCl3) NCs display a 3-component
decay profile (Fig. 3 and S13†). Specifically, PL decay of the
CsPbBr3 NCs (Fig. 3A) consists of 4.97 (73%) and 12.50 (27%)
ns lifetime components (Table S3†). While the major (4.97 ns)
component arises from excitonic recombination, the longer
component is assigned to shallow trap-mediated excitonic
recombination.6,22,36 The absence of any sub-nanosecond com-
ponent indicates that these NCs are free from surface defect-

related non-radiative recombination channels.22 Indeed,
CsPbBr3(II) NCs, which are prepared using a lower bromide
concentration (Pb : Br = 1 : 2), possess a sub-nanosecond com-
ponent (0.61 ns, 12%) indicating the presence of surface
defect states (Fig. S14 and Table S3†). The PL decay of the
CsPbCl3 NCs consists of 4.63 (19%), 20.72 (5%) and 0.47 (76%)
ns lifetime components (Fig. 3B). The shortest and major com-
ponent (0.47 ns, 76%) is due to the rapid non-radiative relax-
ation of the carriers through the trap states.25,37 The absence
of this trapping component for the CsPbBr3 NCs explains its
higher PLQY compared to the CsPbCl3 NCs. The calculated
radiative (kr) and non-radiative (knr) rate constants of the
systems give further insight into the charge carrier recombina-
tion processes. A much higher kr/knr value for CsPbBr3 NCs
compared to CsPbCl3 NCs (140 vs. 2.33) is in line with the
PLQY values of the systems. The PL decay profiles and associ-
ated decay parameters of other APbX3 NCs are presented in
Fig. S13 and S14 and Table S3.†

The early-time photophysical processes in these systems
have been studied by femtosecond transient absorption (fs-TA)
measurements (details are provided in the ESI†) and for a clear
understanding of these events, we have compared the ultrafast
carrier dynamics of the CsPbBr3 NCs and CsPbBr3(II) NCs. As
can be seen (Fig. 4), the TA spectra comprising excitonic
bleach (ΔA = −ve) at ∼509 nm and transient absorption (ΔA =

Fig. 3 PL decay profiles of (A) CsPbBr3 and (B) CsPbCl3 NCs. For
recording the PL decay curves, laser sources of 404 and 376 nm were
used, and the PL was monitored at 513 and 406 nm for the CsPbBr3 and
CsPbCl3 NCs, respectively.

Fig. 4 TA spectra of (A) CsPbBr3 and (B) CsPbBr3(II) NCs. (C) A compari-
son of the bleach recovery dynamics of the two samples. TA spectra of
(D) CsPbCl3, (E) CsPbCl3(II) and (F) bleach recovery dynamics of the two
NCs. The NCs were excited at 350 nm by fs-laser pulses and the bleach
recovery dynamics were monitored at respective bleach maxima.
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+ve) in the lower wavelength region (470–490 nm) are quite
similar for both samples.38,39 However, the recovery of bleach
in CsPbBr3 NCs is substantially smaller than that in
CsPbBr3(II) NCs (∼20% vs. ∼46% in initial ∼600 ps, Fig. 4A and
B) due to slower bleach recovery kinetics in the former system
and this is clearly seen in Fig. 4C. Moreover, while the bleach
recovery is bi-exponential for the CsPbBr3(II) NCs comprising a
53.2 ± 5 ps component due to carrier trapping and a >1000 ps
due to direct recombination (Table S4†),39–41 the dynamics is
single exponential comprising only the long component in the
case of CsPbBr3 NCs (Fig. 4C). Similarly, though the TA spectra
of CsPbCl3 and CsPbCl3(II) NCs are similar (Fig. 4D and E), the
bleach recovery kinetics of the CsPbCl3 NCs (Fig. 4F) are found
to be bi-exponential comprising a trapping component of 5.9 ±
1.6 ps (27%, Table S4†) unlike a 3-component decay of the
CsPbCl3(II) NCs consisting of two dominant (total 85%) ultra-
fast trapping components (5.8 ± 0.3 and 74.8 ± 5 ps) and a
long direct recombination component (>1000 ps).42 We have
also performed an fs-TA experiment on the violet-emitting
hybrid NCs (Fig. S15†) for the first time. The bleach recovery
kinetics of these NCs are tri-exponential with a large contri-
bution (∼86–89%) of the ultrafast trapping component
(Table S4†) consistent with poor PLQY of these samples.

