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Synopsis 

The main objective of my thesis is to generate and detect ultra-short THz radiation, whose spectral 

bandwidth is greater than 15 THz and use it as spectroscopic tool to probe phonon resonances and 

charge carrier dynamics in ultrafast timescales (picosecond to sub-picosecond), in all inorganic 

CsPbBr3 perovskite nanocubes, which are in weak confinement regime and nanoplatelets, which are 

in strong confinement regime. In time-domain THz spectroscopy, THz electric field is measured and 

its Fourier transformation gives amplitude and phase, unlike conventional methods where intensity 

is measured. From amplitude and phase, one can obtain complex conductivity, without any electrical 

connection to nanocrystals (NCs). Since THz probe energies are in milli-electron-Volts (meVs) and 

timescales are in the picosecond (ps), one can easily detect phonon (lattice vibrations) resonances 

and their variance with confinement. One can also probe carrier dynamics in NCs, where charge 

carrier recombination takes place in picosecond timescales.  

Chapter 1. Introduction to Perovskite Nanocrystals and THz spectroscopy  

In this chapter, we briefly discussed the importance of THz spectroscopy, especially its capability in 

distinguishing various photogenerated species. We further discuss the quantum confinement in 

semiconductor NCs, the limitations of semiconductor NCs for their use in real devices, the 

importance of organic-inorganic lead halide perovskites, photoluminescence properties of all-

inorganic CsPbX3 NCs, defect tolerance that is intrinsic to lead-halide perovskites, various 

recombination mechanisms occurring in semiconductor NCs, and two-photon absorption in 

semiconductor NCs. 

Chapter 2. Experimental Procedure and Data Analysis 

In this chapter, we described how we have built the time-domain and time-resolved THz 

spectrophotometers. We use air plasma as the ultra-broadband THz generating medium and detect 

the pulsed THz light using air-biased coherent detection (ABCD) scheme. The THz spectral bandwidth 

obtained in our laboratory is often >15 THz. Further, we reported the analysis procedure used in this 

thesis to obtain optical constants, such as the complex refractive index, complex dielectric constant 

and complex conductivity. A brief discussion on effective medium theories is also presented, which 

are required to get the response of pure NCs from the response of NC solutions. Further, we briefly 

discussed appropriate conductivity models, which are required to fit the transient conductivity 

spectra thereby one can obtain the carrier density and mobility. 

 



Chapter 3. Terahertz Conductivity within Colloidal CsPbBr3 Perovskite 

Nanocrystals 

Colloidal CsPbX3 NCs are known to exhibit exceptional photophysical properties such as high 

photoluminescence (PL) quantum yield (QY), low threshold fluence lasing capability, reduced PL 

blinking and so on. The mechanism behind such amazing properties is still lacking and understanding 

them in detail is of paramount importance for their better utilization in real devices. In this chapter, 

we studied the nature of the phonon modes and the charge carrier dynamics in colloidal CsPbBr3 

NCs. The origin of phonon mode, which occurs at 3.4 THz, was assigned from DFT calculations and 

major contribution comes from the anti-symmetric apical Pb-Br stretching mode and one in-plane 

Br-Pb-Br bending mode. In solution processed tiny NCs, a large density of surface defects is expected 

because of the large surface to volume ratio. Thus, high fluorescence QY is counterintuitive. We 

establish a 3-fold free carrier recombination mechanism, namely nonradiative Auger, bimolecular 

electron-hole recombination, and inefficient trap-assisted recombination. Our results confirm a 

negligible influence of surface defects, which in turn results in high charge carrier mobilities and 

longer diffusion lengths. From initial decay dynamics, the exciton dissociation time constant found to 

be 5-6 ps. Strong exciton-phonon coupling with softer modes probably redshift the phonon 

resonance.  

 

 

Figure 1. Schematic showing various recombination channels present in colloidal CsPbBr3 NCs. 

Inefficient trap-assisted recombination results in high charge carrier mobilities and diffusion lengths.

 

Publication from this chapter: 

Yettapu, G. R.; Talukdar, D.; Debnath T.; Sarkar, S.;  Swarnkar, A.; Nag, A.;* Ghosh, P.;* Mandal, P.* 

THz conductivity within colloidal CsPbBr3 perovskite nanocrystals: Remarkably high carrier 

mobilities and large diffusion lengths. Nano Lett. 2016, 16, 4838-4848. 



Chapter 4. Carrier Dynamics in CsPbBr3 Nanocrystal Film: Comparison between Single and 

Two-Photon Pumping 

In this chapter, we studied the charge carrier dynamics in CsPbBr3 nanocrystal film. Most 

optoelectronic devices such as a field-effect transistor, photoresistor, light emitting diodes, and 

photovoltaics use film as an active layer. In the film, carriers may undergo scattering from grain 

boundaries and hence transport properties can be altered. In the case of the film, phonon peak is 

slightly red-shifted compared to the solution due to less stiffening of the bonds. The increased size 

of cubes in the film decreases surface to volume ratio and reduces the stiffening of the bonds. The 

carrier dynamics under single and two-photon absorption vary significantly due to the occupancy of 

different initial excited states under one and two-photon excitation. We observe the evidence of 

large to intermediate polaron formation which reduces the mobilities and diffusion lengths more 

than an order of magnitude compared to those observed for single nanocrystal probed in the 

colloidal dispersion. 

 

Figure 2. Schematic showing THz transients are different under single and two-photon absorption in 

CsPbBr3 NCs film. Large to intermediate polaron limits charge carrier mobilities and diffusion lengths.

 

Publication from this chapter: 

Yettapu, G. R.; Ravi, V.K.; Nag, A.; Mandal, P.* Carrier dynamics in CsPbBr3 perovskite film: 

comparison between single and two-photon pumping. (Manuscript under preparation) 

Chapter 5. Ultrafast Carrier Dynamics in Quasi-Two-Dimensional CsPbBr3 Nanoplatelets  

In this chapter, we studied quantum confinement effects on carrier dynamics in CsPbBr3 

nanoplatelets (NPLs). In confinement regime, one would expect the carrier dynamics to be faster 

going from five monolayers (5-MLs) to three monolayers (3-MLs) NPLs, where the probability of the 

overlap between electron and hole wave functions increases. Inspired by the previous reports, 

where the authors claimed that the exciton dynamics are independent of the extent of confinement, 
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we studied carrier dynamics with TRTS in picosecond to nanosecond temporal resolution range. Our 

study clearly shows that photogenerated species being excitons, most (greater than 80 %) carrier 

population decays within 300 ps. The THz absorption spectrum has an extra phonon peak at ~ 4.2 

THz which is independent of the confinement. We attribute this feature to in-plane lattice vibrations. 

The phonon peak, which redshifts with the extent of confinement, is due to lattice expansion and we 

attribute it to the out-of-plane lattice vibrations. Strong confinement curtails the mobilities and 

diffusion lengths; however, these properties can be modulated with stacking several NPLs. 

 

Figure 3. Schematic showing phonon resonance redshifted going from 5-ML to 3-ML. The THz kinetics 

are very fast in NPLs compared to that in nanocubes because of the quantum confinement effect.

 

Publication from this chapter: 

Yettapu, G. R.; Mir, W.; Rao, M. J.; Nag, A; Mandal, P.* Effect of confinement on carrier dynamics 

in CsPbBr3 perovskite nanoplatelets. (Manuscript under preparation) 
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1.1    Perovskites and Organic-Inorganic Lead Halide Perovskites: 

Perovskite is the calcium titanium oxide (CaTiO3) mineral named after Russian 

mineralogist Lev Perovski. Perovskites have general stoichiometry ABX3-xYx, where A 

and B are respectively mono and divalent cations (A: CH3NH3+, HC(NH2)2+, Cs+ and B: 

Pb2+),  and X and Y are halide anions (X, Y: Cl-, Br- and I-). The B cation forms octahedron, 

BX6 configuration, and A cation is coordinated by 12 neighbouring X atoms and forms 

cuboctahedron. Perovskite materials based photovoltaics have been explored as an 

alternative to Si-based solar cells due to the ease of synthesis and cost-effectiveness. 

The first photovoltaic cell based on organic-inorganic metal halide perovskite as 

sensitizer was first reported in 2009 by Kojima et al. with a power conversion efficiency 

(PCE) of 3.8%.1 Within a short span of time the efficiency has been increased to 

>22.7%.2 Further, it was demonstrated that by using tandem architectures, 

concentrator configuration, and hot carrier extraction, the efficiency can exceed 

Shockley-Queisser limit.3-6 The success of the perovskite photovoltaics has been 

attributed to strong absorption in the visible region, low exciton binding energies, low 

trap densities and better transport properties (high mobilities and long diffusion 

lengths).7-18 Further understanding as about the carrier recombination, fundamental 

upper limits to charge carrier mobilities, accurate determination of photoexcited 

species (excitons vs. free carriers vs. polarons) and correlation with optoelectronic, 

photovoltaic applications is evolving. Various spectroscopic techniques, which include 

transient photoluminescence spectroscopy (TRPL), transient absorption spectroscopy 

(TAS), THz and microwave conductivity spectroscopy and optical Kerr effect 

spectroscopy (OKE), are being used to study the fundamental physics behind their 

outstanding performances.11,15,19-24  However, this material greatly suffers from the 

degradation in environmental humidity and temperature conditions. Organic-inorganic 

metal halide perovskites under these conditions dissociate to volatile gases and also 

form hydrates.25-27
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Figure 1.1: Crystal structure of perovskite of generic formula ABX3, where mostly A is CH3NH3
+
, HC(NH2)2

+
 and 

Cs
+
 , B is Pb

2+
, Sn

2+
, and X, Y are halide (Cl

-
, Br

-
 and I

-
) ions. 

 

The possible solution to this stability problem was obtained by replacing the volatile 

organic cation (CH3NH3+, HC(NH2)2+) with an inorganic cation such as Cs+.28-30 Although 

the stability issue was partly solved, these new class of perovskites, especially α-CsPbI3 

that has suitable band gap for photovoltaic applications, are highly temperature 

dependent and easily undergo phase transitions.31 This limits their potential application 

in photovoltaics. However, CsPbBr3, not quite suitable to get higher PCE due to 

undesirable bandgap,31-33 is relatively stable at room temperature and exhibits 

exceptional photophysical properties as well as optoelectronic applications as discussed 

below.  

1.2   All-Inorganic Lead Halide Perovskite Nanocrystals: 

The bulk all-inorganic caesium lead halide (CsPbX3) perovskites were synthesized in the early 

1890s but their crystal structure and photoconductivity were measured later 1950s by 

Muller.34 All-inorganic caesium lead halide colloidal NCs were first synthesized by Kovalenko 

and co-workers. These NCs exhibit PLQY as high as 90%, PL  tunability across the entire 

visible range and reduced emission bandwidth (12-42 nm) by composition modulation, as 

shown in Figure 1.2.35  Although the bandgap can be tuned in the quantum confinement 

regime by varying size, the precise variation across the entire visible range can be achieved 
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by modulation of halide composition.35-38 These exceptional photophysical properties allow 

researchers to demonstrate various optoelectronic applications such as wavelength tunable 

phosphors, high colour purity LEDs, low-threshold lasers, single photon sources and high 

energy radiation detectors.35,39-45 Further, reduced fluorescence blinking, tenuous self-

absorption and Förster resonance energy transfer have been revealed in these 

materials.46,47 One would anticipate that low trap density is responsible for the above-

mentioned properties. However, this is counter-intuitive in case of small NCs. One would 

expect a high density of trap states due to the high surface to volume ratio. Traps or defects 

are detrimental for above-mentioned PL based optoelectronic as well as photovoltaic 

applications. Recently, TRPL and TRTS studies were employed to probe the excited states 

and showed that the primary recombination mechanisms involved in these NCs are 

monomolecular trap-assisted, bi-molecular and tri-molecular Auger recombination, see 

Figure 1.6 in section 1.5. These studies show that defects states lie near or within the CB and 

VB and are inefficient in nature i.e. defect tolerant (see section below).48,49
 Generally for 

regular semiconductor NCs the traps lie deep in the band gap. Simple post-synthetic 

modification of the surface of these NCs with thiocyanate, which removes excess lead 

atoms, yields near unity PLQY. This indicates that mostly shallow trap states are present in 

these NCs.50

 

 

Figure 1.2: Images of colloidal CsPbBr3 NCs dispersed in toluene under UV lamp a), their PL spectra across the 

visible range with narrow full width at half maximum (FWHM) b), absorption c) and time-resolved PL decays d). 

Adapted from ref 35. © 2015, American Chemical Society.
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1.3   Semiconductor Nanocrystals (Quantum dots) and Quantum Confinement: 

Semiconductor nanocrystalline materials possess an intermediate energy band gap (Eg) 

compared with molecular clusters and bulk material. The band gap can be tuned by 

varying the size (r) of nanocrystal (NC), when the size is below the exciton Bohr radius 

and is inversely related to the size of the NC. This regime is called quantum confinement 

regime, where the excited carriers feel the confinement due to the physical boundary of 

NCs. As a result of confinement, in addition to the bandgap variation, the continuum 

electronic energy states, present in bulk material, also become discrete as shown in 

Figure 1.3.A. Further, density of states vary from bulk semiconductor to quantum dot as 

shown in Figure 1.3.B .51 This fascinating phenomenon allowed these NCs to be used in 

various applications such as field effect transistors, light emitting diodes, solar cells and 

so on.52-54  

 

Figure 1.3: A) Schematic representation of band diagram for bulk semiconductor and a quantum dot. The bulk 

semiconductor has closely spaced energy levels whereas quantum dot has discrete energy levels. B) The 

generic shape of the density of states for various dimensional semiconducting nanostructures.

 

However, having possessed high surface to volume ratio, these NCs contain relatively 

more atoms on the surface which are not coordinated. The energy of the non-bonding 

orbitals, also called dangling bonds, from these undercoordinated surface atoms, lie 

within the bandgap and act as traps for charge carriers (see Figure 1.4). These traps are 

known to act as recombination centers, where recombination takes place non-

radiatively and are detrimental for the above-mentioned applications.54,55 Complete 

passivation of the surface is difficult due to the bulkiness and/or inherent defects 
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present in the surface ligands.56-58 One way to mitigate this problem is by passivating 

the surface of the NC, called core, with a shell of higher bandgap material.59,60 However, 

shell hinders the extraction and transportation of charge carriers generated from the 

core and thereby reducing their maximum utility in optoelectronics. 

 

 

Figure 1.4: Simplified molecular orbital diagram of typical CdSe quantum dot. Energies of electronic states 

(Purple lines) from under-coordinate Cd and Se surface atoms lie in between valence band maximum and 

conduction band minimum of QD. These electronic states act as traps for electrons and holes and hamper the 

efficiency of QD-based devices. When surface atoms bond with surface ligands they form molecular orbitals σ 

and σ*. The strong interaction between them pushes these molecular orbitals outside the bandgap and makes 

the QD trap-free.  Adapted from the ref 56. © 2016, Springer Nature.   

 

1.4   Electronic Structure and Origin of Defect Tolerance in Perovskites: 

Nanocrystals, whose emission properties are not affected by defects, though their 

surface states are not completely passivated, can be called as defect tolerant materials. 

The origin of the defect tolerance comes purely from their inherent electronic band 

structure. The schematic representations of molecular orbital diagrams for II-VI 

semiconductors and organic or inorganic lead halide perovskite are shown in Figure 1.5. 

The valence band maximum (VBM) in perovskites is constituted by hybridisation of Pb 

(6s) and X (np) orbitals and main contribution is from X np orbitals and anti-bonding in 

nature, whereas conduction band minimum (CBM) is formed by hybridisation of Pb 

(6p) and X (np) orbitals and main contribution is from Pb (6s) orbitals and antibonding 
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in nature. Although the orbital contribution to CBM is debated in the literature, some 

reports based on first principle calculations suggested CBM is formed exclusively from 

Pb (6p) orbitals.61 Few reports based on DFT calculations along with experimental 

reports, such as cyclic voltammetry study, show that X (np) orbital contribution to the 

CBM is small and systematic across the halide composition but its contribution cannot 

be neglected.62-64 Lead (Pb) being heavy, relativistic spin-orbit interactions increases 

the bandwidth of CBM thereby making the vacancies/defects states resonant with CB, 

whereas antibonding nature of VBM makes vacancies/defects to be resonant with VB.64 

Generally, surface states are nonbonding in nature and arise in between VB and CB, 

which are bonding and antibonding in nature, respectively. Since VBM and CBM is 

formed from the antibonding orbitals, it is very less likely that nonbonding orbitals are 

formed within the band gap, instead, they are lying close to or resonant with 

CBM/VBM.64-66 This lack of bonding-antibonding interactions between conduction and 

valence bands makes these perovskites defect tolerant and maintain good electronic 

quality despite the presence of defects.66 In contrast, in conventional II-VI or III-VI 

semiconductors the VBM is formed from bonding orbitals and CBM is formed from 

antibonding orbitals. Due to this kind of electronic structure, these semiconductors 

form shallow or deep traps within the bandgap that arises from dangling (broken) 

bonds and cation or anion vacancies. Although A-site cation acts as the counterion for 

charge balance and contributes less to the frontier orbitals that constitute the bandgap, 

it greatly affects octahedral tilting thereby changes the band gap.67 It was shown that as 

the cation size increases the tilting of octahedron decreases thereby increasing the 

metal p contribution at CBM. Greater metal contribution increases the spin-orbit 

coupling, which in turn reduces the band gap.68,69 This was justified by recently 

synthesized FAPbI3 NCs, (FA is larger cation compared with Cs, MA) where they could 

dismantle red wall and accessed emission in red and infra-red spectral region.70   
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Figure 1.5: Comparison of the band diagrams for II-VI semiconductors A) and for Perovskite C).  B) and A) show 

defect tolerant and intolerant nature, respectively.  Figure C adapted from ref 64. © 2015, Materials Research 

Society. 

 

1.5   Recombination Processes in NCs: 

If the pump photon energy is greater than the bandgap (Eg), it creates charge carriers 

such as hot electrons and holes, excitons (bound electron-hole pairs), free electrons and 

free holes and so on. These excited charge carriers undergo different recombination 

processes and reach to the ground state.20 There are three primary recombination 

mechanisms reported in the literature, as shown in Figure 1.6. They are 1. 

Monomolecular recombination, where the single carrier (either electron or hole) 

participates in recombination and it is mostly nonradiative and carriers are 

immobilized when they get trapped in defect states. The trap-assisted recombination is 

fluence independent i.e.−
𝑑𝑛

𝑑𝑡
= 𝑘1𝑛 , where 𝑘1 is mono molecular rate constant and n is 

the carrier density. 2. In bi-molecular recombination, two carriers participate in 

recombination. The recombination rate depends on the overlap of electron wave 

function in the conduction band and the hole wave function in the valence band. This 

process is fluence dependent i.e. −
𝑑𝑛

𝑑𝑡
= 𝑘2𝑛2, where 𝑘2 is bi-molecular rate constant 

and 2 represents two particles, an electron and a hole. 3. Tri-molecular recombination, 

also called Auger recombination, a three body collision process, where electron and 
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hole recombine and the energy is simultaneously transferred to the third particle 

(either electron or hole) and overall energy is conserved.71 This process is very strongly 

fluence dependent. i.e.−
𝑑𝑛

𝑑𝑡
= 𝑘3𝑛3, where 𝑘3 is the tri-molecular rate constant. Here the 

three particles involved in the recombination process are an electron, a hole and the 

third particle may be either an electron or a hole. The overall recombination rate, which 

involves above three processes, can be written as follows 

−
𝑑𝑛

𝑑𝑡
= 𝑘1𝑛 + 𝑘2𝑛2 + 𝑘3𝑛3                                (1.1)

 

 

Figure 1.6: Schematic of recombination processes occurring in semiconductor NCs A) Mono molecular (exciton 

or trap-assisted) recombination B) Bi-molecular recombination C) Tri-molecular (Auger) recombination

 

1.6 Two-Photon absorption in NCs: 

In the Two-Photon absorption (TPA) process, shown in Figure 1.7, a charge carrier 

makes the transition between the valence band to conduction band through 

simultaneous absorption of two photons, given the single photon energy is less than the 

band gap of the semiconductor. TPA has certain advantages over one photon absorption 

(OPA). Two-photon absorption can be used to achieve high skin depth and high spatial 

resolution with little damage to the sample.72 One also can fabricate efficient frequency 

up-converted lasers, where phase-matching conditions are relaxed.73  
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Figure 1.7. Schematic of one and two-photon absorptions processes in semiconducting NCs. 