2.4. Mixed-halide systems

The universality of the present method is examined by extend-
ing the synthesis to mixed-halide CsPb(Cl/Br)3 and CsPb(Br/I)3
NCs as well. The mixed-halide NCs were obtained readily
using appropriate quantities of two halide precursors during
the reaction (Table S5†). The blue-emitting CsPbCl2Br,
CsPbCl1.5Br1.5 and CsPbClBr2 NCs exhibit outstanding PLQYs
of 87 ± 1%, 95 ± 1%, 96 ± 1% with a PL peak between 431 and
478 nm and narrow FWHM (Fig. 5A, Table S6†), as compared
to a commonly observed PLQY of <40% of these systems.43–45

These values are impressive as they are comparable to or better
than the PLQY of previously reported blue-emitting NCs
obtained by other direct methods (Table S7†).25,46 The yellow-
orange emitting CsPb(Br/I)3 NCs also display excellent PL pro-
perties as exemplified by narrow FWHM and PLQY of 68 ± 2 to
98 ± 1%, respectively (Fig. 5B, Table S6†). We are not aware of

any literature reporting this high PLQY of these mixed-halide
NCs emitting in the 531–635 nm region by any direct synthesis
method. PL decay profiles of the mixed-halide NCs are mostly
tri-exponential with a major contribution from the band-edge
radiative recombination process (Fig. S16 and Table S8†).
Thus, a wide 430–635 nm range is covered by these directly
synthesized mixed-halide NCs (Fig. S17†). This wavelength
range extends much wider (395–760 nm, Fig. 6) when the
results of our recent work following this generic strategy are
taken into consideration.33

Bright-field TEM images indicate the cubic morphology of
these mixed-halide NCs with an average size of ∼6.9–10 nm
depending on the halide compositions (Fig. S18†).
Furthermore, a linear shift of the PXRD diffraction peak
toward a lower angle, while moving from chloride- to iodide-
based NCs (via the bromide ones), also indicates the uniform
cubic crystal structure of all these mixed-halide NCs
(Fig. S19†).

Fig. 5 UV-Vis absorption and PL spectra of (A) blue-emitting CsPb(Cl/Br)3 and (B) yellow-orange-emitting CsPb(Br/I)3 NCs obtained by using a
mixture of different DXDMH. The insets show digital photographs of the respective NCs under 365 nm UV light with their PLQY values.

Fig. 6 (A) PL spectra of all APbX3 (X = Cl, Br and I) and mixed-halide
NCs prepared by our method (including data from our previous work33

on APbI3 NCs) showing the wide window of PL. (B) Digital photographs
of the colloidal solutions of the CsPbX3 NCs under UV illumination.
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2.5. Post-synthetic cation and anion exchange reactions

The great effectiveness of DXDMH as a halide precursor even
at room-temperature (RT) is evident from instantaneous post-
synthetic halide exchange reactions on the as-synthesized NCs.
For example, a green colloidal dispersion of pre-synthesized
CsPbBr3 NCs turns violet (or red) instantly on the addition of a
small amount of hexane solution of DCDMH (or DIDMH) in
OA and OAm due to rapid anion exchange reactions under
ambient conditions (Fig. S20†). This allows tuning of the PL
peak position of the NCs post-synthetically over a wide range
(∼410 to 660 nm) using appropriate DXDMH. The high reactiv-
ity of these halide precursors even at RT is quite impressive
considering that commonly used metal halide solutions for
halide-exchange are not very effective in non-polar media or
they induce phase transformation of the system.47 We have
also examined post-synthetic A-site cation (Cs+ here) exchange
at RT by treating the CsPbBr3 NCs with dilute FA–oleate solu-
tion in hexane. A gradual red-shift of the PL maximum from
∼513 to ∼530 nm in 15 min suggests partial replacement for
Cs+ with FA+. The PLQY of the system is however not affected
by this exchange (Fig. S21†).