 

TPA is a nonlinear process and depends on the square of the intensity of the light. The 

attenuation of light through the sample of thickness 𝑙, under no linear absorption, can 

be written as74 

−𝑑𝐼

𝑑𝑙
= 𝛽𝐼2                                                  (1.2) 

where 𝛽 is the two-photon absorption coefficient. Integrating the above equation 

between right limits leads to the following expression for transmittance (T) for TPA, 

𝑇 =
𝐼

𝐼0
=

1

1 + 𝛽𝐼0𝐿
                                  (1.3) 

where I0, and I are incident and transmitted intensities of the light, respectively, and L is 

the total pathlength. The  𝛽 can be experimentally determined by measuring the 

incident and transmitted intensity through the sample of thickness L. 
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1.7   Terahertz Spectroscopy: 

Terahertz (THz) radiation lies between microwave and infrared radiation in the 

electromagnetic spectrum. This has been referred to as the THz gap due to lack of 

sensitive generators and detectors. One THz is related to other units as 

1 THz = 1012 Hz = 1 ps= 300 µm = 33.3 cm-1 = 4.14 meV 

The low energy or frequencies of the THz photons enables the investigation of collective 

vibrational motions in the condensed phase, generally lower in energy than observed in 

the infrared region, and rotational or torsional motions in molecules, higher in energy 

than observed in microwave region.75-77 The see-through nature of THz light to the 

packaging materials such as plastic, paper, leather and wood, enables non-destructive 

inspection of mail envelops at post offices and luggage at airports.78 The non-invasive 

and non-ionising nature of THz has found potential applications in detection of 

explosives and illicit drugs,78-81 biomolecules,82-88 biomedicine,89,90 pharmaceuticals and 

bio-imaging.91-94 Most of these applications are based on table-top laser sources and use 

a photoconductive antenna and nonlinear optical processes for generation and 

detection of THz.95-102 Also, THz spectroscopy has been used to study carrier dynamics 

and phonon resonances in various bulk and nanostructured semiconducting materials 

since carrier scattering times and phonon energies fall within the THz regime.77,102-107 

With the development of ultrafast lasers (less than 35 fs duration) it is possible to 

generate a THz spectrum of bandwidth greater than 30 THz.108 Unlike other 

spectroscopic techniques, which measure only intensity, THz spectroscopy measures 

THz electric field. Fourier transformation of the electric field results in amplitude and 

phase of each of spectral component that makes up the THz pulse. Amplitude ratios 

obtained from sample and reference enables one to measure the absorbance of the 

sample, whereas phase difference enables measurement of refractive index. Together 

one can obtain the complex dielectric function and complex conductivity, without the 

need for Kramers-Kronig relations.77,107  

Understanding the nature of photogenerated charge carriers in semiconductor 

nanocrystals (NCs) is important because they provide the basis for many device 

applications. The continuous development in technologies mainly focuses to reduce the 

physical size of devices and hence use NCs as building blocks. The efficiency of any such 
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device depends on the transport properties of charge carriers in these NCs. The 

transport mechanism in these NCs is short range and recombination of charge carriers 

occurs in picosecond to sub-picosecond timescale. Time-resolved THz spectroscopy has 

emerged as a new spectroscopic tool over the past decade, which uses contact-free and 

non-invasive THz probe. It is ideal for probing carrier evolution and transient 

conductivity in picosecond time resolution in these nanomaterials.77,107    

1.8   Time-Resolved THz spectroscopy:  

In pump-probe spectroscopy experiments, (see Figure 1.8), initially, the optical pulse 

(pump) with relatively higher intensity excites the sample and another pulse (probe) at 

certain delay (τ) measures the photoinduced changes, as a function of pump-probe 

delay. Although all-optical pump-probe experiments provide excellent time resolution, 

they only probe the carrier kinetics from the particular state. At longer wavelengths, 

free carrier absorption feature can be detected, but they cannot provide any 

information on transport properties. Further, other spectroscopic techniques such as 

time of flight or time-resolved microwave conductivity can measure transport 

properties but their temporal resolution is limited to the nanosecond.109 The carrier 

mobilities obtained for the same material with different techniques vary hugely due to 

the inherent difficulties, such as connecting micro-meter sized wires to nanometer-

sized particles, involved in these methods. On the contrary, TRTS does not use any such 

electrical contacts, can circumvent some of the difficulties, and can get consensus in 

mobilities and diffusion lengths. However, extraction of conductivity and analysis is not 

so trivial in this method.23  

TRTS is a subset of pump-probe technique. It provides unique information which cannot 

be obtained from other spectroscopic techniques. TRTS is a non-contact technique 

measures transient photoconductivity with sub-picosecond temporal resolution.77,102-

104,107  In TRTS experiment, a pump pulse excites the sample above band gap and creates 

carriers, such as free electrons and holes, bound electron-hole pairs (excitons), trions, 

and polarons.107,110-114 Subsequently, the THz probe pulse interacts with these charge 

carriers and their response is manifested in the conductivity and (dielectric) 

susceptibility spectrum. The nature of the response to the THz probe depends on the 

nature of the photogenerated carriers. The conductivity spectra for various 
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photogenerated species are given in Figure 1.9. When the THz field interacts with free 

carriers, momentum gets transferred, so that carriers are accelerated and can travel 

long distances. Free carriers follow Drude conductivity i.e. the real part of the 

conductivity is maximum at zero (DC limit) frequency and the imaginary part is positive 

(see Figure 1.9 C). This is the typical signature of free carriers present in the system. 

Carriers can be localized due to backscattering from interfaces or due to defects.114  In 

these cases, the real part of the conductivity increases with increasing THz frequency 

and the imaginary part is negative and decreases with increasing THz frequency114,115 

(Figure 1.9 D). If the photogenerated species are excitons, the THz response is very 

different. THz photons cannot resonantly interact with excitons because the intra-

excitonic transition energy (10-100 meV) is much higher than the single THz photon 

energy (1 THz = 4 meV). Instead, it polarizes the exciton wave function which is 

manifested as real and spectrally flat susceptibility and zero imaginary susceptibility 

(real conductivity).111 Further, TRTS provides information of scattering mechanisms 

which limit the charge carrier transport, such as electron-phonon scattering or impurity 

scattering.116 Generally two kinds of experiments are carried out in TRTS. One is the 

pump scan, where a single point on THz waveform, mostly peak point due to signal 

strength, is measured after photoexcitation as a function of pump-probe delay, which 

gives an average response of the material. The second one is the probe scan, where the 

complete THz waveform is recorded at certain pump-probe delays. This experimental 

approach provides the frequency dependent conductivity.77,94,102 

 

 

Figure 1.8:   Schematic of pump-probe setup.  Pump and probe wavelengths can vary from deep UV to far-

infrared in the electromagnetic spectrum. The delay between them can be varied by a variable delay stage.

 



Chapter 1: Introduction to Perovskite Nanocrystals and Terahertz Spectroscopy 

14 
 

 

Figure 1.9:   Photo-generated charge carriers above band edge. A) Free electrons and holes and B) Excitons. 

Conductivity spectra of free carriers C), localized carriers D), and Excitons E). Figure E adapted from the ref 

111. © 2006, Springer Nature. 

 

1.9 Scope and organization of the Thesis: 

As mentioned above, all-inorganic CsPbX3 perovskite NCs exhibit exceptional 

photophysical properties. All these properties are occurring from the excited state. 

Hence, one needs to understand how the charge carriers behave in an excited state. 

Herein, we use home-built time-domain and time-resolved THz spectroscopy as a tool 

to study the origin of phonons and charge carrier dynamics. From our time-resolved 

studies, we also determine the transport properties, such as mobilities and diffusion 

lengths. The thesis primarily focuses on studying carrier dynamics and phonon modes 

CsPbBr3 NCs in colloidal dispersion and spin-cast films. Further, our study was extended 

to see the effects of quantum confinement on phonon resonance and the carrier 

dynamics in CsPbBr3 nanoplatelets. 

In chapter 2, I described how we have built time-domain and time-resolved THz 

spectrometers. We use air plasma as the ultra-broadband THz generating medium. Air-
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biased coherent detection (ABCD) scheme was used for coherent detection of the THz 

light. The THz spectral bandwidth obtained in our laboratory was >15 THz. Further, I 

reported the analysis procedure of the time-domain and time-resolved data. Also, the 

conductivity models used in our study have been discussed in detail. 

In chapter 3, we studied the nature of the phonon modes and free carrier dynamics in 

colloidal CsPbBr3 NCs. In solution processed tiny NCs, a large density of surface defects 

is expected because of the large surface to volume ratio. Thus, high fluorescence QY is 

counterintuitive. Our results confirm a negligible influence of surface defects, which in 

turn results in high charge carrier mobilities and longer diffusion lengths. The origin of 

phonon mode was assigned from DFT calculations and major contribution comes from 

the anti-symmetric apical Pb-Br stretching mode and one in-plane Br-Pb-Br bending 

mode. From initial decay dynamics, the exciton dissociation time constant found to be 5-

6 ps. Strong exciton-phonon coupling with softer modes redshifts the phonon 

resonance.   

In chapter 4, our study was extended to probe the carrier dynamics in the film. Most 

optoelectronic devices such as a field-effect transistor, photoresistor, and light emitting 

diodes and photovoltaic devices use film as an active layer. In the film, carriers undergo 

scattering from grain boundaries and hence transport properties can be altered. Phonon 

peak in the film is slightly redshifted due to less stiffening of the bonds. The increased 

size of cubes in film decreases surface to volume ratio and reduces the stiffening of the 

bonds. The carrier dynamics under single and two-photon absorption vary significantly 

due to the occupancy of different initial excited states. Large to intermediate polaron 

reduces the mobilities and diffusion lengths more than an order compared to the 

solution. 

In chapter 5, we studied confinement effects on carrier dynamics in CsPbBr3 NPLs. In 

the confinement regime, one would expect carrier dynamics to be faster when we go 

from five monolayers (5-MLs) to three monolayers (3-MLs), where the probability of 

the overlap between the electron and hole wave functions increases significantly. 

Surprised by the claims of the previous reports that the exciton dynamics is 

independent of the extent of confinement, we studied the carrier dynamics in NPLs with 

different thickness using TRTS in the picosecond to nanosecond temporal resolution 
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range. Our study clearly showed that photogenerated species being excitons, a major 

(greater than 80 %) carrier population decays within 300 ps. The THz absorption 

spectrum has an extra phonon peak at ~ 4.2 THz that is independent of confinement. 

We attribute this phonon feature to the in-plane lattice vibrations. The phonon peak, 

which redshifts due to lattice expansion when we go from 5 ML to 3 ML, is attributed to 

out-of-plane lattice vibrations. Strong confinement curtails mobilities and diffusion 

lengths.  

Finally, I conclude my work in chapter 6 and give the impression that TDS and TRTS can 

be successfully used to probe phonon resonances and charge carrier dynamics in these 

all-inorganic CsPbBr3 perovskite nanocubes and nanoplatelets. The inefficient trap-

assisted recombination makes the cubic NCs more suitable for various optoelectronic 

devices. Although mobilities and diffusion lengths are reduced in film, the values are on 

par with various other perovskites, indicates the NC film can be used as an active layer 

in photovoltaic applications. By taking the advantage of fast recombination, one can use 

CsPbBr3 nanoplatelets in light emitting applications. 
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2.1 Introduction: 

In this chapter, broadband THz (>15 THz) generation from air and detection with air-

biased coherent detection, optical pump-THz probe setup, analysis for obtaining optical 

constants such as refractive index, dielectric function, conductivity and mobility, 

effective medium theories, and conductivity models are described. The THz bandwidth 

is limited only by optical pulse duration unlike electro-optic (EO) sampling method, 

where THz bandwidth is limited by damage threshold and phonon absorption of the 

crystal. Effective medium theories are discussed to obtain the response solely from NCs. 

The conductivity models discussed here are employed in the forthcoming chapters to fit 

the conductivity spectra thereby deriving the carrier density and mobility. 

2.2 Time-Domain THz spectroscopy: 

2.2.1 THz-TDS set-up: 

The schematic of our experimental setup to generate THz light from air plasma and 

detect it with air biased coherent detection (ABCD) method is shown in Figure 2.1.1-3 A 

ultrafast regenerative amplifier (Spitfire Pro XP, Spectra-Physics) seeded by a 

femtosecond oscillator (Tsunami, Spectra-Physics) generates pulses of 50 fs (FWHM), 

800 nm central wavelength at 1 kHz repetition rate. The laser beam is split into two 

equal parts by using a beam splitter (BS 1). One part is utilized to generate and detect 

THz radiation and the other part is fed into an optical parametric amplifier (OPA) to 

generate the optical pump pulses of varying wavelengths. 
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Figure 2.1: Experimental setup for Time-domain THz spectroscopy. THz radiation is generated by air 

plasma and detected by air biased coherent detection (ABCD) method. 

 

The first part is again split into two beams by using another beam splitter, shown as BS 

2 (R:T = 8:92) in the schematic. The transmitted beam (𝜔) passes through the BBO 

(Type 1 beta barium borate) crystal that creates the second harmonic (2𝜔). A plano-

convex lens placed between the BBO and BS2 focuses the fundamental (𝜔) and the 

second harmonic (2𝜔) in the ambient air to create a strong plasma. The plasma gives 

THz radiation along with other electromagnetic radiations. The THz radiation, filtered 

out by high-resistivity float-zone Silicon filter, is collimated and focused to a spot size of 

~1 mm diameter on to the sample with the first pair of off-axis parabolic mirrors. The 

THz radiation transmitted through the sample is re-collimated and focused between 

two electrodes by another set of parabolic mirrors. The reflected beam from the BS 2, 

called probe or gate beam which is reflected further by the retro reflector kept on a 

delay line (50 mm) is also focused between the electrodes. An AC voltage of 1.5 kV on 

each electrode from high voltage modulator (HVM) is applied. The modulation 

frequency of HVM is kept at half (500 Hz) the laser repetition rate and synchronised 

with laser repetition rate. The bias field supplied by the electrodes acts as a local 

oscillator (LO) and together with THz and fundamental (800 nm) gate beam generate 

the second harmonic (400 nm) of the gate beam. The second harmonic signal is filtered 
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from the residual fundamental beam with band pass filter and detected by a 

photomultiplier tube (PMT). The PMT current is amplified using a current preamplifier 

whrere the photocurrent signal converts into a slowly varying voltage signal. This signal 

is fed into the lock-in amplifier referenced at the frequency of the LO. The amplitude is 

proportional to THz electric field strength. The lock-in amplifier signal is recorded as 

the time delay between the gate beam and THz beam, is varied by scanning the optical 

delay stage (shown as “Delay” in the  schematic). 

2.2.2 Broadband THz generation from air plasma: 

The first demonstration of THz wave generation from plasma started in the early 90s by 

focusing the fundamental beam into gases.4,5 However, the realizations of intense THz 

waves were possible only when both the fundamental and the second harmonic beams 

were focussed into air.6-8 The mechanism of the generation of THz radiation in gas 

plasma is not completely understood. There are two models which can explain the 

nonlinear optical processes occurring in gaseous media. They are four-wave mixing 

(FWM) model,1,6 and asymmetric transient current (ATC) model.9,10  In four-wave 

mixing process, the difference between a photon of energy 2𝜔 + 𝛺𝑇𝐻𝑧 and the sum of 

energies of two photons (𝜔), yields THz radiation. The four-wave mixing process can be 

represented as 

𝛺𝑇𝐻𝑧 = (2𝜔 + 𝛺𝑇𝐻𝑧) − 𝜔 − 𝜔                                       (2.1) 

The generated THz field amplitude is proportional to the intensity of the fundamental 

(𝜔) and to the square root of the second harmonic (2𝜔) beams, 

𝐸𝑇𝐻𝑧 ∝  𝜒(3)  √𝐼2𝜔 𝐼𝜔 cos(𝜑)                                         (2.2) 

where 𝜑 is the phase difference between fundamental and second harmonic waves. The 

optimal THz field is obtained when the polarizations of fundamental, second harmonic 

and THz waves are parallel in the FWM process. 

According to the transient current model, a current surge is generated when the bound 

electrons are stripped off from atoms in the asymmetric field created by the mixing of 

second harmonic and fundamental waves. This current surge can produce an 

electromagnetic pulse at THz frequencies. The efficiency of THz generation varies in 
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these two models depending on the phase difference between the fundamental and 

second harmonic beams. In FWM approximation, THz efficiency reaches its peak when 

the phase difference is zero. On the other hand, it is highest when the relative phase is 

π/2, in the case of ATC model.  

2.2.3 Air biased coherent detection (ABCD) of THz: 

Broadband THz detection using air as the sensor was first demonstrated in 2006 and 

subsequently, field strength was increased by using external bias as a local oscillator.2,3 

The principle behind the sensing of broadband THz radiation is to measure the THz field 

induced second harmonic (TFISH) through the third-order nonlinear process. The THz 

induced second harmonic electric field amplitude can be written as  

𝐸2𝜔
𝑇𝐻𝑧    ∝   𝜒(3) 𝐸𝜔 𝐸𝜔 𝐸𝑇𝐻𝑧                                                      (2.3) 

where 𝜒(3) is third order nonlinear susceptibility of air, 𝐸2𝜔
𝑇𝐻𝑧 , 𝐸𝜔 , and 𝐸𝑇𝐻𝑧 are the 

electric field amplitude of the second harmonic, fundamental, and THz waves 

respectively. Since 𝐸2𝜔
𝑇𝐻𝑧 ∝  𝐸𝑇𝐻𝑧  the intensity is related to 𝐼2𝜔

𝑇𝐻𝑧  ∝  𝐼𝑇𝐻𝑧. The phase 

information is lost, i.e. the measurement is incoherent. The voltage supplied by the 

electrodes acts as a local oscillator and its second harmonic contribution towards total 

second harmonic amplitude is 𝐸2𝜔
𝐿𝑂 . Thus, the total second harmonic from LO and THz 

induced SH components can be written as  

𝐼2𝜔   ∝   (𝐸2𝜔)2  =   (𝐸2𝜔
𝑇𝐻𝑧 + 𝐸2𝜔

𝐿𝑂)2                                            (2.4) 

=  (𝐸2𝜔
𝑇𝐻𝑧)2 + 2 (𝐸2𝜔

𝑇𝐻𝑧𝐸2𝜔
𝐿𝑂 cos 𝜑) + (𝐸2𝜔

𝐿𝑂)2                                 (2.5)   

where 𝜑 is the phase difference between 𝐸2𝜔
𝑇𝐻𝑧 and 𝐸2𝜔

𝐿𝑂 .  The above equation can be 

written as  

       =  (𝜒(3)𝐼𝜔)
2

𝐼𝑇𝐻𝑧 + 2 𝜒(3)𝐼𝜔𝐸2𝜔
𝐿𝑂𝐸𝑇𝐻𝑧 cos 𝜑 + (𝐸2𝜔

𝐿𝑂)2.                             (2.6)  

The second term which is proportional to 𝐸𝑇𝐻𝑧 is the key for the coherent detection. By 

modulating THz wave, one can remove the third term, DC component originated from 

LO, by using a lock-in amplifier. The second term dominates when the probe intensity is 

above the plasma threshold. Thus, the THz detection becomes coherent. 
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We have employed ABCD successfully and are able to detect broadband THz pulse (up 

to 15 THz), see Figure 2.2., which will enable us to study probe processes taking place in 

this wide frequency range. 