2.6. Stability of the NCs

Lack of long-term stability of the perovskite NCs is a major
issue and a variety of methods, which include a protective
coating of the surface with an inert layer,48–50 ligand
engineering,20,24,51 in situ modification,52,53 doping,40,42 etc.
have been attempted for enhancing their stability. The NCs
obtained by our method are found to be exceptionally stable
under atmospheric conditions and in the presence of polar
solvents like water. For example, the PLQY of the CsPbBr3 NCs
decreases only ∼16% after 70 days under ambient conditions
(Fig. 7A) with no change in the PL peak position (Fig. S22A†).
Unchanged PXRD patterns and TEM images recorded after
storing the sample for 60 days under ambient conditions
suggest excellent phase stability of these NCs (Fig. 7B and C).
The excellent photostability of these NCs is evident from only
a 15% reduction of PLQY after ∼38 h of continuous UV illumi-
nation (Fig. S22B†). The perovskite NCs readily degrade in a
polar environment due to their ionic nature. However, the
CsPbBr3 NCs obtained by this method display significant resis-
tance to water retaining ∼75% PLQY in the presence of water
even after a day of storage under ambient conditions (Fig. 7D).
The hybrid MAPbBr3 and FAPbBr3 NCs too are highly stable
under atmospheric conditions. The impressive air stability of
these systems is evident from 80–82% PLQY and cubic mor-
phology even after 80 days of storage under ambient con-
ditions (Fig. S23–S25†). The hybrid systems are generally not
very stable; they undergo rapid photo-degradation with a con-
comitant shift of the PL peak wavelength.54 A PLQY of 82–87%
of the hybrid systems after a long time under continuous illu-
mination of UV light without any shift of PL peak and change
of FWHM indicates much better photostability of these NCs
(Fig. S23 and S24†). The stability of the violet-emitting CsPbCl3
NCs is also quite impressive. A PLQY of 55% and 58% is still

maintained after ∼45 days of storage under ambient con-
ditions and 24 h under continuous illumination at 365 nm by
a UV lamp, respectively (Fig. S26†). A major problem with the
mixed-halide systems is halide migration, which causes con-
tinuous drifting of the PL peak.55 However, our mixed-halide
systems show distinctive stability with a PLQY of 85–90%
without any change in the PL peak position and FWHM even
after 25 days of storage under ambient conditions (Fig. S27†).
However, the violet-emitting MAPbCl3 and FAPbCl3 NCs show
poor stability under ambient conditions with a PLQY of only
1.6% and 0.2%, respectively after ∼7 days of storage
(Fig. S28†). The exceptional characteristics of the NCs obtained
by the present method become clear when these are compared
to different green- and violet-emitting samples obtained by
other direct synthesis methods (Table S9†).

2.7. Effectivity of the halide precursor

A separate halide precursor is used in the three-precursor
method of synthesis of the lead-halide perovskite NCs. Under
the reaction condition, the halide precursor generates HX that
reacts with oleylamine to form the oleylammonium halide
(OAm+X−), which serves as the active source of halide in the
reaction medium (Scheme S1†). Benzoyl halides are a good
choice as halide precursors32 as they readily produce HX upon
nucleophilic attack by OA and OAm at the electron-deficient
carbonyl carbon.56 On the other hand, the N-haloimides
(NXIm, Scheme 2) like N-halosuccinimide or
N-halophthalimide produce HX by protonation of one of the
carbonyl oxygens followed by nucleophilic (oleate ion) attack
at the halogen center.22,57 A key point to note here is that in