 

 

Figure 2.2: Time domain THz waveform and its amplitude spectrum detected using our spectrometer. 

 

2.3 Optical Pump-THz probe spectroscopy:  

The experimental set-up for time-resolved THz spectroscopy (TRTS), also known as 

optical pump THz probe spectroscopy (OPTS) is shown in Figure 2.3. For the time-

resolved THz study, an ultrafast pump beam generated from the OPA excites the sample 

prior to the arrival of a THz probe pulse. The delay between the optical pump and THz 

probe beam is varied by scanning the 300 mm long delay stage, marked as Delay 3 in 

Figure 2.3. A variable neutral density filter, placed in the pump path, controls the pump 

power. The pump beam is chopped using a mechanical chopper rotating at a frequency 

of 333 Hz. At this frequency, every third pulse of the pump beam is allowed to reach the 

sample. The pump beam passes through a hole in the off-axis parabolic mirror (PM2) 

and becomes collinear with the THz beam. The pump beam diameter on to the sample is 

~ 3.5 mm, 3.5 times greater than the THz beam diameter to guarantee uniform sample 

excitation. The optical pump and THz probe diameters were measured by the knife-

edge technique. We used a black polyethylene (transparent to the THz probe) sheet to 

block the pump light transmitted through the sample from reaching out to the PMT. 
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The pump-probe experiment is carried out using double lock-in technique in which the 

pump-induced change in THz transmission (-ΔE(tp)) and the corresponding THz 

transmission through the non-photoexcited sample (E0(tp)) are recorded 

simultaneously.5 This ensures to keep the effect of laser fluctuation to the minimum. 

The signal from the current preamplifier is split and sent to two separate lock-in 

amplifiers. The THz probe beam is modulated at 500 Hz and this frequency acts as the 

reference for one lock-in amplifier. The reference frequency for the second lock-in 

amplifier is 333 Hz, the frequency at which the optical pump beam is modulated. To 

minimize the crosstalk between the signals measured at 500 Hz and 333 Hz, the 

frequencies are not harmonic with respect to each other. 

The pump-induced signal can be collected in two ways. a) Frequency averaged 

experiments are performed by varying the delay between the optical pump and THz 

probe by scanning the 300 mm long stage (Delay 3) after fixing the 50 mm stage (Delay 

1 or Delay 2) at peak THz field (tmax). The photoinduced change in THz field 

amplitude, ∆𝐸(𝑡𝑚𝑎𝑥, 𝑡𝑝), is recorded as a function of delay between the THz probe and 

the optical pump pulses, 𝑡𝑝. This provides the temporal evolution of the photoexcited 

sample. b) Frequency resolved experiments which are performed by scanning the 50 

mm stage (Delay 1 or Delay 2) at a fixed pump-probe delay (Delay 3), yield the pump 

induced changes in THz waveform, ∆𝐸(𝑡, 𝑡𝑝), at a fixed pump-probe delay (𝑡𝑝).  

To avoid THz absorption by water vapour, the entire experimental setup is enclosed in a 

transparent box and purged continuously with N2 or dry air.  
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Figure 2.3: Complete experimental setup for time-resolved THz spectroscopy.

 

2.4 Data Analysis: 

2.4.1 Analysis of steady state (THz-TDS) experiments: 

If the electric field of the THz pulses in time domain transmitted through the sample and 

reference are ES(t) and ER(t), respectively, then their Fourier transforms, 𝐸𝑆(𝜔), 𝐸𝑅(𝜔) 

in the frequency domain are:   

𝐸𝑆(𝜔) = 𝐸0(𝜔)𝑇𝑆(𝜔)                                                     (2.7) 

𝐸𝑅(𝜔) = 𝐸0(𝜔)𝑇𝑅(𝜔)                                                  (2.8) 

where 𝑇(𝜔) is the transmission function which is obtained from the Fresnel coefficients 

and propagation coefficients. 
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Figure 2.4: Schematic of the sample deposited on the substrate and the electric fields passing through the 

substrate and sample are represented as ER and ES. 

 

For Sample:      𝑇𝑆(𝜔) = 𝑡12𝑝2(𝑙)𝑝3(𝑑)𝑡23𝑡34                                           (2.9) 

For Reference: 𝑇𝑅(𝜔) = 𝑡13𝑝1(𝑙)𝑝3(𝑑)𝑡34                                                (2.10) 

Where 𝑡 is Fresnel coefficient at normal incidence and 𝑝 is the propagation coefficient 

and are given by  

𝑡𝑥𝑦 =
2𝑛̃𝑥

𝑛̃𝑥 + 𝑛̃𝑦
                                                                  (2.11) 

𝑝𝑥(𝑙) = 𝑒𝑖𝑛̃𝑥𝑙𝜔/𝑐 ; 𝜔 = 2𝜋𝜈                                           (2.12) 

By dividing Equations (2.7) by Equation (2.8), we will have Transmission function as 

𝑇(𝜔) =
𝐸𝑆(𝜔)

𝐸𝑅(𝜔)
=

𝑡12𝑝2(𝑙)𝑡23

𝑡13𝑝1(𝑙)
                                     (2.13) 

𝑇(𝜔) =
2𝑛̃2(𝑛̃1 + 𝑛̃3)

(𝑛̃1 + 𝑛̃2)(𝑛̃2 + 𝑛̃3)
𝑒𝑖(𝑛̃2−𝑛̃1)𝑙𝜔/𝑐                         (2.14) 

Under the assumption of very less THz light absorption by the sample, 

𝑛̃𝑥 = 𝑛𝑥 + 𝑖𝑘𝑥; 𝑘𝑥 ≅ 0, 𝑛̃𝑥 = 𝑛𝑥                                             (2.15) 
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Next, by separating the real and imaginary parts and comparing with the measured 

transmission function, 

𝑇𝑚𝑒𝑎𝑠(𝜔) = |𝑅(𝜔)|𝑒𝑖∆𝜙                                                            (2.16) 

we obtain 

𝑛2 = 𝑛1 +
𝑐

𝑙𝜔
∆𝜙                                                                          (2.17) 

𝑘2 = −
𝑐

𝑙𝜔
ln[η(ν)|R(ω)|] ;  η(ν)=

(𝑛1 + 𝑛2)(𝑛2 + 𝑛3)

2𝑛2(𝑛1 + 𝑛3)
      (2.18) 

Since the extinction coefficient (𝑘) and absorption coefficient (𝛼) are related as 𝑘 =
𝛼𝑐

2𝜔
, 

the absorption coefficient is given by 

𝛼2 = −
2

𝑙
ln[η(ν)|R(ω)|]                                                           (2.19) 

Absorbance (A) of the sample = Absorption coefficient ∗ thickness. 

Generally, Fabry-Perot modes (or Etalon effect) arise from multiple reflections at 

interfaces. If the sample is thick and strongly absorbing, one can cut off the time domain 

data till first echo and can obtain refractive index and absorption coefficients. This is till 

acceptable in the literature. However, in case of low absorbing materials one cannot cut 

the time domain data, instead one need to add the multiple reflection terms such as 

Frenel coefficients and propagation coefficients to the equation 2.13. This will remove 

artificial periodic modulations and errors in the optical constants. 

The multiple reflection term included THz electric field through the sample is given by  

𝐸𝑅(𝜔) = 𝐸0(𝜔)𝑡12𝑝2(𝑙)𝑝3(𝑑)𝑡23𝑡34 ∑(𝑟23𝑝2
2(𝑙)𝑟21)𝑗

𝑗

 

Where 𝑗 indicates the number of reflections. Reflection term (𝑟𝑥𝑦) is given by 

𝑟𝑥𝑦 =
𝑛𝑥 − 𝑛𝑦

𝑛𝑥 + 𝑛𝑦
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From the given refractive index (n) and extinction coefficient, the complex refractive 

index can be written as  

𝑛̃ = 𝑛2 + 𝑖𝑘2                                                                            (2.20) 

The dielectric function is related to complex refractive index as 

𝜀̃ = 𝜀1 + 𝑖 𝜀2 = 𝑛̃2                                                                  (2.21) 

where 𝜀1 =  𝑛2
2 − 𝑘2

2 and 𝜀2 = 2𝑛2𝑘2 . 

The dielectric function obtained for NC solution is an effective function for the solution 

comprising the solutes (NCs) and the solvent entities. The individual solute (NC) 

dielectric function can be obtained using an appropriate effective medium theory (see 

effective medium theory section). 

The complex conductivity can be obtained from the dielectric function as follows11 

𝜎̃ = −2𝜋𝑖𝜈𝜀0𝜀̃                                                              (2.22) 

 

2.4.2 Transient photoconductivity of NC solution: 

The pump-induced change in photoconductivity, Δσ, of NCs dispersed in HMN solvent 

placed between the two TPX windows, under the condition that ∆𝑛 ≪ 1,  is expressed 

as12,13  

∆𝜎̂(𝜔) = −2𝑖𝜔𝜀0𝑛2∆𝑛̂                                                       (2.23),       

 where 𝑛2 is the refractive index of the NCs solution and ∆𝑛 is given by 

 

 

Here, l is the path length of the sample, n1 is the refractive index of the TPX window (n1= 

1.524), n2 is the refractive index of the NCs solution (n2=1.61), MR is multiple reflection 

term (here MR= 0) and ∆𝐸(𝜔),  𝐸(𝜔)  are respectively pump-induced and pump-off 

Fourier transforms of transmitted THz electric fields. 

∆𝑛̂ =  [
𝑖𝜔𝑙

𝑐
 −  

𝑛2−𝑛1

𝑛2(𝑛2+𝑛1)
+ 𝑀𝑅]

−1 ∆𝐸𝑜𝑢𝑡(𝜔)

𝐸𝑜𝑢𝑡(𝜔)
                                     (2.24). 
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The pump-induced change in dielectric function of the NC solution obtained from the 

conductivity spectrum (calculated from Eq. 2.23) is  

              ∆𝜀̂(𝜔) = 𝑖∆𝜎̂(𝜔)/𝜔𝜀0                                                                  (2.25). 

The effective dielectric constant of the photoexcited NCs can be calculated from the 

effective dielectric constant of the non-photoexcited NCs and pump induced change in 

dielectric constant of NCs solution using the following equation: 

𝜀𝑒̂𝑓𝑓
𝑛𝑝 + ∆𝜀̂ = 𝜀𝑒̂𝑓𝑓

𝑝𝑒                                          (2.26) 

After calculating 𝜀𝑒̂𝑓𝑓
𝑝𝑒 using Eq. 2.26 and using this value in Eq. 2.35 (effective medium 

theory), the intrinsic dielectric constant of the photoexcited NCs can be calculated 

(𝜀𝑖
𝑝𝑒). The difference between 𝜀𝑖

𝑝𝑒 and 𝜀𝑖
𝑛𝑝 (intrinsic dielectric constant of the non-

photoexcited NCs) is given by, 

∆𝜀𝑖̂
𝑝𝑒 = 𝜀𝑖̂

𝑝𝑒 − 𝜀𝑖̂
𝑛𝑝                                                               (2.27)    

which is the pump-induced change in dielectric constant of NCs. The pump induced 

conductivity (∆𝜎𝑖𝑛𝑑) of NCs can be calculated from ∆𝜀𝑖̂
𝑝𝑒 using Eq. 2.25. 

In the above calculation for the THz conductivity of NCs, it is assumed that the entire 

sample (thickness d) gets photoexcited. But the actual THz conductivity should be 

calculated for the thickness (skin depth 𝛿)  of the photoexcited sample. So it must be 

corrected by a factor of  𝑑/𝛿 if d > 𝛿. Thus the real photo induced THz conductivity of 

NCs is given by,14   

                                     ∆𝜎 =
𝑑

𝛿
 ∆𝜎𝑖𝑛𝑑                                                               (2.28). 

In Chapter 3, for 480 and 504 nm pump, sample thickness was less than the 

corresponding skin depths. Hence, multiplication of the conductivity with the scaling 

factor (𝑑/𝛿) was not required. However, in the case of 400 nm, the skin depth (δ = 546 µm) 

was less than the sample thickness (d = 950 µm), so conductivity was multiplied with 1.74 

(
𝑑

𝛿
= 1.74).  
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2.4.3 THz Peak conductivity and mobilities for the film: 

The peak conductivities can be calculated from the observed peak THz transients, under 

the condition of d << λ, by using the following relation15,16 

∆𝜎(𝑡𝑝) =  
𝜀0𝑐

𝑑
(𝑛𝑎 + 𝑛𝑏)

−∆𝐸(𝑡𝑝)

𝐸0(𝑡𝑝)
                                 (2.29) 

where 𝑛𝑎 , 𝑛𝑏  are refractive indices of media on either of the sample, 𝜀0  is the 

permittivity of free space, c is the speed of light and 𝑑 is the thickness of the 

photoexcited sample. 

The initial mobilities can be obtained by normalizing the peak conductivities with 

carrier density (𝑁0). In the linear excitation regime, assuming that each absorbed 

photon results in one electron-hole pair (𝜑 = 1), the mobility is given by 

                                𝜇 ≅
∆𝜎

𝑞𝑁0
                                                                              (2.30), 

where 𝑁0 is the total carrier density (𝑁0 = 𝜑. 2𝑁𝑃ℎ) and q is the elementary charge. 

However, as the value of the photon to the free carrier conversion ratio (𝜑) is not 

known, this method yields an effective mobility (𝜑𝜇) rather than the actual mobility (𝜇). 

The density of absorbed photon (Nph) is calculated as: 𝑁𝑝ℎ = (𝐹𝑙  (1 − 10−𝑂𝐷𝜆  ))/𝛿ℎ𝜈; 

where Fl is the incident photon flux, (1 − 10−𝑂𝐷𝜆) is the fraction of the pump light 

absorbed by the sample, 𝛿 is the penetration depth, and hν is the energy of a single 

photon. This gives the upper limit of Nph as we are ignoring reflection and scattering 

losses in our experiments. 

To obtain the frequency-resolved conductivity spectra complete THz waveforms were 

collected at each pump-probe delay (τp). Again, Equation 2.29 was used to get the 

conductivity spectra, where −∆𝐸(𝑡𝑝) and 𝐸0(𝑡𝑝)are the Fourier transforms of the 

recorded photoinduced change in the THz waveform and the reference THz waveform, 

respectively. This frequency resolved conductivity were fitted to the appropriate 

conductivity models to determine several important parameters such as carrier density 

(𝑁0), mobility (𝜇) etc. at each pump-probe delay (τp). 
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2.5 Effective Medium Theories (EMTs): 

THz-TDS and OPTP experiments measure macroscopic permittivity/conductivity of 

composite systems, particles embedded in host materials, as shown in Figure 2.5. We 

use appropriate effective medium theory (EMT) approach to determine the intrinsic 

dielectric response of the particles of our interest (NCs in this thesis work). In the case 

of nanoparticle composites, the scattering effects are neglected since the wavelength of 

THz probe light (1 THz = 300 µm) is greater than the length scale of the nanoparticles (1 

nm = 10-9 m).17

 

 

Figure 2.5: The effective dielectric function of NC composite (𝜀), scattering effects are negligible as the 

wavelength of THz is larger than the size of NC. 

 

Though there are several EMTs in the literature,17,18 the most used ones are Maxwell-

Garnett (MG) and Bruggemann.19,20  

2.5.1 Maxwell-Garnett theory: 

In MG theory, the experimentally observed effective dielectric function (𝜀) is related to 

the dielectric functions of the host (𝜀ℎ) and the inclusion (𝜀𝑃 ) materials as: 

𝜀 − 𝜀ℎ

𝜀 + 𝐾𝜀ℎ 
= 𝑓

𝜀𝑃 − 𝜀ℎ

𝜀𝑃 + 𝐾𝜀ℎ
                                                        (2.31) 

where 𝑓 is the volume fraction of the inclusions and 𝐾 is the geometry factor. 
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This also can be rearranged for nanoparticles as 

𝜀𝑃 =
(𝑓𝜀ℎ 𝜀 + 𝐾𝜀𝜀ℎ − 𝐾𝜀ℎ 

2 + 𝑓𝐾𝜀ℎ
2 )

(𝑓𝐾𝜀 + 𝑓𝜀 + 𝜀ℎ − 𝜀)
                            (2.32) 

MG theory has its own limitations. It is not applicable when there is charge transport 

occurring between the NCs. However, it is very less likely that charge transport will take 

place in NCs because the NCs are capped with insulating capping ligands and are 

surrounded by non-conducting host medium. It is also not applicable for concentrated 

solutions. In case of large filling fractions and the large dielectric contrast between the 

constituents, the Bruggemann theory is applicable.  

2.5.2 Bruggeman effective medium theory: 

In Bruggeman theory, the experimentally observed effective dielectric function (𝜀) is 

related to the dielectric functions of the host (𝜀ℎ) and the inclusion (𝜀𝑃 ) materials as: 

𝑓
𝜀𝑃 − 𝜀

𝜀𝑃 + 𝐾𝜀 
= (𝑓 − 1)

𝜀ℎ − 𝜀

𝜀ℎ + 𝐾𝜀
                                                (2.33) 

The above Equation (2.33) can be rearranged for nanoparticles as 

𝜀𝑃 =
(𝑓𝜀ℎ 𝜀 + 𝐾𝑓𝜀𝜀ℎ − 𝐾𝜀𝜀ℎ + 𝐾𝜀2 )

(𝑓𝐾𝜀 + 𝑓𝜀 + 𝜀ℎ − 𝜀)
                                     (2.34) 

Here 𝑓 is the volume fraction and 𝐾 is the geometric factor.  For spherical particles 𝐾=2 

and 𝐾=1 for long cylinders whose axis is perpendicular to the THz electric field.  

However, these methods require the geometric factor of the constituent particles. At 

very low filling fractions (f is very low) linear effective medium approximation is more 

successful in obtaining the individual nanoparticles properties and is given by21-23 

𝜀 = 𝑓𝜀𝑝 + (1 − 𝑓)𝜀ℎ                                                                (2.35) 

We have used simple linear effective medium theory for determining the intrinsic 

properties of the individual NC from their solution data. 
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2.6 Conductivity Models: 

Carriers generated in TRTS experiments possess typical signatures in frequency-

resolved conductivity spectrum. Time evolution of transport properties such as mobility 

and carrier density is only possible when this frequency resolved spectra fit with 

appropriate conductivity model. Herein, I present a brief discussion of different 

conductivity models which are used in our work.   