Fig. 7 (A) Stability of colloidal CsPbBr3 NCs stored under ambient con-
ditions. The inset shows digital images of films of the NCs under UV
light stored under ambient conditions for one month. (B) PXRD patterns
of the NCs after 60 days. (C) TEM images of the NCs after the same
period of time. The scale bar is 50 nm. (D) Time-dependent change of
PLQY of the CsPbBr3 NCs in the presence of polar solvent (water).
Digital images at different time intervals under UV light are shown in the
inset.
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NXIm, X is electrophilic due to the presence of two electron
withdrawing carbonyl groups linked to the nitrogen with
which X is attached. Protonation of the carbonyl oxygen
further enhances the electrophilicity of X making its release as
HX easier upon nucleophilic attack by oleate.57 This explains
the effectiveness of NXIm as a halogenating agent for all green
and selective violet-emitting NCs. However, the chloro/iodo-
based hybrid systems are not formed or of poor quality (like
CsPbI3) using NXIm. In the case of DXDMH, HX formation is
much more facile because of the presence of an additional
halogen at N(1), which acts as an inductive activator of the
N(3) halogen (the actual source of halogen) and makes it
much more electrophilic than that in NXIm (Scheme 2).58,59

Facile formation of HX in the reaction medium generates
in situ OAm+X−, which acts as a source of active halide and

also, a surface passivating ligand for the APbX3 NCs.
Instantaneous post-synthetic halide exchange reactions at RT
(Fig. S20†) show the ease of formation of HX (and OAm+X−)
from DXDMH. Therefore, when the halogen atom of the halide
precursor is electron deficient (like in DXDMH) or directly
attached to an electron withdrawing group (EWG) (like CvO
in benzoyl halides32 or PvO in PhPOCl2

24), nucleophilic
attack at the halogen center or electrophilic center of the EWG,
leads to the facile generation of HX and subsequent formation
of OAm+X− and high quality perovskite NCs. Table S10† sum-
marizes the advantages and disadvantages of popular halide
precursors used in the hot-injection method of synthesis.

2.8. Factors contributing to the optical properties and
stability

The factors responsible for the exceptional characteristics of
the present NCs are identified as follows using the CsPbBr3
NCs as a model system. The energy dispersive X-ray (EDX)
measurements, which show a Cs : Pb : Br ratio of
0.80 : 1.00 : 3.15 in these NCs (Fig. 8A), indicate a bromide-rich
surface of these NCs as compared to the bromide deficient
CsPbBr3(II) NCs (Fig. 8A and S29†), which exhibit poor stability
under ambient conditions (Fig. S30†). The X-ray photoelectron
spectroscopy (XPS) measurements provide additional insight
into the chemical environment of the elements. The XPS
survey spectra confirm the presence of all constituent elements
of CsPbBr3 NCs (Fig. S31†). The Pb 4f XPS core-level spectrum
shows characteristics Pb 4f5/2 and Pb 4f7/2 peaks at 143.17 and

Scheme 2 Increased effectiveness of DXDMH over NXIm towards
nucleophilic attack leading to the formation of HX. The N(1) halogen in
DXDMH is marked for convenience.

Fig. 8 (A) EDX spectra of CsPbBr3 NCs. The calculated atomic % ratios of the CsPbBr3 and CsPbBr3(II) NCs obtained from the EDX measurements
are provided in the inset. High-resolution Pb 4f XPS signal of the (B) CsPbBr3 and (C) CsPbBr3(II) NCs. The inset shows the atomic % ratio (with
respect to lead) of the respective samples calculated based on the XPS results. (D) Schematic representation of a halide rich surface of the syn-
thesized APbX3 NCs, showing direct binding of oleylammonium on the surface.
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138.27 eV, respectively (Fig. 8B),52 but, for CsPbBr3(II) NCs,
each signal consists of two clearly resolvable peaks represent-
ing two different chemical environments of Pb (Fig. 8C); the
signals with higher and lower binding energy are assigned to
Pb–Br (138.23 and 143.09 eV) and Pb–oleate (136.14 and
141.02 eV), respectively.60,61 The latter is a reflection of
bromide vacancy related surface defect in CsPbBr3(II) NCs,
which is absent in CsPbBr3 NCs. The atomic percentage ratio
calculated from the XPS data (insets of Fig. 8B and C and
Table S11†) matches that obtained from EDX measurements
(Fig. 8A) and further confirm bromide rich surface of the
CsPbBr3 NCs.52 The core-level Br 3d XPS spectrum (Fig. S32†)
shows Br 3d3/2 and Br 3d5/2 signals, representing the bromide
ions at the surface and core, respectively.62 The much intense
and blue-shifted (∼0.12 eV) Br 3d3/2 peak of the CsPbBr3 NCs
compared to CsPbBr3(II) NCs corroborates the bromide rich
surface of the CsPbBr3 NCs (Fig. S32A†).