2.6.1 Drude model: 

The response of free charge carriers generated upon photo-excitation can be described 

by the simple Drude model, proposed by Paul Drude in 1900.11,24 The equation of 

motion for plasma of free charge carriers coupled with the alternating electric field, 

𝐸(𝑡) = 𝐸0𝑒−𝑖𝜔𝑡, can be written as  

𝑚
𝑑2𝒓

𝑑𝑡2
+ 𝑚𝛾

𝑑𝒓

𝑑𝑡
= −𝑒𝐸(𝑡)                                   (2.36) 

Where 𝒓 is the average displacement of charge carriers, 𝑚 is the effective mass of the 

charge carriers, 𝛾 is the scattering rate (inverse of scattering time, τ) and 𝑒 is the 

electronic charge. For a given carrier density N, the frequency dependent conductivity 

can be derived from the Equation 2.36 as 

𝜎̂(𝜔) =
𝜀0𝜔𝑝

2𝜏

1 − 𝑖𝜔𝜏
  =  

𝜎𝐷𝐶

1 − 𝑖𝜔𝜏
                              (2.37) 

By fitting experimental conductivity to the Equation 2.37, one can calculate the carrier 

density (N) and mobility (µ) from the plasma frequency (𝜔𝑝) and scattering time (𝜏) as 

follows 

𝑁 =
𝜀0𝜔𝑝

2𝑚

𝑒2
                                                                 (2.38) 

𝜇 =
𝑒𝜏

𝑚
                                                                            (2.39) 

Although this model did not include electron-electron and electron-lattice scatterings, it 

was successfully employed to derive the carrier density and mobilities in the case of 

bulk and quantum confined semiconductors.11,25-29 However, this model cannot be 



Chapter 2: Experimental Procedures and Data Analysis 
 

37 
 

applied 1) when there is a distribution of scattering times present,30 2) disordered 

materials,14,23 and 3) when carriers are localized due to trap states or from 

backscattering from the surface.31-36 

2.6.2 Drude-Smith model: 

A modification to the Drude conductivity model based on impulse current and Poisson 

statistics, by incorporating persistence of velocity constant, 𝑐𝑛, was proposed by smith 

and is given by31 

𝜎̂(𝜔) =
𝜀0𝜔𝑝

2𝜏

1 − 𝑖𝜔𝜏
[1 + ∑

𝑐𝑛

(1 − 𝑖𝜔𝜏)𝑛

∞

𝑛=1

]                      (2.40) 

In practice, the Equation is truncated to the first scattering event. Here 𝑐𝑛 represents the 

fraction of electrons having the initial velocity after nth collision. This model has been 

successfully employed to understand the nature of conductivity in materials where 

localization of charge carriers takes place due to the presence of defects or grain 

boundaries and disorder,32,37,38 such as in perovskites.14,23 However, this model has 

undergone some criticism for not being physical i.e. in micro meter size particle the 

backscattering of carriers from the surface is negligible since carrier diffusion length is 

on picoseconds, so one would not expect Drude-Smith behaviour.39  

2.6.3 Lorentz oscillator model: 

The resonance features in the conductivity spectrum may originate due to the various 

phenomenon and can be modeled by the Lorentz oscillator model.39 The equation of 

motion for a charged particle in an electric filed subjected to restoring force takes the 

form of the simple damped harmonic oscillator and is given by the following expression. 

𝑚
𝑑2𝒓

𝑑𝑡2
+ 𝑚𝛾

𝑑𝒓

𝑑𝑡
+ 𝑚𝜔0

2𝒓 = −𝑒𝐸(𝑡)                                   (2.41) 

The conductivity derived from solving this equation will be 

𝜎̂(𝜔) =
𝜀0𝜔𝑝

2𝜏𝜔

𝜔 − 𝑖𝜏(𝜔2 − 𝜔0
2)

                                                     (2.42) 
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where 𝜔0 is the oscillator resonance frequency and 1/𝜏 (=𝛾) is the linewidth of the 

resonance. This model has been successful in explaining the plasmon resonance in 

micro sized particles, nanowires and phonon resonances in nanocrystals.39-42 The 

exemplary plots, for all these three models at various scattering times, at various C 

values and at resonance frequency at 10 THz, are given in Figure 2.6.   

It is also a common practice in literature to use superposition of conductivity models to 

understand the nature of conductivity spectrum in THz region.41-44  

 

 

Figure 2.6:  Exemplary plots of Drude model at scattering times of 100 fs and 10 fs (A), Drude-Smith 

model at various C values (B) and Lorentz-oscillator model at 100 fs and 10 fs and at resonance frequency 

3 THz (C).
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3.1 Introduction: 

Hybrid organic-inorganic perovskites (HOIP), with a chemical formula of CH3NH3MX3-

nYn (M = Pb, Sn; X, Y = Cl, Br, I), have recently emerged as one of the most sought-after 

materials for solar cell applications.1-10
  In a short span of time the power conversion 

(solar cell) efficiency employing these materials has reached encouragingly high value 

(~22.1%)11 and is most likely to increase further in near future. These hybrid 

perovskites also exhibit promises for other optoelectronic applications such as light 

emitting diodes (LEDs) and photodetectors.12,13 Motivated by this success of hybrid 

perovskite films, another class of perovskite materials, namely, colloidal all-inorganic 

CsPbX3 (X = Cl, Br, I) nanocrystals (NCs) have been reported by Kovalenko and co-

workers in the year 2015.14 From the perspective of possible applications as devices, 

these NCs are also gifted with several desirable properties, such as extremely high 

(>80%) fluorescence quantum yield (QY), very narrow emission bandwidth (~85 meV), 

reduced fluorescence blinking, and low threshold (~5 µJ/cm2) lasing capability.14-18 

Utilizing this unique combination of luminescence properties, efficient LEDs with high 

color purity have already been demonstrated using these NCs.19  

Clearly, both HOIP films and colloidal CsPbX3 (X = Cl, Br, I) NCs exhibit extraordinary 

semiconductor quality, even though they are prepared employing low-temperature 

solution-based methodology. However, the understanding of fundamental physics 

behind such amazing properties is still evolving.20-24 Several forms of time-resolved 

(ultrafast to ultraslow) spectroscopic studies have been instrumental for such a cause. 

Time-resolved terahertz (THz) spectroscopy (TRTS), also known as optical pump THz 

probe (OPTP) spectroscopy has played a significant role in evaluating the photophysical 

properties of HOIP films such as photoconductivity, carrier density, carrier mobility, 

diffusion length, and their temporal evolution after photoexcitaion.25-32 The results of 

the above studies indicate a smaller density of defect states as the main reason for such 

good semiconductor properties in these films. However, in the case of CsPbX3 NCs, a 

large density of surface defects is expected because of the large surface to volume ratio 

owing to the small size of NCs. Thus high fluorescence QY of CsPbX3 NCs is counter-

intuitive. Attempts to understand the carrier dynamics and lasing mechanisms in 

CsPbBr3 NCs have just begun, and a few ultrafast and single NC spectroscopic studies 

have been reported very recently.33-39 However, the intrinsic semiconducting 
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parameters such as carrier mobility, diffusion length, and their temporal evolution are 

still unknown, even though these provide guidelines to achieve desired optoelectronic 

properties. Further, as these properties are highly sensitive to trap states, it is desirable 

to study them in order to understand the role of defects in a given semiconducting 

material.40 

In this report, we employed TRTS, for the first time, to elucidate above mentioned 

semiconductor properties intrinsic to CsPbBr3 NCs. We probed transient 

photoconductivity within the CsPbBr3 NCs to monitor sub-ps to ns carrier dynamics and 

tried to unravel their recombination mechanism. TRTS probes the frequency averaged 

and frequency-resolved photoconductivity of the NCs without any electrical 

connection.41-44 The time-resolved results reveal threefold carrier recombination 

mechanisms, namely an inefficient monomolecular trap-assisted recombination, 

bimolecular electron-hole recombination and fast third order Auger recombination. 

This inefficient trap-assisted recombination suggests the absence of surface defects at 

the mid-gap region, which, in turn, results into remarkably high carrier mobility (~4500 

cm2V-1s-1) and diffusion length in microns for CsPbBr3 NCs. These properties of colloidal 

CsPbBr3 NCs are comparable to the best quality bulk single crystalline 

semiconductors.5,45 

3.2 Experimental Section: 

Synthesis and characterization of colloidal CsPbBr3 nanocrystals: 

The complete synthesis and characterization of CsPbBr3 NCs were done by Abhishek 

Swarnkar and Vikas K Ravi from Dr. Angshuman Nag’s Lab.  The colloidal CsPbBr3 NCs 

were synthesized following the procedure given by Protesescu et al.14 

Preparation of Cs-oleate Precursor:  Cesium carbonate (0.4 g), Oleic acid (1.25 mL) 

and Octadecene (20 mL) were added into a 50 mL three neck round bottom (RB) flask. 

The mixture was dried under vacuum for 1 hour at 120oC. Further, the temperature was 

raised to 150oC and kept until the solution became clear. 

3.2.1 Synthesis of CsPbBr3 Colloidal NCs:   

Lead bromide (0.188 mmol) and 1-Octadecene (5 mL) were mixed in 50 mL RB and 

dried the mixture under vacuum for 1 hour. Then anhydrous oleylamine (0.5mL) and 
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oleic acid (0.5mL) were added to the mixture at 120oC. After the solution became clear, 

the temperature was increased to 190oC and pre-heated Cs-oleate solution (0.1M, 0.4 

mL) was swiftly injected into the reaction mixture. The reaction was quenched after 5 

seconds to arrest the growth of NCs by an ice-water bath. The as-synthesized CsPbBr3 

NCs were precipitated by adding n-butanol and centrifuging the mixture at 10000 rpm 

for 10 minutes. The precipitate was then re-dispersed in toluene to form a long-term 

colloidal stable solution.  

3.2.2 Sample Preparation for THz Experiments: 

Colloidal CsPbBr3 NCs were dissolved in 2,2,4,4,6,8,8-heptamethylnonane (HMN) 

solvent, which is quite transparent in the broadband THz region. The solution is then 

injected into the demountable liquid cell (Harrick Scientific Products, DLC-M25), in 

which two TPX windows were placed and separated by a Teflon spacer of 950 µm 

thickness. The path length of the sample is equal to the spacer thickness. 

3.2.3 Characterization: 

UV-visible absorption spectrum was recorded by using a Perkin Elmer, Lambda-45 UV                                                                 

/Vis spectrometer. Steady-state photoluminescence (PL) of the NCs was measured by 

FLS 980 (Edinburgh Instruments).

 

Figure 3.1: A) UV-visible, photoluminescence and B) PXRD spectra of CsPbBr3 NCs

 

Powder X-ray diffraction (XRD) data were recorded by a Bruker D8 Advance X-ray 

diffractometer using Cu Kα radiation (1.54 Å). 
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Transmission electron microscopy (TEM) studies were carried out using a JEOL JEM 

2100 F field emission transmission electron microscope at 200 kV. The sample 

preparation for TEM was done by putting a drop of the colloidal solution of NCs in 

hexane on the carbon-coated copper grids. 

The synthesized NCs exhibit cube-like morphology (see Figure 3.6.A) with ~11 nm edge 

dimension and an orthorhombic crystal structure.17 The lowest energy excitonic 

absorption is at 504 nm (2.46 eV) along with an excitonic PL at 514 nm. Interestingly, 

the PL quantum yield is ~80% without doing any surface modification, along with a 

narrow spectral width of ~85 meV. These PL behaviours are indeed unique and 

advantageous compared to traditional colloidal quantum dots like CdSe based ones.18 

3.3 THz time-domain spectroscopy (THz-TDS) and OPTP measurements: 

Broadband THz probe in the range of 0.5 to 7 THz has been employed in the present 

study. The spectrometer is based on an ultrafast (~50 fs) amplified laser system, and 

uses air plasma for generation and coherent detection of THz light.44,46 We measured 

THz- time-domain spectra (THz-TDS) and OPTP spectra of the CsPbBr3 NCs dispersed in 

HMN at room temperature. The THz transmission was recorded at a precise delay after 

exciting the NCs with an optical pump pulse having energy equal to or more than the 

band gap of the NCs. The pump-induced change in THz transmission (-ΔE(tp)) and the 

corresponding THz transmission through the non-photoexcited NCs (E0(tp)) were 

recorded simultaneously using double lock-in technique.47 All THz-TDS and OPTP 

measurements were recorded using a liquid sample cell with two TPX windows of 2 mm 

thickness and a spacer thickness (path length) of 950 µm. This allows us to study the 

frequency dependent photoconductivity till 5 THz whereas most OPTP studies are 

limited to 2.5 THz.43 The NCs were excited with three different pump wavelengths, 504 

(2.46 eV), 480 (2.58 eV) and 400 (3.1 eV) nm, for studying the photo-generated carrier 

dynamics. The NC solution had an optical density (OD) of 0.83, 0.89 and 1.83 at the 

pump wavelength 504, 480 and 400 nm respectively. The optical pump and the THz 

probe beam diameters were ~3.5 mm and ~1.0 mm respectively.  

The THz frequency averaged photoconductivity transients were recorded fixing the 

sampling delay (delay 1 in Figure 2.3. in Chapter 2) at the peak of the THz electric field 

and scanning the delay (delay 3 in Figure 2.3. in Chapter 2) between the optical pump 



Chapter 3: Terahertz Conductivity within Colloidal CsPbBr3 Perovskite Nanocrystals 

46 
 

and THz probe pulses. Alternatively, the photoinduced time-domain THz transmission 

spectra ΔE(t, tp) were recorded at different pump-probe delay (tp) after photoexcitation 

with 400 nm pump having fluence of 57 and 94 µJ/cm2, and with 480 nm pump having 

fluence of 73 and 166 µJ/cm2. The frequency domain complex photo-conductivities 

(Δσ1(ω) + i Δσ2(ω)) were calculated from the time domain spectra following the method 

developed by Heinz and co-workers.48,49 The details of our experimental setup, 

experimental procedure, and analysis of THz-TDS and OPTP data can be found in 

Chapter 2.  

3.4 Computational details: 

All computational studies documented here were carried out by Debnath Talukdar 

under the supervision of Dr. Prasenjit Ghosh of IISER, Pune. To get better insights, they 

are included in this thesis. 

First-principles density functional theory based calculations have been performed using 

the Quantum ESPRESSO suite of codes.50 The electron-ion interactions were described 

by ultrasoft pseudopotentials.51 Pb being a heavy element shows strong spin-orbit 

interactions (SOI). It has been shown that for lead halide perovskites it is important to 

include the SOI explicitly in the calculation of its electronic structure.52  To correctly 

account for this, we have solved the relativistic Kohn-Sham equations self 

consistently53,54 using fully-relativistic ultrasoft pseudopotentials for all the elements.55 

The electron-electron exchange-correlation functional has been described using the 

Perdew-Burke-Ernzerhof (PBE) parametrization of the generalized gradient 

approximation (GGA).56 Brillouin zone (BZ) integrations were done with an 8×6×8 

Monkhorst-Pack k-point mesh.57 Recently it has been shown that large polarizability of 

the halogen atoms induces significant van der Waals interaction in the halide 

octahedron58,59, which makes it necessary to include these interactions to reliably 

predict structural parameters in these systems. Since in conventional PBE-GGA based 

exchange-correlation functionals van der Waals interaction is not included, we have 

used Grimme’s empirical van der Waals correction to the DFT total energy.60,61 We note 

that this form of correction only affects the binding energy (and geometry) and does not 

explicitly affect the electronic structure of the system. Since the electronic structure is 

affected by the geometry, the effect of dispersion is implicitly incorporated in the 

electronic structure. The phonons at the zone center and the dielectric constant of 
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orthorhombic bulk CsPbBr3 were calculated using the linear response density functional 

perturbation theory (DFPT).62 The details of the calculations of the effective mass, 

exciton binding energies and Bohr exciton radius are given below. 

3.4.1 Calculation of effective mass, exciton binding energy, and Bohr exciton 

radius: 

Based on the assumption that in this material the excitons are Wannier type excitons, 

according to the effective mass theory the Bohr exciton radius is given by: 

𝑎0 =
𝜖𝑎0

𝐻

𝜇
,     (3.1) 

and the exciton binding energy is given by: 

𝐸𝑏 = 13.6
𝜇

𝜖2    (3.2) 

In Eqn. (3.1) and (3.2), 𝜖 is the dielectric constant, 𝑎0
𝐻 is the radius of Hydrogen atom 

and 𝜇 is the reduced mass of the exciton. The reduced mass is given by 
1

𝜇
=

1

𝑚𝑒
∗ +  

1

𝑚ℎ
∗ , 

𝑚𝑒
∗ , 𝑚ℎ

∗  being the effective masses of electron and hole respectively. Since the 

photoconductivity measured is obtained from averaging along x, y and z direction, we 

consider the conductivity effective masses(
1

𝑚𝑐∗ =
1

3
(

1

𝑚100
∗ +

1

𝑚010
∗ +

1

𝑚001
∗ )). The effective 

masses of electrons and holes along the [100], [010] and [001] directions are 

determined by fitting the band structure (within kBT of band edges) at the valence band 

maximum (VBM) and conduction band minimum (CBM) at Γ point. 

Determining the correct values of Bohr exciton radius (equation 3.1) and exciton 

binding energy (equation 3.2) are challenging because the dielectric constant (𝜖) shows 

large variation with frequency and temperature. The correct choice of 𝜖 depends on the 

exciton binding energy (which itself is unknown) and the energy of the optical 

phonons.32 Hence we have given estimates for the upper and lower limits of the exciton 

binding energy and Bohr exciton radius by computing them using values of the 

dielectric constant in the high frequency limit (𝜖∞ ) and in the static (𝜖𝑠) limit.  𝜖𝑠 is 

given by: 
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𝜖𝑠 = 𝜖∞ +
4𝜋

𝑉
∑

𝑍𝑝
2

𝜈𝑝
2𝑝 ,     (3.3) 

where 𝜈𝑝 is the phonon frequency of mode p, V is the unit cell volume and 𝑍𝑝 is the 

mass-weighted mode effective Born vector. These quantities that go into the calculation 

of the dielectric constant of CsPbBr3 are obtained from density functional perturbation 

theory calculations.  

3.4.2  DFT calculations (effect of van der Waals interaction): 

3.4.2.A Structure: 

For orthorhombic bulk CsPbBr3, within the GGA approximation, we obtain the lattice 

parameters a, b and c to be 8.52, 12.10, and 8.55 Å. In comparison to the experimental 

values, the lattice parameters are overestimated by 3-4 %, resulting in about 11% 

overestimation in the unit cell volume. On including the van der Waals (vdW) 

interaction, we find the lattice parameters b and c are significantly reduced to 11.89 and 

7.56 Å while a remains unchanged. This results in about 3.3% compression in the unit 

cell volume compared to the experimentally measured one. In addition to the lattice 

parameters, the in-plane and apical Pb-Br bond lengths and Pb-Br-Pb angles are 

shortened on the inclusion of the vdW interaction. A comparison of the structural 

parameters obtained from calculations with GGA and GGA+vdW with the experimental 

ones are given in Fig. 3.2.A and B. 

3.4.2.B Phonons and dielectric constant: 

Consistent with the overall compression in the structural parameters on the inclusion of 

vdW interactions, we find that the phonon modes are stiffened. Fig. 3.3 shows the 

computed IR spectra with and without vdW. We observe vdW interactions result in an 

overall shift of the phonon modes towards the high-frequency side because of the 

stiffening of the bonds and compression of the unit cell. This effect is further reflected 

when we calculate the static dielectric constant. Though we find similar values for 𝜖∞ 

with (4.0) and without (4.14) vdW, the static dielectric constants reduces to almost half 

of the value we obtain with GGA. While with GGA the static dielectric constant is 30.79, 

after incorporating vdW interactions, we obtain 𝜖𝑠 = 15.61. We find that this value of 

dielectric constant is very similar to what is obtained for bulk CsPbCl3, measured at 
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room temperature at 105 − 106 Hz.63 This suggests that it is indeed important to 

incorporate vdW interactions in order to compute the structure and electronic 

properties of lead halides. A detailed analysis of the phonon frequencies, born effective 

charges and effective plasma frequencies of the phonon modes indicate that the large 

ionic contribution to the static dielectric constant in absence of vdW results primarily 

from the overall softening (low phonon frequencies) of the phonon modes.

 

 

Figure 3.2: Structure of orthorhombic bulk CsPbBr3 with (A) GGA and with (B) GGA+vdW. The Pb-Br 

computed (experimental) bond lengths are given in Å. The angles made by the axis of two octahedra along 

the b direction and in the ac plane are also shown.  The electronic structure (with and without SOC) along 

the high symmetry directions of the BZ for (C) GGA and (D) GGA+vdW. The brown, black and green 

spheres represent Br, Pb and Cs atoms respectively.
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Figure 3.3: Computed IR spectra with (red lines) and without (black lines) vdW showing an overall shift 

in the phonon frequencies due to the strengthening of bonds on the inclusion of vdW interactions. 

 

3.4.2.C  Electronic structure:  

Van der Waals interactions also affect the electronic properties of the system implicitly 

through the change in structure. Fig. 3.3, (C and D) show the band dispersion with and 

without vdW. In order to highlight the importance of spin-orbit coupling (SOC), we have 

also included the band structure without spin-orbit coupling for both the cases. A 

comparison of the red curves in Fig. 3.3 (C and D) shows that vdW reduces the 

dispersion of the bands, thereby making them flatter. This results in larger effective 

masses for both electrons and holes at the Γ-point of the Brillouin zone. The effective 

masses for both the cases are listed in table 1. Additionally, there is also an increase in 

the band gap (1.01 eV with vdW+GGA compared to 0.76 eV with GGA). In both the cases, 

we find a SOC splitting of about 0.81 eV. The isosurfaces of the wavefunction 

corresponding to the VBM and CBM with vdW interaction are shown in Figure 3.4. C and 

D respectively. 
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Figure 3.4: (A) and (B) shows the displacement patterns (denoted by blue arrows) corresponding to the 

two peaks in the computed spectra at 2.33 and 2.9 THz in Fig. 3.6.D. Contribution to the charge density 

from the valence band maxima (C) and conduction band minima (D) at Γ point of the BZ. 

 

Table 3.1: Effective masses of electrons and holes along the three high symmetric 

directions and the conductivity effective mass. The numbers in parenthesis are those 

obtained without the inclusion of van der Waals interaction. 

Direction 𝑚𝑒
∗  𝑚ℎ

∗  

[100] 0.24 (0.15) 0.26 (0.16) 

[010] 0.17 (0.14) 0.20 (0.15) 

[001] 0.27 (0.15) 0.26 (0.15) 

Conductivity 

effective mass 

0.22 (0.15) 0.24 (0.15) 
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3.4.2.D Exciton binding energies and Bohr exciton radius: 

Using 𝜖∞, the exciton binding energies with and without vdW interactions are 90 and 64 

meV respectively. The higher exciton binding energy upon the inclusion of vdW can be 

attributed to the increase in the electron and hole effective masses, which in turn 

increases the exciton mass to 0.113 from 0.075 (with only GGA). Using the static value 

of the dielectric constant we find the exciton binding energies to be 6.0 and 1.1 meV 

with and without vdW respectively.  

Our calculations predict that within GGA the Bohr exciton radius will lie between 28.21 

(with 𝜖∞) and 217.17 Å (with 𝜖0), depending on the value of the dielectric constant. On 

inclusion of vdW, we find that the lower and upper limit of the Bohr exciton radius 

reduces to 19.39 and 73.08 Å respectively. 

Table 3.2: Effect of van der Waals interaction and choice of dielectric constant in the 

calculation of Bohr exciton radius and exciton binding energies. The numbers in 

parenthesis are computed with static dielectric constant.   

Property Level of theory 

GGA vdW + GGA 

Bohr exciton radius (Å) 28.21 (217.17) 19.39 (73.08) 

Exciton binding energy (meV) 64.0 (1.1) 90.0 (6.0) 

 

3.5  Results and Discussion: 

3.5.1  Phonons in non-photoexcited NCs:  

The time domain THz waveforms, transmitted through the empty sample cell, and that 

filled with HMN (solvent), and the NC solution are shown in Figure 3.6.B. The amplitude, 

shape and relative phase of the time domain spectrum of the NC solution is different 

from that of solvent (highlighted in the inset of Figure 3.6.B) mainly due to absorption 

and dispersion by the NCs. Prior to the calculation of absorbance and complex dielectric 

function of NCs, we have measured absorbance, real refractive indices and complex 

dielectric functions of HMN and NC solution, and are given in Figure 3.5. 
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Figure 3.5: THz absorption (A), refractive indices (B), real (C), and imaginary (D) dielectric functions of 

HMN solvent (Red solid line) and the CsPbBr3 perovskite NC solution (Fluorescent green line). 
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Figure 3.6. A) TEM image of synthesized CsPbBr3 NCs. The inset shows the orthorhombic crystal 

structure obtained from DFT calculation (GGA+vdW) on the bulk crystal. B) THz-TDS waveforms 

transmitted through the empty sample cell (black), solvent (red) and the NC solution (fluorescent green), 

C) Intrinsic real (open circles) and imaginary (solid circles) parts of the frequency dependent dielectric 

functions of NCs obtained from the effective medium analysis, D) Normalized THz-TDS absorption 

spectrum (blue solid circles) of NCs and optical phonon intensities (red sticks) from DFT calculation. 

 

Figure 3.6.C shows the intrinsic frequency dependent complex dielectric function of the 

NCs calculated using a simple linear effective medium approach (EMA) for dielectric 

inclusion embedded in a host medium.64 Adopting simple EMA in the present work is 

due to the following reasons: (1) the size of the inclusions (nanocrystals, ~11 nm) is 

significantly less than the wavelength of the probe light (0.5 to 7 THz, 150 to 2100 µm), 

(2) the volume fraction is very small (~10-3) making the Bruggeman method 

inapplicable, this being used for very large volume fraction where inclusions come 

together and form domains; moreover linear EMA seems to be working reasonably well 

for such dilute solution,7 and (3) the NCs of this study have a cubic/orthorhombic 

geometry and the geometry factor for cubic/orthorhombic structure required for 

Maxwell-Garnet method is not known and determining the same is beyond the scope of 

the present work. The real dielectric constant varies between 5 and 10 in the frequency 
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range of 0.5 to 7 THz (17 to 233 cm-1). We note that this lies within the theoretical 

estimates of the lower (high frequency optical dielectric constant, 𝜀∞ = 4.14) and upper 

limits (static dielectric constant, 𝜖𝑠 = 15.6) of the dielectric constants predicted from 

our first principles calculations (GGA+vdW).   

The absorbance of NCs was obtained by subtracting the absorbance of the NC solution 

with the absorbance of HMN solvent.  The THz absorption spectrum of the NCs (see 

Figure 3.6.D) shows a broad strong absorption band with a peak at ~3.4 THz (115 cm-1). 

In addition, there are two small shoulders at ~1 THz (33 cm-1) and 6 THz (~200 cm-1). 

The absorption features observed are due to infrared (IR) active lattice vibrations 

(optical phonons) of the orthorhombic lattice of the NCs. In order to understand the 

nature of the phonon modes, we have computed the IR spectra. Figure 3.6.D shows the 

computed spectrum along with the THz absorption spectrum.  We observe that the 

computed modes are softer compared to the experimental ones. This can be attributed 

to the fact that (a) the computed Pb-Br bond lengths and the a and b values of the lattice 

parameters of the orthorhombic bulk unit cell are larger than the experimental ones, 

given in figure 3.2.A and 3.2.B, and (b) the experiments are done on NCs where one 

would expect slight stiffening of the bonds due to reduced coordination of the surface 

atoms, thereby resulting in higher frequencies of the phonon modes. In the computed 

spectrum we observe two strong IR peaks at 2.33 THz and 2.90 THz with a couple of 

low-intensity peaks in between. We assign these two modes to the peak of the 

experimental spectrum. The low resolution of the apparatus does not allow us to 

resolve the modes. All these modes between 2.33 and 2.90 THz are primarily associated 

with the vibrations of the PbBr6 octahedron. The displacement pattern due to the peaks 

at 2.33 THz and 2.90 THz are given in Fig. 3.4 (A) and (B) respectively. The optical 

phonon mode at 2.33 THz involves motion of all the Br and Pb atoms in the octahedron; 

the dominant contribution coming from antisymmetric stretching of the apical Pb-Br 

bonds (perpendicular to the a-c plane). Additionally, there is also weak asymmetric 

stretching of the equatorial Pb-Br bonds in the PbBr6 octahedron. On the contrary, the 

displacement pattern corresponding to the phonon mode at 2.90 THz only involves the 

bending of the in-plane Br-Pb-Br bond angle. Very similar phonon vibrations have been 

reported earlier for CsPbBr3 single crystal by Far IR and Raman spectral study.65  
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3.5.2 Carrier mobility from frequency averaged OPTP:  

 In OPTP, excitation above the bandgap produces charge carriers that absorb the THz 

probe light, thereby reducing the transmission. Pump light of 504 nm (equal to lowest 

energy excitonic absorption; see Figure 3.1.A) produces carriers with no or minimum 

extra energy, whereas 480 and 400 nm pumps create carriers with excess energy of 

~120 meV and ~640 meV respectively. The change in THz transmission (-ΔE(tp)/E0(tp)) 

at a particular pump-probe delay (tp) is proportional to the photoconductivity (Δσ(tp)) 

of the medium at that moment. We would like to emphasize that in this study the 

photoconductivity is measured within the NCs, not across them as these are dispersed 

in a non-conducting medium (solvent) with a volume fraction of the order of 10-3. Here 

we assume that the THz conductivity arises mainly from free charge carriers rather than 

excitons. At our experimental condition, both excitons and free charges (electrons and 

holes) may coexist in the photoexcited NCs, but excitons do not respond to the THz 

probe.25 The efficiency of dissociation of excitons into free electrons and holes depends 

largely on the exciton binding energy (Eb).  Calculating the Eb has its own limitation as 

the choice of dielectric constant in equation 3.2 depends on the value of Eb itself and the 

energy of the optical phonons.32 Hence we have calculated the lower (corresponds to 

static dielectric constant) and upper (using high-frequency limit of dielectric constant) 

limits of Eb, and their values are 6.0 and 90.0 meV respectively at the GGA+vdW level of 

theory (Table 2). Employing the real dielectric function obtained from our THz-TDS 

experiment (Figure 3.6.C) yields the Eb to be ranging from 19 to 62 meV. We note that 

even for hybrid organic-inorganic tri-halide perovskite, CH3NH3PbI3, a wide range of Eb 

values (2 to 55 meV, depending on measurement methods) were reported till it was 

directly and accurately measured, recently, by Miyata et al., using very high field 

interband magneto-absorption spectroscopy.21 The Eb value for CH3NH3PbI3 is rather 

small, ~16 meV, at low temperature and even smaller (only a few meV) at room 

temperature.21 So, we anticipate that the exciton binding energy in CsPbBr3 NCs will be 

at least in the order of the thermal energy (kBT) at room temperature (~26 meV), and 

assume that a significant fraction of the excitons will dissociate into free electrons and 

holes. Consequently, a dynamic equilibrium between the excitons and free carriers may 

be established after photoexcitation.25  
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Figure 3.7.A clearly shows that the photoinduced THz transmission after 

photoexcitation with 480 nm pump has very strong pump fluence dependence, both in 

terms of the maximum of THz transmission and the nature of their temporal evolutions. 

With increasing fluence, photoconductivity decays faster with the presence of additional 

decay channels. Importantly, a significant fraction of photoconductivity exists even at 

1.5 ns after photoexcitation at all pump fluence. This observation is an indication of 

minimal contribution from trap-state in the mid-gap region and will be discussed 

further in the following sub-section.  Figure 3.7.B compares the normalized 

photoinduced THz transmissions at different pump wavelengths at the early pump-

probe delay. The photoconductivity reaches its peak at the time scale of 5-6 ps, which is 

much longer than the instrument response time (~0.3 ps). This relatively slow rise in 

photoconductivity is probably the signature of dissociation of excitons into free charge 

carrier, and the rise time is an estimation of the rate of dissociation process. The 

relatively faster rise in conductivity with 400 nm pump excitation probably indicates 

fast dissociation of excitons, given the excess energy (640 meV) available to the excitons 

is significantly more in this case.      

 

Figure 3.7.A) Frequency averaged photoinduced THz transmissions vs pump-probe delay for 480 nm 

pump with fluences of 25 (red), 40 (blue), 73 (magenta), 94 (purple), 114 (olive), 135 (royal blue) and 

166 µJ/cm2 (violet).  B) Normalized photoinduced THz transmissions at early pump-probe delays for 

photoexcitation with 400 (94 µJ/cm2, blue solid line), 480 (166 µJ/cm2, green dashed-dot), and 504 (176 

µJ/cm2, red dash) nm pumps. 
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In order to estimate the initial mobility, we have calculated the peak photoconductivity 

of the sample from the photoinduced THz transmission according to the following 

equation:66 

∆𝜎(𝑡𝑝) =  
𝜀0𝑐

𝑑
(𝑛𝑎 + 𝑛𝑏)

−∆𝐸(𝑡𝑝)

𝐸0(𝑡𝑝)
     (3.4) 

where 𝜀0 is the permittivity of free space, c is the speed of light, d is the thickness of the 

photoexcited sample, and na and nb are the refractive indices of the media on either side 

of the photoexcited sample. For 504 and 480 nm pump a = b = TPX window, whereas for 

400 nm pump (where the optical depth is shorter than the sample cell path length) a = 

TPX and b = non-photoexcited NC solution. Linear effective medium approach (Chapter 

2 . Eq. x) was used to estimate the intrinsic photoconductivity of the NCs. Depending on 

the pump fluence, the peak photoconductivity values (intra NC) range from 84 to 230 

S/m, 25 to 216 S/m and 19 to 141 S/m for the pump wavelengths of 400, 480 and 504 

nm respectively.  The initial carrier mobilities were calculated from the peak THz 

conductivities (∆𝜎) according to 𝜇 ≅  ∆𝜎/𝑞𝑁0, where q is the elementary charge and N0 

is the total carrier density. Both electrons and holes should contribute to the 

photoconductivity. On the basis of the electronic structure calculations, where we find 

similar values of effective masses for electrons and holes (Table 1), we hypothesize that 

they should have similar mobilities. Assuming that every absorbed photon results into 

an electron-hole pair, and photon to free carrier conversion ratio, φ = 1, we estimate the 

average initial carrier density (N0  = φ.2Nph) of the photoexcited NC solution (volume 

fraction f = ~2x10
-3

) to be 1.1 x 1015 cm-3 to 8.0 x 1015 cm-3 depending on the pump 

wavelength and fluence (see Table 3.3). As the actual value of φ is not known, this 

method yields an effective mobility (φµ) rather than mobility (µ). The density of 

absorbed photon (Nph) was calculated as: 𝑁𝑝ℎ = (𝐹𝑙 (1 − 10−𝑂𝐷𝜆  ))/𝛿ℎ𝜈; where Fl is the 

incident photon flux, (1 − 10−𝑂𝐷𝜆) is the fraction of the pump light absorbed by the 

sample, 𝛿 is the penetration depth, and hν is the energy of a single photon. This gives the 

upper limit of Nph as we ignore the reflection and scattering loss if any. The average 

number of photo-generated electron-hole pairs per NC varies from ~0.4 (480 nm, 25 

µJcm-2) to ~2.7 (504 nm, 176 µJcm-2) in our experimental conditions.  

The estimated initial mobilities (φµ) vary from 619 to 3275 cm2V-1s-1, as shown in fig. 

3.8, at different fluences and pump wavelengths. It should be noted that these are the 

lower limits of the intrinsic mobilities within a NC because, as discussed above, the 
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carrier densities considered here are in their higher limits. These estimated carrier 

mobility values for colloidal CsPbBr3 NCs are about one order of magnitude higher than 

that of CH3NH3PbBr3 single crystal10 and of a similar order to electron mobility value 

(1000 cm2V-1s-1) reported for bulk CsPbBr3 single crystal.65 As evident from Figure 3.8, 

at all pump wavelengths, the mobility initially increases with pump fluence, and then 

decreases at higher fluences. In general, on photoexcitation the charge carriers start 

filling the trap states, which are in fact low-mobility states. At reasonably high pump 

fluence, once all trap states are filled the charge carriers can be easily mobile in 

delocalized bands, increasing the mobility. However, after certain threshold carrier 

density carrier-carrier and carrier-lattice scattering start plying a dominating role. 

Hence, the mobility starts decreasing at higher pump fluence. 

 

Figure 3.8: Initial effective mobility (φµ) from peak photoconductivity and carrier density (assuming φ = 

1) vs. fluence at different pump wavelengths. 

 

3.5.3. Carrier Dynamics from frequency averaged OPTP:  

THz photoconductivity is proportional to the product of carrier density and carrier 

mobilities. Assuming that the carrier mobilities do not change significantly with the 

pump-probe delay (this has been verified later by frequency-resolved dynamics), the 

decay in THz transients essentially reflects the temporal evolution of charge carrier 

density after photoexcitation. In OPTP experiment THz photoconductivity may be 

reduced due to either the recombination of electron and hole (radiative or non-

radiative) or trapping of carriers from high mobility states to low mobility states. 

Normalized THz transients were fit with multi-exponential decay function convoluted 

with a Gaussian function of the form42 
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𝑦 = 𝐺(𝑡 − 𝑡0) ⊗ ∑ 𝑎𝑖exp [−(𝑡 − 𝑡0)/𝜏𝑖 ]𝑖   (3.5) 

where 𝐺(𝑡 − 𝑡0) is a Gaussian function centered at t0 with FWHM of ~300 fs which 

represents the instrument response time of our OPTP experiment, and ai is the 

coefficient of the ith exponential decay channel with a time constant τi.  

Fitted THz transients at different fluences for 400, 480 and 504 nm pumps are given in 

Figure 3.9.A, B, and C respectively and time constants and their contributions are given 

in Table 3. Carrier relaxation dynamics are strongly fluence dependent for 400 and 480 

nm pumps, but quite insensitive to pump fluence in case of 504 nm pump. Irrespective 

of the pump wavelength and fluence, the carrier decay curves become completely flat 

beyond ~500 ps.  
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Figure 3.9. Normalized transient photoconductivity at different fluences for (A) 400 nm, (B) 480 nm and 

(C) 504 nm excitation. Points are experimental data and the solid lines are bi-exponential and tri-

exponential fits to the data points. THz transients were recorded at varied fluences (25 µJ/cm2 to 166 

µJ/cm2) and till ~1.6 ns for 480 nm pump; however, we could record THz transients only up to 94 µJ/cm2 

fluence for 400 nm pump. We limited pump-probe scan till 800 ps for 504 nm pump to reduce experiment 

time, which should be long enough as it is already evident from Figure 3.9.A and 3.9.B that the THz 

transients flatten off by 800 ps and does not change further within the temporal window of our 

experiment. (D) Time constants of different exponential obtained from the fits at 400 nm (blue), 480 nm 

(olive) and 504 nm (red) pump wavelengths. The shaded areas indicate average fluences at which a bi-

exponential to tri-exponential change takes place. 

 We attribute this slow decay to trap-assisted recombination which is monomolecular 

(𝑑𝑛/𝑑𝑡 = −𝑘1 𝑛) in nature and exhibits no fluence dependence. Geminate electron-hole 

(single exciton) recombination is also a first order process but will not be reflected in 

our data as discussed above. PL decay dynamics (with very small excitation fluence) of 

the same CsPbBr3 NC sample reported in ref. 18 suggested contribution from radiative 

decay channels with lifetimes 3 and 8 ns, without the presence of any sub-ns 

nonradiative decay channels. Our attempts to fit the THz transients with lifetimes (τ1) of 

the slowest decay components in the range of 1.5 to 8 ns were unsuccessful; instead, a 
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reasonable fit was obtained with τ1  15 ns. For simplicity, we kept τ1 fixed at 15 ns (10 

times of our temporal window) for fitting all THz transients in Figure 3.9. Though our 

transient data (limited to 1.5 ns) cannot estimate τ1 with certainty, however, it clearly 

suggests that the contribution from monomolecular trap-assisted decay is inefficient, 

and slower than the radiative PL decay. This observation agrees with nearly ideal (80%) 

PL quantum yield, and the observed high carrier mobilities in CsPbBr3 NCs.        