52,62 Similarly, a chlor-
ide rich surface of the CsPbCl3 NCs compared to the
CsPbCl3(II) NCs is also observed (Fig. S33†).

A point to note in this context is that the atomic % of chlor-
ide in CsPbCl3 NCs is very similar to the Pb : Cl precursor
molar ratio between 1 : 3 and 1 : 7 (Table S12†). However, for
ratios >1 : 7, the formation of PbCl2 as a byproduct (Fig. S34†)
decreases the effective amount of chloride in the reaction
medium and the CsPbCl3 NCs formed under this condition
contain a lower atomic % of chloride and are weakly lumines-
cent (Fig. S11A†).

The surface ligand environment, which influences the
optical properties and stability of the perovskite NCs,63,64 is
determined by 1H NMR and FTIR studies. The 1H NMR spec-
trum of purified CsPbBr3 NCs (Fig. S35†) shows two broad sig-
nature peaks of the α-protons (–NH3

+) and β-protons (–CH2–

NH3
+) of OAm+ at ∼7 and ∼3.6 ppm,64 respectively, indicating

the presence of OAm+ at the surface of the NCs and the broad-
ness of these two peaks (denoted as a and b) suggests firm
anchoring of OAm+ on the surface.33,64 In this context, it may
be noted that the NMR signal for the three α-protons of OAm+

in the present case appears as a broad singlet,63,64 not as a
multiplet.27 In contrast, the sharp nature of the characteristic
peak of the oleate ion at ∼2.4 ppm (labeled as c) indicates that
the oleate ion is not bound to the surface, but present in
solution,33,64 suggesting a bromide rich surface and the
absence of uncoordinated surface Pb2+ of the NCs. This
finding is consistent with the XPS data presented earlier,
where no signature of Pb–oleate was observed for CsPbBr3 NCs
(Fig. 8B). The asymmetric and symmetric bending absorption
of the N+–H bond at ∼1641 and 1548 cm−1 in the FTIR spec-
trum further establishes the anchoring of OAm+ on the surface
(Fig. S36†).27 A halide-rich surface attracts a greater number of
OAm+ and provides them access to some of the surface
exposed A-sites and allows replacement for some Cs+ ions.26 A
higher N/Pb ratio and low Cs+ content in CsPbBr3 NCs (Fig. 8B
inset and Table S11†) support this picture. It is thus evident
that strongly bound OAm+ provides a robust ligand environ-
ment at the surface that contributes to the exceptional stability
of the NCs.27,33 Moreover, the hydrophobic environment of

OAm+ protects the NCs from moisture and polar solvents pre-
venting or slowing down the decomposition of the optically
active inorganic framework.33 Although OA is not bound to the
surface, it maintains an optimum concentration of oleate and
OAm+ ligands and provides colloidal stability.64 Therefore,
OAm+X− produced in situ creates a halide-rich surface of the
NCs that eventually turns into an oleylammonium-lead halide
terminated surface by replacing some of the surface Cs+ that
endows exceptional characteristics to the NCs (Fig. 8D).

3. Conclusions

It is shown that high quality all-inorganic and hybrid lead
halide perovskite APbX3 NCs (where A = Cs+, MA+ or FA+ and X
= Cl−, Br− or I−) emitting in the 395–760 nm region can be
obtained via direct synthesis by a generic method using
DXDMH as halide precursors. The high phase purity, narrow
size distribution, high PLQY and excellent stability (except for
MAPbCl3 and FAPbCl3 NCs) of such a large collection of NCs
obtained by a common method are attributed to the efficacy of
this class of halide precursors facilitating the formation of
oleylammonium-lead halide terminated surface, which passi-
vates the defect states and provides necessary protection to the
NCs. The present work not only provides a generic method-
ology for the direct synthesis of good quality APbX3 NCs, but
also provides useful insight for the design and development of
even better APbX3 NCs.
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