For 400 nm pump, THz transient at lowest fluence (~40 µJ/cm2) fits quite well with a 

bi-exponential but those at higher fluence fit better to a tri-exponential. Similarly, for 

480 nm pump, THz transients up to fluence value of ~90 µJ/cm2 fit to a bi-exponential 

function but need a tri-exponential at higher fluences. In contrast, at 504 nm pump 

wavelength, the carrier decay dynamics can be well represented with a bi-exponential 

for all fluences except one (176 µJ/cm2) where a tri-exponential gives a better fit to the 

data. The time constants obtained from the bi and tri-exponential fits for all pump 

wavelengths and fluences are shown in Figure 3.9.D.  The second exponential has an 

average time constant (τ2) of ~160 ps for 480 nm pump and ~220 ps for 400 and 504 

nm pumps. We attribute this pathway of carrier relaxation to the bi-molecular electron-

hole recombination (𝑑𝑛/𝑑𝑡 = −𝑘2𝑛2), which takes place at all pump fluences. The third 

and the fastest carrier relaxation channel which is evident only above a threshold 

fluence at a particular pump wavelength, has an average time constant (τ3) ~25 ps, and 

is attributed to the tri-molecular non-radiative Auger recombination (𝑑𝑛/𝑑𝑡 = −𝑘3 𝑛3).  

By increasing the τ1 value above 15 ns, we did not see any appreciable change in the two 

time constants, τ2 and τ3.  

The threshold fluence (shaded part in Figure 3.9.D) for the Auger process corresponds 

to ~1.4 excitons per NC for 400 and 480 nm pumps, and ~2.7 excitons per NC for 504 

nm pump. This observation can be rationalized by comparing the available average 

kinetic energy of the carriers. In case of 400 and 480 nm pumps, the excess carrier 

kinetic energies (~640 meV and ~120 meV respectively) make a three body collision 

between the charge carriers (essential for Auger process) take place at a modest carrier 

density (~1.4 excitons per NC), whereas almost a double carrier density is required to 

make such a collision probable when the carriers are generated with no or minimum 

excess kinetic energy. 
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Table 3.3: Details of parameters obtained from fitting the frequency averaged transient 

photoconductivity data to multi-exponential decay function (Eqn. 5) at excitation pulse 

energy. Error bars are calculated from the standard deviations of coefficients and time 

constant values of the fits of the experimental transients to the exponential function. 

λpump 

(nm) 

Fluence 

(µJ/cm
2
) 

Nph/10
15

 

(cm
3
) 

𝝉𝟏 a1 𝝉𝟐 a2 𝝉𝟑 a3 

400 

41 1.50 15000 0.62 

(0.001) 

209.7 

(0.9) 

0.27 

(0.001) 

.. .. 

57 2.07 15000 0.53 

(0.00) 

234.8 

(0.9) 

0.32 

(0.001) 

32.9 

(0.7) 

0.13 

(0.001) 

72 2.62 15000 0.49 

(0.00) 

214.0 

(0.5) 

0.36 

(0.001) 

22.9 

(0.3) 

0.14 

(0.001) 

94 3.42 15000 0.46 

(0.00) 

214.4 

(0.5) 

0.37 

(0.001) 

32.2 

(0.3) 

0.18 

(0.001) 

480 

24.9 0.55 15000 0.60 

(0.001) 

178.2 

(1) 

0.25 

(0.001) 

.. .. 

39.5 0.87 15000 0.56 

(0.001) 

162.8 

(0.4) 

0.37 

(0.001) 

.. .. 

72.7 1.61 15000 0.49 

(0.00) 

159.2 

(0.2) 

0.46 

(0.001) 

.. .. 

93.5 2.07 15000 0.38 

(0.00) 

183.4 

(0.3) 

0.44 

(0.001) 

25.3 

(0.2) 

0.20 

(0.001) 

114.3 2.53 15000 0.28 

(0.00) 

153.6 

(0.02) 

0.50 

(0.001) 

19.8 

(0.2) 

0.21 

(0.001) 

135.1 2.98 15000 0.26 

(0.00) 

157.7 

(0.2) 

0.44 

(0.001) 

23.2 

(0.1) 

0.26 

(0.001) 

166.3 3.67 15000 0.25 167.7 0.44 24.1 0.29 
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(0.00) (0.2) (0.001) (0.1) (0.001) 

504 

42.6 0.97 15000 0.46 

(0.002) 

329.5 

(8.5) 

0.14  

(0.001) 

.. .. 

63.4 1.44 15000 0.48 

(0.001) 

225.4 

(1.1) 

0.42  

(0.001) 

.. .. 

78 1.77 15000 0.43 

(0.00) 

214.6 

(0.6) 

0.46 

(0.001) 

.. .. 

104 2.36 15000 0.43 

(0.001) 

247.3 

(0.5) 

0.5 

(0.00) 

.. .. 

135 3.06 15000 0.44 

(0.00) 

260.3 

(0.6) 

0.53 

(0.00) 

.. .. 

166 3.76 15000 0.43 

(0.00) 

224.5 

(0.3) 

0.55 

(0.00) 

.. .. 

176 3.99 15000 0.38 

(0.00) 

221.5 

(0.3) 

0.53 

(0.00) 

37.4 

(1.1) 

0.07 

(0.001) 

 

Alternatively, following the method of Herz and co-workers,25-27 we have fitted the 

frequency averaged THz transients, as shown in figure 3.10, to the overall kinetic 

equation, which includes all three possible mechanisms of carrier recombination 

discussed above,  

𝑑𝑛

𝑑𝑡
=  −𝑘1. 𝑛 − 𝑘2. 𝑛2 − 𝑘3. 𝑛3.   (3.6) 

The global fit of all THz transients at different fluences allows us to determine the rate 

constants (𝑘1, 𝜑𝑘2, 𝜑2𝑘3) for different carrier recombination processes, and are given in 

Table 3.4.  
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Figure 3.10: Carrier density vs pump-probe delay at different fluences for (A) 400 nm and (B) 480 nm 

pump. The solid lines are the fits to the kinetic equation: 
𝑑𝑛

𝑑𝑡
=  −𝑘1. 𝑛 − 𝑘2. 𝑛2 − 𝑘3. 𝑛3; where k1, k2, and 

k3 are the rate constants for mono-molecular trap-assisted recombination, bi-molecular electron-hole 

recombination, and tri-molecular Auger recombination, respectively.  

 

Table 3.4: Kinetic parameters obtained from fitting the frequency averaged and 

frequency-resolved data to the kinetic equation. The frequency averaged data evaluates 

k1, φk2, and φ2k3, whereas frequency resolved data evaluates k1, k2 and k3 directly.  

λpump 

(nm) 
 k1 (s

-1
) k2 or φk2 (cm

3
 s

-1
) k3 or φ

2
k3 (cm

6
 s

-1
) 

400 
Frequency 

Resolved 
1.7±0.14 x 10

9
 1.35±0.8 x 10

-7
 9.55±2.2 x 10

-22
 

 
Frequency 

Averaged 
2.37±0.8 x 10

9
 2.99±0.24 x 10

-7
 3.14±0.18 x 10

-23
 

480 
Frequency 

Resolved 
0.9±0.7 x 10

9
 9.3±0.14 x 10

-8
 1.016±0.06 x 10

-21
 

 
Frequency 

Averaged 
2.93±0.39 x 10

9
 9.14±2.14 x 10

-7
 4.53±0.45 x 10

-23
 

 

A) B)
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3.5.4 Diffusion Length: 

 Diffusion length (LD) of carriers is an important parameter for a semiconductor 

material to be used in photovoltaic and other electro-optic devices. We present here an 

estimation of carrier diffusion length for the CsPbBr3 NCs from an average lifetime 

according to the relation: 𝐿𝐷 = √(〈𝜏〉𝜇𝑘𝐵𝑇 𝑞⁄ ) ; where 〈𝜏〉 is the average life time, µ is 

the mobility, kB is Boltzmann constant, T is temperature and q is the elementary charge. 

Average lifetime 〈𝜏〉 is calculated as 〈𝜏〉 =  ∑ 𝑓𝑖𝜏𝑖, where fi is the steady state population 

fraction of the ith decay channel.67, 68 Taking τ1 to be 15 ns (used in the multi-

exponential fitting of all our THz transient data in Figure 3.9) gives an average LD of 

9.2±1 µm. As discussed above, 15 ns is the lower limit of τ1 restricted by the temporal 

window of our experiments. τ1 as high as 2.5 µs was reported for  single crystalline bulk 

CsPbBr3.65 Assuming the τ1 to be 2.5 µs for the NCs as well, the average diffusion length 

would increase to 120±10 µm. So, we estimate the lower limit of the carrier diffusion 

length of CsPbBr3 NCs at room temperature to be ~9.2 µm, which is of similar order as 

in CH3NH3PbBr3 single crystal and several conventional semiconductors.5,10 Such long 

diffusion length indicates a very low density of mid-gap trap states in these NCs. Figure 

3.11 shows a variation of diffusion length, obtained from the average lifetime and initial 

mobility, as a function of carrier density.  

 

Figure 3.11: Diffusion length obtained from the average lifetime and initial mobility as a function of 

initial carrier density. 
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3.5.5 Frequency-resolved dynamics: 

We have conducted frequency-resolved transient photoconductivity experiments to 

evaluate the temporal evolution of carrier density and mobility from an alternative 

approach, which is not limited by the approximation of the frequency-averaged method. 

This approach provides actual carrier density (N) and mobility (µ), not their higher 

(N0/φ) and lower (φµ) limits respectively.29 Quantitative comparisons between the 

results from these two approaches can indeed evaluate the quantum efficiency (φ) of 

free carrier generation from the absorbed photons. Figure 3.12 (A , B and C, D) display 

the complex photoconductivity spectra in the range of 0.7 to 5.0 THz for 480 nm pump 

with 73 and 166 µJ/cm2 fluences and Figure 3.13 (A, B and C, D) show the complex 

photoconductivity spectra in the same range  for 400 nm pump at 57 and 94 µJ/cm2 

fluences. At all fluences, irrespective of pump wavelength, the real conductivity (Δσ1(ω)) 

is maximum immediately after photoexcitation and reduces with increasing pump-

probe delay which implies the decrease in carrier density with time after 

photoexcitation. There is a strong absorption feature at ~3 THz in the real 

photoconductivity spectra and a corresponding crossover from negative to positive in 

the imaginary photoconductivity spectra. This absorption feature, which corresponds to 

the phonon vibration (also observed in the non-photoexcited sample, see Figure 3.6.C 

and 3.6.D), has maximum intensity immediately after photoexcitation and decays with 

increasing pump-probe delay. This probably indicates to an instantaneous 

thermalization of the photo-generated carriers through possible exciton-phonon and/or 

free-carrier-phonon coupling.  It is interesting to note that the phonon peak has moved 

to a lower frequency on photoexcitation. This may be due to relatively stronger carrier-

phonon coupling with the softer modes. 

As the real photoconductivity (Δσ1(ω)) is increasing with frequency and the 

corresponding imaginary component (Δσ2(ω)) is negative at lower frequencies, we have 

fitted our complex conductivity data to truncated Drude-Smith (DS) model of 

conductivity43,69 to extract the carrier density and mobility. Very small contribution 

from exciton polarizability, especially at the early pump-probe delay, may also be 

present in the observed photoconductivity; but has been ignored in the present 

analysis. According to the DS model, the complex conductivity is given by: 

∆𝜎̃(𝜔) =
𝜀0𝜔𝑝

2

𝛤−𝑖𝜔
(1 +

𝐶𝛤

𝛤−𝑖𝜔
)                   (3.7) 



Chapter 3: Terahertz Conductivity within Colloidal CsPbBr3 Perovskite Nanocrystals 

68 
 

where ωp is the plasma frequency, Γ is carrier scattering rate and C is the expectation 

value of 〈cos 𝜃〉 for carrier scattering angle θ. The C parameter, which represents the 

degree of carrier localization, may have values between 0 (Drude behaviour, delocalized 

carrier) and -1 (fully localized carrier). The C parameters in our fits are ~-1 suggesting 

near complete localization of the carriers within the NC. This is quite rational 

considering the fact that the nanometer sized crystallites are embedded in non-

conducting medium (solvent). We have calculated the carrier density from plasma 

frequency as 𝑁 = 𝜀0𝜔𝑝
2𝑚∗/𝑒2, and mobility from the scattering rate as 𝜇 = 𝑒/𝛤𝑚∗, 

where e is the electronic charge and 𝑚∗ is the carrier effective mass. As the carrier 

effective masses in CsPbBr3 NCs have not yet been measured experimentally, we have 

used the effective masses obtained from our DFT calculations at the GGA+vdW level of 

theory (Table 3.1) in the above equations. Since both electron and hole will contribute 

to the observed photoconductivity, and we have no prior information about their 

individual contributions, we have used an average carrier effective mass (m* = ½ (me + 

mh) for evaluating carrier density and mobility. As the carrier effective masses in 

CsPbBr3 NCs have not yet been measured experimentally, we have used the effective 

masses obtained from our DFT calculations at the GGA+vdW level of theory (Table 3.1) 

in the above equations. It is important to note that the effective masses, reported here 

using GGA functional, may differ from the actual values, and therefore may under or 

overestimate the carrier density and mobility values. For example, He et al.70 and 

Menéndez-Proupin et al.71 have found that for CH3NH3AI3 (A=Pb and Sn) typical errors 

in the values of the effective masses computed from GGA are ~10% in comparison to 

more accurate GW calculation. Assuming similar errors in our calculations of the 

effective masses, we estimate the errors in our mobility and carrier density also to be 

~10% (linear dependence). However, it is very encouraging to find that the effective 

masses (𝑚𝑒 = 0.22  & 𝑚ℎ = 0.24) of CsPbBr3 calculated at the GGA+vdW level of theory 

are very similar to the experimentally observed values for analogous MAPbBr3 in its low 

temperature orthorhombic phase.72 Krzysztof Galkowski et al. very recently reported 

the exciton reduced mass (𝜇 = 𝑚𝑒 . 𝑚ℎ /(𝑚𝑒 + 𝑚ℎ )) to be 0.117, which yields an 

average carrier effective mass (m* = 2µ) to be 0.234 assuming similar masses for 

electron and hole (𝑚 ∗ = 𝑚𝑒 =  𝑚ℎ).72 
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Figure 3.12. Frequency-resolved real (A and C) and imaginary (B and D) conductivity spectra at a fluence 

of 73 (upper panels) and 166 µJ/cm2 (lower panels) for 480 nm pump wavelength. Solid lines are fit to 

the Drude-Smith model. The spectra at all delays except at longest delays are vertically offset for clarity. 

 

 

A) B)

C) D)
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Figure 3.13. Frequency-resolved real (A and C) and imaginary (B and D) conductivity spectra at a fluence 

of 57 (upper panels) and 94 µJ/cm2 (lower panels) for 400 nm pump wavelength. Solid lines are fit to the 

Drude-Smith model. The spectra at all delays except at longest delays are vertically offset for clarity. 

 

 

A) B)

C) D)
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Figure 3.14. Mobilities and carrier density obtained from fitting the Drude-Smith model to frequency-

resolved conductivity at 480 and 400 nm pumps. Change in mobilities, A) with 480 nm pump at 73 µJ/cm2 

and B) with 480 and 400 nm pumps at 166 µJ/cm2 and 54, 97 µJ/cm2, with pump-probe delay. Red 

dashed line indicates the average mobility after 20 ps.  Carrier density vs. pump-probe delay (C and D) at 

480 and 400 nm pump wavelengths. Points are experimental data whereas the lines are fits to the kinetic 

equation: 
𝑑𝑛

𝑑𝑡
=  −𝑘1. 𝑛 − 𝑘2. 𝑛2 − 𝑘3. 𝑛3. The error bars in Figures 3.14 (A, B, C &D) are the uncertainties in 

calculated values of mobility and carrier density obtained from the corresponding uncertainties of the DS 

parameters.

 

The calculated mobilities at 480 nm pump wavelength with 73 µJ/cm2 fluence are 

shown in Figure 3.14.A. The mobility values initially increase with pump-probe delay 

(tp) and reach a steady value by ~20 ps. A similar increase in mobility at early pump-

probe delay has been observed earlier in case of CH3NH3PbI3 perovskite films29 and was 

attributed to initial thermalization of hot carriers.29 The higher scattering rate (lower 

mobility) at the initial stage after photoexcitation may take place due to a higher 

population of the optical phonons as evident in Figure 3.12 (A and C) and in Figure 3.13 

(A and C). The average mobility value at pump-probe delay > 20 ps is ~4250±300 cm2V-

A) B)

C) D)
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1s-1. The steady-state mobility values are higher than the initial mobility values 

estimated from frequency averaged peak conductivity approximately by a factor of 1.6. 

The ratio of the mobility (µ) at early pump-probe delays from the frequency-resolved 

data to the effective mobility (φµ) obtained from the peak conductivity of frequency 

averaged response essentially yields the photon to free carrier generation quantum 

efficiency φ to be ~0.65±0.06 (see table 3.5). If our initial assumption of an absorbed 

photon to electron-hole pair conversion ratio of unity is valid, then, ~35% of the 

electron-hole pairs remain as bound excitons or undergo direct recombination from 

excitonic states during the course of THz pump-probe experiment. This indicates to an 

exciton binding energy for these NCs in the order of thermal energy at room 

temperature. 

The carrier densities immediately after photoexcitation at different pump conditions 

are given in table 3.5 for comparison with the density of absorbed photons. The carrier 

densities obtained from plasma frequencies are the actual free carrier densities and 

does not depend on any approximation. We have calculated the photon to free carrier 

conversion ratio (φ = N0(ωp)/2Np), and given in the 5th column in Table-3.5. 

Alternatively, we have calculated φ also from mobility values obtained from frequency 

averaged and frequency-resolved approaches and is tabulated in the 8th column of 

table-3.5. The calculated φ values from two different approaches are quite similar. 

 

Table 3.5. Comparison between frequency averaged and frequency-resolved results. 

The volume fraction of the NC solution is ~2x10-3. 

λpump 

(nm) 

Fluence 

(µJ/cm
2
) 

N0/10
15

 (cm
-3

) φ 
Initial mobility 

(cm
2
V

-1
s

-1
) 

φ 
LD 

(µm) 

2Nph 
N0 

(DS)
a
 

N0/2Nph φµ µ (DS)
a
 φµ / µ  τ1=15 ns 

400 57 4.1 2.8 0.68 2208 3491 0.63 9.1 

400 94 6.8 5.6 0.82 2100 2907 0.72 8.9 

480 73 3.2 3.2 1.00 2580 3785 0.68 9.9 

480 166 7.3 5.3 0.73 1839 3267 0.56 8.3 

aDS = Drude-Smith 
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The carrier densities calculated from the plasma frequencies (ωp) obtained from DS 

fits for photoexcitation with 480  and 400 nm pumps of fluences 73 and 166 µJ/cm2 and 

57 and 94 µJ/cm2 are shown in Figure 3.14 (C and D). The decay of the carrier density 

with the pump-probe delay has been fitted to the kinetic model (equation 6) that 

includes all possible decay channels (solid lines in Figures 3.14. C and D). 25-27 Rate 

constants (k1, k2, k3) obtained from the fits are given in Table 4. To the best of our 

knowledge, this is the first ever study where the kinetic parameters were determined 

from both frequency-averaged and frequency-resolved THz transients of the same 

sample under the same condition. The kinetic parameters obtained from the two 

approaches are of a similar order and confirms the presence of three-fold carrier 

recombination mechanism. However, a quantitative comparison between them may not 

be appropriate because of the following reasons. Firstly, the temporal window of our 

experiment is not adequate enough to determine k1, which introduces errors in other 

parameters as well. Secondly, the number of data points in the frequency-resolved 

study is few and needs to be increased for a more accurate analysis. Lastly, any 

inadequacy of the conductivity model (Drude-Smith model in this case) used to extract 

the carrier density is also likely to add to the errors in determining the kinetic 

parameters. Hence, the rate constants reported in Table 4 should be considered as 

approximate estimation rather that accurate numbers.  

 

Table 3.6. Comparison of mobility and diffusion length of CsPbBr3 NCs with those of 

other important NCs and single crystals. Note that a direct comparison of the mobility 

and diffusion length values is totally viable among materials for which the parameters 

are determined using the same technique under the same condition (such as THz 

spectroscopy). A comparison of parameter values across different measurement 

techniques should be done with great care. 

Material Mobility (cm
2
V

-1
s

-1
) Diffusion Length 

(µm) 

Measurement 

technique 

 Electron Hole Electron Hole  

CsPbBr3 NC (this work) ~4500 ~4500 ≥ 9.2 ≥ 9.2 THz 
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CsPbBr3 single crystal
65

 ~1000    PC 

MAPbBr3 polycrystalline 

film
5
 

30  0.3 – 1  THz 

MAPbBr3 single crystal
10

 ~115 20-60 3 - 17  TOF/Hall/TA/TRPL 

MAPbI3 single crystal
73

 500-800 500-800   THz 

CdSe NCs
42

 ~1-100    THz 

CdSe bulk
42

 ~470 ~145   THz 

GaAs crystal
74

 ~8000 ~400 7  1.6 Hall 

Si crystal
74

 ~1450 ~500 1000 600 Hall 

PbTe crystal
74

 ~6000 ~4000   Hall 

MA = CH3NH3, THz = terahertz spectroscopy, PC = photoconductivity, TOF = time of 

flight, TA = transient absorption, TRPL = time resolved photoluminescence 

3.5.6 Surface does not Trap Carriers!  

Our THz conductivity data show that mid-gap trap states are negligible in CsPbBr3 NCs, 

which in turn can manifest into PL quantum yield of ~ 80%, the carrier mobility of 

~4500 cm2V-1s-1, and diffusion length of >9.2 µm. One should note that the diffusion 

length mentioned above is its lower limit because of underestimation of τ1. To the best 

of our knowledge, such an extraordinary combination of semiconductor properties has 

not been observed in any colloidal NCs studied so far. Table 3.6 compares the carrier 

mobility values of the various known semiconductor in the form of bulk single crystals, 

thin films, and colloidal NCs. Among these materials, only PbTe crystal has an electron 

and hole mobilities similar to CsPbBr3 NCs. GaAs crystal has higher electron mobility 

but much lower hole mobility due to the heavier hole. We find that in these NCs the 

carrier mobility is 1-3 orders of magnitude higher than that in CdSe NCs depending on 

their sizes. Additionally, the lower limit of the carrier diffusion length in these NCs are 

comparable to those found in the more expensive GaAs and MAPbBr3 single crystals, 

and are much higher, as expected, than that in polycrystalline MAPbBr3 because the 

conductivity is affected by carrier scattering at the inter-particle interfaces and grain 
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boundaries. Thus our colloidal CsPbBr3 NCs behave like the best quality bulk single 

crystals even though these NCs possess high surface to volume ratio, and synthesized in 

solution-based process. In the case of native CsPbBr3 NCs it is difficult to probe carrier 

dynamics for electrons and holes, separately. The effective masses of charge carriers in 

case of CsPbBr3 NCs are almost similar (me=0.22, mh=0.24). Hence, the intra-band 

relaxations for electrons and holes are similar because of similar energy spacing 

between the intra-band energy levels. However, the effective masses for electrons and 

holes for various semiconductors given in Table 3.6 are very different. For GaAs the 

electron and hole masses are 0.067 and 0.45 me, respectively. Hence, the mobilities are 

quite different for electrons and holes.  

Interestingly, the NCs exhibit two orders magnitude larger carrier mobility compared 

to polycrystalline films of MAPbBr3 and about one order of magnitude higher than in 

MAPbBr3 single crystal suggesting lower intrinsic crystal-defects in these NCs. This 

decrease in intrinsic-crystal defects may arise from several factors, namely (i) smaller 

NCs are known for their efficient ejection of defects from the core of NC,75 (ii) a better 

control in the colloidal synthesis of these NCs employing relatively high (190 oC) 

reaction temperature and surface passivation with capping layers, and (iii) replacement 

of CH3NH3+ with Cs+ provides better crystallinity. A direct comparison with MAPbBr3 

NCs would be more enlightening in determining the effect of Cs+; however, we have not 

come across such data in the current literature. It is important to note that the electron 

mobility in CsPbBr3 single crystal was reported to be of same order of magnitude as that 

of the NCs.65 Recently, mobility values up to 800 cm2V-1s-1 have been reported for 

MAPbI3 single crystal, and this was attributed to a better crystal quality with lower 

defect density.73 Therefore, high carrier mobility may be intrinsic to these class 

materials. However, the density of defects may vary depending on the method of 

synthesis modulating the mobility. In addition, free rotation and large amplitude 

vibrations of the CH3NH3+ moiety may increase the phonon scattering, reducing the 

mobility further.  

It is well known that NCs with large surface to volume ratio possesses a large density 

of dangling bonds on the surface. Trapping of charge carriers by these surface dangling 

bonds is one of the major hindrances to electronic, optical and optoelectronic 

applications of semiconductor NCs. However, observation of exceptionally high mobility 

(within the NC) suggests negligible mid-gap trap states in case of colloidal CsPbBr3 NCs. 
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Our electronic structure calculation of bulk CsPbBr3 shows that valence band maximum 

arises from anti-bonding Pb 6s and Br 4p states, and conduction band minimum is 

predominately a Pb 6p state. On the other hand, relativistic spin-orbit interaction has 

been reported to increase the bandwidth of Pb 6p conduction band by ~ 2 eV lowering 

the energy of conduction band minimum compared atomic Pb 6p states.76 According to 

this unique band structure, a dangling (non-bonding atomic like orbital, or lower 

coordination number) Pb 6s and Br 4p bond on the surface is expected to have energy 

lower than (or similar to) the valence band maximum, and a dangling Pb 6p is expected 

to exhibit energy higher than (or similar to) the conduction band minimum. In other 

words, there is no deep trap state in the mid-gap region of CsPbBr3 NCs to influence the 

mobilities and diffusion lengths of charge carriers, unlike in the case of CdSe NCs.   

Though we find extremely high carrier mobility values for CsPbBr3 NCs from our 

OPTP study, it needs to be independently validated by other more direct measurements. 

Further to the uncertainties shown in Figure 3.14.A and B, there may be additional 

errors in our measurements arising from uncertainties related to the evaluation of 

volume fraction, choice of effective medium theory, and any inadequacy of DS model in 

describing the observed conductivities. It is also important to realize that the mobility 

and diffusion lengths reported in the present work are within the tiny NCs probed 

locally using an AC field. Magnitudes of these semiconductor properties are expected to 

differ, rather significantly, in NC solids (film) measured using techniques such as field 

effect transistor or hall measurement, which involve charge transport both within a NC 

and through the interface between adjacent NCs. One should also not expect similar 

numbers in a device architecture employing these NCs, due to losses at the inter-particle 

interfaces and non-ideality of any electrical connections. Since colloidal CsPbBr3 NCs are 

capped with insulating organic capping ligands, a poor charge transport across adjacent 

NCs is expected. However, further development of surface chemistry will certainly 

improve the potential of these NCs for optoelectronic applications. 

 

3.6 Stability of Colloidal CsPbX3 NCs: 

CsPbX3 perovskites are relatively stable compared with hybrid organic-inorganic 

perovskites (HOIP). These HOIPs degrade to volatile gases and forms hydrates at 

environmental humid and temperature conditions. Efforts are underway to increase the 



Chapter 3: Terahertz Conductivity within Colloidal CsPbBr3 Perovskite Nanocrystals 

77 
 

stability of the NCs. One way to increase the stability is by surface modification. Very 

initial report suggests that the native NCs are stable upto 150 min.18 Later, Koscher et al. 

showed photo stability up to 90 hr, after post-synthetic treatment of CsPbBr3 NCs with 

thiocyanate (SCN-) salts, with near unity quantum yield.77 Very recently, the photo 

stability was checked after silver complex treatment. These NCs showed excellent photo 

stability even after 5 days with 80 % quantum yield.78  

3.7 Conclusions: 

In conclusion, time-resolved THz spectroscopy, in conjunction with first principles DFT 

calculations, has been employed to elucidate free carrier dynamics, carrier mobility, 

diffusion length, and phonon modes of colloidal CsPbBr3 NCs in the range of 0.5 to 7.0 

THz. The phonon absorption band has a peak at ~3.4 THz. DFT calculations (at 

GGA+vdW level) suggest that the vibrations of the PbBr6 octahedron contribute to the 

THz absorption. The major contributions come from an antisymmetric apical Pb-Br 

stretching mode and one in-plane Br-Pb-Br bending mode. Time-resolved THz 

spectroscopic study of the photoexcited free carrier dynamics within the NCs shows 

three channel mechanism of carrier relaxation: trimolecular non-radiative Auger 

recombination, bimolecular electron-hole recombination, and monomolecular trap-

assisted recombination with a time constants of ~25 ps, 150-300 ps and >15 ns 

respectively. Early free carrier dynamics indicates that exciton-free carrier equilibrium 

is established within 5-6 ps after photoexcitation. A strong exciton-phonon coupling 

gives rise to a strong phonon absorption feature on photoexcitation. Comparison of 

frequency averaged and frequency-resolved results evaluates photon to free carrier 

conversion ratio to be 0.65±0.06 and indicates to exciton binding energy in the order of 

thermal energy at room temperature. We find the charge carriers of the NCs to be highly 

mobile (~4500 cm2V-1s-1) with long diffusion lengths (> 9.2 m). These values are 

orders of magnitude higher compared to those found in the hybrid halide perovskite 

films and comparable to single crystalline bulk semiconductors. These values will 

certainly reduce in a device configuration but are anticipated to remain much higher 

compared to other semiconductor NCs. Therefore, CsPbBr3 NCs are promising 

candidates for applications in optoelectronic and photovoltaic devices. 
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4.1 Introduction: 

Cesium lead halide perovskite nanocrystals (NCs) have shown promises towards 

applications such as wavelength-tunable visible phosphors, single-photon sources, light 

emitting diodes (LEDs), photovoltaics, and lasers.1-7 The success can be attributed to 

their exceptional photophysical properties, which partially originate from their unique 

electronic band structure.8-12 Further, few ultrafast techniques have been employed to 

understand the carrier recombination dynamics, electron-hole transfer, fluorescence 

blinking, etc. which are directly related to the efficiency of photovoltaic and 

optoelectronic applications.13-16 We reported a three-fold carrier recombination 

mechanism in a colloidal dispersion of CsPbBr3 NCs, where the non-radiative trap-

assisted carrier recombination was rather inefficient, probably resulting in those 

amazing properties.17,18 Using optical-pump THz probe spectroscopy, we determined 

the intrinsic semiconductor properties of the NCs. A remarkably high carrier mobility 

(~4500 cm2V-1s-1) and a rather long diffusion length (>9 µm) were determined from our 

transient AC photoconductivity results. However, these numbers/parameters are 

characteristics of individual NCs and do not reflect the actual device performances since 

all devices are solid/film based in the present generation. In the case of film, the overall 

carrier transport properties should depend on the inter-particle transport and long-

range disorders in the medium, in addition to the intrinsic defects. Often grain 

boundaries act as trap centers and can localize charge carriers, thereby limiting the 

carrier transport properties. Hence, in the present work, we extended our study to NC-

film to obtain a more practical understanding of carrier dynamics and related 

semiconductor properties related to device performance made out of these NCs. The 

film photoconductivity data reveals a carrier mobility two orders of magnitude lower 

than that in individual NCs. 

Motivated by the success of linear optical properties, understanding of nonlinear optical 

properties have just begun in lead halide perovskites. CsPbBr3 NCs exhibit strong two-

photon absorption (TPA) cross-section, which is two orders of magnitude higher than 

conventional II-VI semiconductors, due to large size and high optical gain.19-23 Nonlinear 

two-photon absorption (TPA) has several merits over linear one-photon absorption 

(OPA) such as high spatial resolution due to high skin depth, less damage to sample due 
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to low energy of photons and also frequency upconverted lasers, where phase matching 

is relaxed.19,20,24 These unique features make TPA phenomenon to be used in realistic 

applications such as bioimaging, three-dimensional microfabrication and microscopy.25-

28 First demonstration of feasibility of two-photon absorption in organic-inorganic lead 

halide perovskite was shown by Sargent et al. and later in the case of all-inorganic lead 

halide perovskite by Sun et al. and Xiao et al.19,20,29 Despite the improvements in the 

photoluminescence quantum yield and solar cell efficiency, understanding the excited 

state properties/dynamics in these all inorganic lead halide perovskites under OPA and 

TPA are highly desirable, since the above-mentioned applications depends on the 

excited state dynamics. The dynamics under one and two-photon excitations are 

debated in the literature.19,20,30-32 Recently, by employing time-resolved 

photoluminescence (TRPL) and femtosecond transient absorption spectroscopy (fs-

TAS), it was shown that the PL is red-shifted and dynamics are slower in TPA compared 

to OPA.19,30,32 Initially, it was attributed to reabsorption effect but in case of film it 

should not be as significant as in bulk single crystal. More recent studies revealed that 

selective absorption of larger NCs under TPA is the origin for such effect.32 However, 

narrow linewidth indicates narrow size distribution but such narrow size distribution 

should slightly broaden full-width at half maximum in PL but should not shift the PL 

peak maxima.7,15 It was also shown by TRPL that dynamics are similar under TPA and 

OPA.20,31 Alternatively, it is possible to occupy different initial excitonic states under 

OPA and TPA and involve different relaxation pathways due to different parity selection 

rules involved.33,34 TRPL and fs-TAS probe the charge carriers at band edges while 

initial excited state occupied by carriers under one and two-photon excitation are not 

known. 

Time-resolved THz spectroscopy (TRTS) uses non-contact, low photon energy (1 THz = 

4 meV), ac probe to get better insight into the nature of type carriers, free, localized, 

bound electron-hole pair (exciton) or polaron.35-39 Very recently TRTS has been 

successfully used to reveal the nature of photoexcited carriers and their temporal 

evolution, recombination mechanisms and transport properties in organic-inorganic 

lead halide and some other perovskite materials.40-44 Herein, we employ TRTS to study 

carrier dynamics in CsPbBr3 NC film under one and two-photon pump excitations. 

Under similar excitonic conditions, TPA dynamics are slower compared with OPA. 
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Auger recombination, which is prominent at higher pump fluences in linear excitation, 

hardly affects the recombination under two-photon excitation. The mobilities and 

diffusion lengths obtained in our study are comparable with other lead halide 

perovskites studied by Herz and coworkers as well as Douhal and coworkers.45,46  

4.2. Experimental section: 

Colloidal CsPbBr3 NCs were synthesized by the method proposed by Kovalenko and co-

workers.7 The NCs exhibit cubic morphology with edge length ~11nm and crystallizes 

in orthorhombic phase (see figure 4.1.A and Chapter 3). For both optical and THz 

measurements, a thin film on polystyrene substrate was made by spin coating the 

colloidal NCs (dispersed in toluene). The average thickness of the film was measured 

using a profilometer to be ~6.7 µm. Polystyrene substrate is transparent to both the 

optical pump (400 nm to 800 nm) and the THz (0.5 to 10 THz) probe light. The 

absorption spectrum of the film was recorded in reflection geometry and the first 

excitonic peak is at 508 nm, as shown in Figure 4.1.B., also indicates that the average 

size of these NC is 11nm.15 The reduced absorption at 400 nm compared with first 

excitonic peak probably indicates scattering of light at shorter wavelengths. We neglect 

the effect of the scattering and reflection on the absorbance.44 As is evident from the UV-

Vis absorbance plot that the sample has no absorbance at 800 nm, indicates the 

observed dynamics in the case of 800 nm is due to multiphoton absorption, as is 

discussed in detail below. The experimental setup was enclosed in a box continuously 

purged with dry nitrogen to eliminate unwanted THz absorption by ambient moisture. 

All THz experiments were carried out at room temperature (298 K) and at a relative 

humidity level below 0.5%. To minimize the thermal effects the sample was moved 

slightly to a new spot for each scan.   
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Figure 4.1. SEM image A) and absorption spectrum B) of CsPbBr3 NCs deposited on polystyrene substrate 

exhibit cubic morphology and first excitonic peak at 508 nm. C) Size distribution plot for the film. Film 

shows large non-uniformity in particle size with an average size of 72±19 nm. This results in the absence 

of a clear sharp excitonic peak in the absorption spectrum (Figure 4.1.B).   

 

4.3. Results & Discussion: 

4.3.1. Phonon modes in CsPbBr3 NCs film: 

Prior to the pump-probe experiments, we recorded the time-domain THz spectrum of 

the NC film. Similar to THz waveforms obtained for CsPbBr3 NC solution, the amplitude 

and shape of THz waveforms for NC film are different from those of the substrate. The 

THz waveforms, obtained through the substrate (polystyrene, PS) and NC film deposited 

on PS, are given in Figure 4.2.A. The change in the waveform is due to absorption and 

dispersion due to NCs deposited on PS substrate.  The absorption spectrum of the NC film, 

shown in Figure 4.2.B, has a strong resonance at 3.0 THz due to IR active phonon modes. 



Chapter 4: Carrier Dynamics in CsPbBr3 Nanocrystal Film: Comparison between Single and Two-
Photon Pumping 

86 
 

From the computed IR spectra, the nature of the phonon modes was assigned, from our 

previous report,17 mainly to anti-symmetric apical Pb-Br stretching, which occurs at 

slightly low THz frequencies (2.33 THz) and in-plane bending of Br-Pb-Br, which occur 

at high THz frequencies (2.9THz). However, in case of film, the nature of the THz 

absorption spectrum is slightly different from that of NC dispersion. The major peak is 

red-shifted by ~0.4 THz (13 cm-1) and the overall spectrum is broadened with a 

prominent shoulder at ~1.4 THz. The softening of the phonon modes and the increase in 

the amplitude of the lower frequency modes may have occurred due to the physical 

coupling between individual NCs in the film. It will be certainly interesting to look at the 

effect of solvent on phonon frequencies. It is difficult to study carrier dynamics in 

various solvents using TRTS. Most solvents in which these colloidal nanocrystals can be 

dispersed either have aggressive absorber of THz radiation or not compatible with the 

window materials (TPX in the present study) used for optical pump THz probe 

experiments. Herein, we have used HMN (2, 2, 4, 4, 6, 8, 8-Hepta methyl nonane) 

solvent, which is quite transparent in the entire THz frequency range of our interest and 

also compatible with TPX. Hence, we couldn’t perform solvent dependence study and 

 

Figure 4.2. A) Time domain waveforms of the THz electric field passing through a vacuum (called LS), 

reference (polystyrene, PS) and CsPbBr3 NCs (PSKT NCs) deposited on PS substrate. B) The absorption 

spectrum of CsPbBr3 NC film obtained from the negative logarithm of ratios of amplitudes, obtained from 

the Fourier transform of electric fields passing through PS substrate and film deposited on PS. The 

phonon resonance in the film (red line) is slightly redshifted compared to NCs dispersed in HMN (black 

line).
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unaware of the outcome of the effect of solvent on phonon frequency. However, we 

believe that the effect of solvent on phonon resonance was taken care of in colloidal 

CsPbBr3 NCs by using effective medium theory. Hence, we are expecting the redshift in 

the phonon frequencies in film is due to coupling of smaller NCs to become bigger NCs, 

evident from the size distribution plot given in Figure. 4.1.C. Also, we haven’t come 

across any report at least in perovskites where phonon frequencies are affected by 

solvent. The SEM image, given in Figure 4.1.A, clearly shows cubes of much larger 

dimensions in the film compared to the size of the colloidal nano-cubes (~11 nm, Chapter 3).   

4.3.2. Time-Resolved Dynamics: 

To gain insight into the nature of the carrier kinetics, the dynamics at three optical 

pump wavelengths 400, 480 and 800 nm were studied. The carriers generated at these 

pump wavelengths possess excess energy (EE) (EE400nm= 640, EE480nm=120 meV) and 

the same wavelengths were used in earlier studies to probe carrier dynamics in same 

NC solution. Probing carrier dynamics at same wavelengths in film and solution allows 

us to find out the role of the solvent in carrier recombination. In case of 400 and 480 nm 

pump wavelengths, an electron is promoted from the valence band to the conduction 

band by absorbing a single photon, whereas two photons are required using 800 nm 

(1.55 eV) pump light, given the bandgap of the material is at 508 nm (2.44 eV). In TRTS 

experiments, photoinduced change in THz transmission is proportional to the change in 

conductivity, which in turn, is proportional to the product of carrier density and 

mobility. So, a decrease in THz transmission or conductivity indicates a decrease in 

either carrier density or mobility or both. The carrier density decreases when the 

charge carriers recombine through different recombination processes and the mobility 

reduces when the charge carriers get trapped in low-mobility states. Figure 4.3.A shows 

pump-induced THz transmission traces at different pump wavelengths and fluences. In 

case of 800 nm pump light, the carrier recombination dynamics is slower compared to 

recombination dynamics in case of 400 and 480 nm pump even at very high pump 

fluence. This indicates that the higher order decay mechanisms are involved in OPA 

pumping. One may expect an average number of excitons generated to be less in the 

case of TPA since two-photon absorption cross-section is low compared to one-photon 

absorption cross-section. Further, one may also expect similar carrier dynamics under 

OPA and TPA excitation when the average number of excitons is same/similar, 
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assuming that the initial excited state is same, as shown in Figure 4.7.A. Hence, it is 

essential to compare carrier dynamics under similar carrier generation condition. The 

average number of exciton per NC (<N>) generated under fluences of 289 µJ/cm2 and 

11 µJ/cm2, in the case of TPA and OPA, respectively, is ~ 0.04. Herein, we hypothesize 

that under one and two-photon excitations carriers would access different initial 

excitonic states hence the observed discrepancy. To test our hypothesis the dynamics 

were monitored at a different wavelength. Here we use a 480 nm wavelength pump and 

an average number of excitons generated are ~0.05. The clear difference in dynamics, in 

case of 480 nm, indicates although carrier density is similar but they accessed different 

initial excitonic states and they relax differently. Such, discrepancy is also observed 

from frequency-resolved dynamics (see below). 

 

 

Figure 4.3: Pump induced change in THz transmission as a function of pump-probe delay A). THz 

transients at wavelengths 800 nm (289 μJ/cm2), 480 nm (11 μJ/cm2) and 400 nm (11 μJ/cm2) B). THz 

transients obtained at early pump-probe delay at wavelengths 400 nm (60 μJ/cm2), 480 nm(60 μJ/cm2) 

and 800 nm (259 μJ/cm2) (Note: symbol and its color is preserved to a particular wavelength throughout 

the manuscript; 800 nm: Star & Red, 480 nm: Circle & cyan and 400 nm: Square & Blue) 

 

The normalized THz transients at early pump-probe delay times and at different 

wavelengths are shown in Figure 4.3.B. The slow rise time in THz conductivity probably 

indicates dissociation of excitons to free carriers and slightly large timescales (6-7 ps) 

indicates relatively large exciton binding energies observed in CsPbBr3 NCs and 

variation in the steepness indicates different NC having different binding energies and 

they dissociate in different time scale. In contrast, in CH3NH3PbI3 the maximum THz 



Chapter 4: Carrier Dynamics in CsPbBr3 Nanocrystal Film: Comparison between Single and Two-
Photon Pumping 

89 
 

conductivity was obtained in less than 2 ps which corroborate the exciton binding 

energies observed in those materials.42 

4.3.3. Peak conductivity and Initial mobility: 

The peak conductivity of the CsPbBr3 NC film has been calculated from the maximum of 

the photoinduced THz transmission using the following expression47 

∆𝜎(𝑡𝑝) =  
𝜀0𝑐

𝛿
(𝑛𝑎 + 𝑛𝑏)

−∆𝐸(𝑡𝑝)

𝐸0(𝑡𝑝)
                                          (4.1) 

where δ is the photoexcited sample thickness, na, nb are refractive indices of air and 

polystyrene substrate (na=1, nb=1.556 (calculated from our TDS experiment)), 𝜀0 is the 

permittivity of free space and c is the speed of light. The photo excited sample thickness 

(δ) was estimated from the inverse of the absorption coefficient, which is given by, α = 

ODλ/d where ODλ is the absorbance at that particular wavelength, λ, and d is the film 

thickness. The linear absorbance at 800 nm is zero. Hence, we have calculated the 

absorbance in the case of 800 nm, under two-photon absorption, by measuring 

transmitted power through the sample at variable incident intensities. The conductivity 

values obtained at pump wavelengths 400, 480 and 800 nm for various fluences vary 

from 20 to 48 S/m, 8 to 84 S/m, and 1 to 45 S/m, respectively. The initial effective 

mobilities (φμ) from the given conductivity values can be calculated as 𝜑𝜇 ≅
∆𝜎

𝑞𝑁0
 where 

φμ is the effective mobility, φ is the photon to free carrier conversion ratio, q is the 

elementary charge, and N0 is the number of carriers generated upon photon absorption. 

Assuming that every absorbed photon results in one electron-hole pair, i.e. φ = 1, 

number of free carriers generated under one photon condition are N0 = 2Np and in case 

of two-photon absorption, N0 = Np, where Np is the number of absorbed photons. Np can 

be determined from the absorbance at the pump wavelength as Np = Fl(1-10-ODλ)/δhν, 

where Fl is the pump fluence and hν is the single-photon energy. Further, the 

absorbance in TPA is calculated from the two-photon absorption coefficient (𝛽) as 

𝐴 = 1 −
1

1+𝛽𝐼0𝐿
, where 𝐼0 is the incident light intensity and L is the thickness of the film. 

Here,  the value of 𝛽(= 11𝑐𝑚/𝐺𝑊) is taken from the literature and linear absorption is 

neglected.23 It was shown that, the TPA absorption coefficient does not show strong size 

dependence in CsPbBr3 NCs. The value vary from 6.5 cm/GW for 4.6 nm size particles, 



Chapter 4: Carrier Dynamics in CsPbBr3 Nanocrystal Film: Comparison between Single and Two-
Photon Pumping 

90 
 

which are in strong confinement limit given the Bohr diameter of exciton in these NCs is 

7 nm, to 12.5 cm/GW for 11.5 nm size particles, which are in very weak confinement 

regime i.e. in bulk limit. Since we neglect the reflection and scattering losses, the 

obtained carrier densities are higher bound, and the mobilities are lower bound. 

THz transients obtained at pump wavelengths 400 and 480 nm for various fluences are 

shown in Figure 4.5. To assign different processes involved in the carrier recombination 

mechanism, their relative contribution, and respective timescales, the measured THz 

transients were fitted to a multiexponential function convoluted with the Gaussian 

function of the form48  

𝑦 = 𝐺(𝑡 − 𝑡0)⊗ ∑ 𝑎𝑖 exp [−
𝑡 − 𝑡0

𝜏𝑖
]

𝑖

                       (4.2) 

where 𝐺(𝑡 − 𝑡0)  is the Gaussian function centered at t0 and 𝑎𝑖  represents the 

contribution of the ith decay channel with a time constant 𝜏𝑖  towards total 

recombination kinetics. 

The carrier dynamics obtained with 400 nm pump fit well with a tri-exponential 

function and the three de-excitation mechanisms were assigned according to the 

previous literature.17 The dynamics become very slow (almost parallel to the delay axis) 

at the longer pump-probe delay and determining the time constant of this slow 

component with certainty is not possible because of the limitation in the temporal 

window (maximum attainable temporal window is ~1.6 ns) of our experiments. The 

longest time constant was varied between 3 and 8 ns, obtained from PL measurements, 

to fit the THz transients. In TRPL, assuming that at low fluences, kinetics mainly follow 

mono-molecular recombinations. In case of 400 nm pump, the data fit well by taking the 

slowest time constant as 7 ns (τ1). The THz transients at higher fluences were fitted to 

the multiexponential function keeping the slowest time constant fixed at 7 ns and other 

decay channel parameters were derived. The other two average time constants (τ3 and 

τ2) obtained are ~60 ps, ~250 ps and are higher than those determined in colloidal 

dispersion (Chapter 3). The time constant τ1 is attributed to trap-assisted 

recombination, τ2 to the two-body recombination and τ3 to the Auger recombination. 

Whereas in the case of 480 nm THz transients were well fit with bi-exponential at lower 

fluence (11 μJ/cm2) and need tri-exponential at higher fluences. The slowest time 
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constant found at lowest fluence for 480 nm pump wavelength is 4 ns. However, all THz 

transients, as shown in Figure 4.8.A, in case of 800 nm fitted well with bi-exponential, 

even under similar or more exciton generation condition, and the lowest time constant 

is 5 ns. The absence of the third de-excitation mechanism, such as Auger recombination, 

is surprising given that Auger recombination is dominant at higher fluence.17 The 

absence of higher order recombination processes at higher fluence indicates it being a 

promising material as a gain media in lasing applications. These low time constants 

obtained at lowest fluences even matches well with earlier reports of dynamics study at 

low fluences.15 The fitting parameters for all wavelengths at different fluences are given 

at the end of the chapter in Table 3. 

 

Figure 4.5: Pump induced change in THz transmission and their fit with multiexponential decay as a 

function of pump-probe delay at different pump fluences A) THz transients at 400 nm B) THz transients 

at 480 nm. 

 

4.3.4. THz dynamics at 800 nm: 

We have measured the peak THz transients (-ΔE/E0) at different fluences (Fl) under 

two-photon excitation by 800 nm pump. The amplitude of THz transients depends on 

the number of carriers generated. The measured peak THz field (-ΔE/E0) of the 

transients at different fluences are shown in Figure 4.6. The peak THz field vs fluence 

data points were fitted to the equation: -ΔE/E0 = CFln, where, Fl is the pump (800 nm) 

fluence, and the best fit was obtained for n=1.97, as shown by the red solid line in Figure 

4.6. The near quadratic nature of initial THz transients/peak conductivity with 

increasing fluence indicates that TPA indeed is taking place.  
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Figure 4.6:  Initial peak THz transients vs. fluences and fit with equation -ΔE/E0 = CFln. The best fit was 

obtained with n = 1.97 and indicates the quadratic nature.

 

The mobilities, which are lower bound as explained above, obtained from peak 

conductivity at different fluences of under OPA (400 and 480 nm) and TPA (800 nm), 

are shown in Figure 4.8.B. The difference in the carrier density dependence of mobility 

indicates that the nature of the initial excited state accessed under OPA and TPA are 

possibly different. Earlier, the discrepancy in carrier decay kinetics was explained based 

on the size inhomogeneity and reabsorption effect.30,32 Although, one would expect re-

absorption effect (emission of light from small NCs to be absorbed by the large NCs due 

to a smaller band gap in large NC) can be the origin for such a discrepancy, Chen et. al. 

revealed that by changing the concentration of solution one would not see such shift, 

may be due to, at very low concentration the distance between NC increases and the 

light emitted by one NC cannot be absorbed by another NC.32 However, even at very low 

concentration they observed such shift. Further, Han et al., showed by using TRPL that 

there is no systematic change in peak shift and FWHM of PL, opposite to the expected 

trend. Hence, we exclude reabsorption to be the origin for such discrepancy. 

Alternatively, Chen et al. explained the observed dynamics with size inhomogeneity.32 If 

the observed shift is only due to size inhomogeneity, one would expect slower kinetics 

as well as PL shift. However, they did not observe such PL shift in the case of large NCs 

(~11 nm). Herein, our study clearly shows dynamics with one and two-photon 

excitations are different even in 11 nm sized NCs; dynamics are faster in OPA excitation 

whereas it is slow under TPA excitation. Therefore, we propose that carriers under OPA 
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and TPA occupy different initial states having same/similar energy due to the difference 

in selection rule for one and two-photon absorption (see Figure 4.7.B). Further, it is also 

possible that the occupied states under OPA are delocalized and under TPA states are 

localized, such as traps. The parameters obtained by fitting THz transients to a multi-

exponential function also support the observed decay. The fitting parameters obtained 

at similar exciton condition are given in Table 1. As discussed above, the contribution of 

the slowest time constant, which represents the trap-assisted recombination, is more in 

TPA (51%) than OPA (22%). These results are in line with the observed PL shift and 

slower dynamics in the same material by Han et.al. where the authors predicted more 

than a single excited state.30 Such PL shift was also predicted in single crystal CsPbBr3 

and was attributed to different initial excited state due to different selection rules for 

OPA and TPA.33 However, the applicability of such selection rules in case of NCs needs to 

be validated further. 

 

 

Figure 4.7: Schematic of one and two photon absorption showing when carriers accessed to the same 

initial excited state A) and when accessed to different initial excited state B).
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Figure 4.8: A) THz transients obtained under two-photon excitation (800 nm) at various pump fluences 

B) Comparison of mobilities obtained at different wavelengths as a function of carrier density generated 

at the particular fluences used in the experiment. 

 

Table 4.1: Parameters obtained from fitting the THz transients to multiexponential 

function at similar exciton condition. 

Wavelength 

(nm) 

Fluence 

(µJ/cm2) 

<N> t1 

(ns) 

a1 t2 

(ps) 

a2 t3 

(ps) 

a3 

400 11 0.04 7 0.22 

(0.0) 

222 

(0.5) 

0.5 

(0.0) 

47 

(0.4) 

0.22 

(0.0) 

800 289 0.04 5 0.51 

(0.0) 

253 

(0.2) 

0.45 

(0.0) 

--- --- 

# Values in the parenthesis are deviations in the fit 

4.3.5. Frequency-Resolved conductivity: 

We can also derive the carrier density and mobility from frequency-resolved TRTS 

experiments (probe-scan) where we record the complete THz waveforms at different 

pump-probe delays. Analysis of the probe-scan data yields the photo-induced complex 

conductivity spectra as a function of time after photo-excitation (see chapter 2 for 

details). Further, the conductivity spectra are fitted to a conductivity model appropriate 

for the system. The complex conductivity spectra thus obtained for the CsPbBr3 film at 

different pump-probe delays after the photoexcitation with the 400 nm pump are 

shown in Figure 4.9. The negative imaginary conductivity and strong phonon feature at 
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3.4 THz lead us to use one Lorentz oscillator and the Drude-Smith model to fit the 

conductivity spectra,49 as shown in Figure 4.9.A for 5 ps delay. See Chapter 2 for the 

functional form of Lorentz and Drude-Smith model and related discussions. According 

to the Drude-Smith model, the parameter C indicates whether carriers are localized or 

free.50 For localized carriers, the parameter C = -1 and imaginary conductivity becomes 

negative, whereas, for free carriers, C = 0 and imaginary conductivity becomes zero. The 

localization of the carriers can take place due to defects or backscattering from the 

interface/grain boundaries. At first, the nature of the conductivity spectra in the film is 

slightly different from those observed in colloidal dispersion (Chapter 3). However, one 

should note that in the film, the conductivity is measured across the NCs, whereas in 

solution the conductivity was obtained within the NCs by using simple effective medium 

theory. Further, the nature of the conductivity in 800 nm pump is similar to 400 nm 

pump and is shown in Figure 4.10. It indicates the charge carriers generated are same in 

both the cases. 

 

Figure 4.9: A) Frequency-resolved complex conductivity spectrum at 5 ps pump-probe delay after 

photoexcitation with 400 nm pump. Solid lines are a fit of the experimental data to the Drude-Smith-

Lorentz model. B) Frequency-resolved conductivity at various pump-probe delays for 400 nm 

wavelength. 
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Figure 4.10: Frequency-resolved complex conductivity spectrum at 5 ps pump-probe delay after 

photoexcitation with 800 nm pump. Solid lines are a fit of the experimental data to the Drude-Smith-

Lorentz model.

 

One would expect that grain boundaries present in the polycrystalline film can play a 

major role in the localization of carriers, however, theoretical calculations show that at 

worst scenario, these NCs can form shallow trap states rather than midgap traps. 

Generally, midgap states arise from interstitial or antisite misplaced atoms (point 

defects), which requires a high energy of formation than the parent perovskite material; 

hence perovskites are not prone to form such midgap defects.9-11 It is more likely that 

the strong resonance at 3.0 THz is due to polaron formation. Polaron is a carrier 

confined by the potential that is created by the polarization of the lattice due to the 

presence of a charged particle. Polaron formation is highly likely in these perovskite 

materials due to their soft ionic nature of the lattice, so the lattice can easily get 

distorted. Hence it is likely that initially large number of polarons are generated, 

subsequently, those polarons recombine and reduce the amplitude of peak resonance as 

shown in figure 4.9.B. Recently, Miyata et al. explained defect tolerance responsible for 

excellent optical properties in both organic and inorganic halide perovskites by using 

the concept of polaron.51 The strength of the electron-phonon coupling can be 

expressed with Fröhlich parameter (𝛼𝑒−𝑃ℎ),52 a dimensionless quantity, which can be 

calculated from the following formula 
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𝛼𝑒−𝑃ℎ =
𝑒2

ħ

1

4𝜋𝜖
(

1

𝜀𝑜𝑝𝑡
−

1

𝜀𝑠
) √

𝑚∗

2ħ𝜔𝐿𝑂
                              (4.3) 

where ħ is the reduced Planck’s constant, 𝜖 is the vacuum permittivity, 𝜀𝑜𝑝𝑡 , 𝜀𝑠 are 

dielectric constants at optical and static limits, 𝑚∗ is the band edge effective mass and 

𝜔𝐿𝑂 = 2𝜋𝜗𝐿𝑂 the angular frequency of longitudinal optical phonon. 

The obtained 𝛼𝑒−𝑃ℎ values are given in Table 2. The value 𝛼𝑒−𝑃ℎ< 6 indicates that the 

generated polaron is intermediate to large and extended to several unit cells as opposed 

to the small polaron (𝛼𝑒−𝑃ℎ > 6) confined to single unitcell. These large polarons are 

less likely to undergo recombination with traps.51,53,54 The strong phonon mode 

absorption in our study is mainly IR-active whereas Miyata et al. observed the phonon 

mode at 4.07 THz in time-resolved optical Kerr effect (TR-OKE) spectroscopy. In TR-

OKE experiment the observed phonon modes are Raman active. Recently, it was shown 

that dynamic disorder due to twin boundaries form different domains within the NCs.55 

These twin boundaries also can localize charge carriers. From all these, we conclude 

that dynamic disorder and strong electron/hole–phonon coupling (large polaron) both 

are responsible for the observed nature of the conductivity. Recently, by using TRTS, 

Ziwrtsch et al. and Butler et al. observed a similar spectral signature in BiVO4, a 

photoanode material.37,38 However, the resonance are due to small polarons, which limit 

charge carrier mobility to < 1 cm2V-1s-1.37 Very recently, evidence of polaron formation 

in CH3NH3PbI3 perovskite was observed using transient absorption and femtosecond 

impulsive stimulated Raman spectroscopy.56 

Table 4.2: Frölich electron-phonon coupling parameters obtained from phonon 

resonance frequency and dielectric constant 

Material 𝜺𝒐𝒑𝒕 𝜺𝒔 𝝑𝑳𝑶(THz) 𝜶𝒆−𝑷𝒉 
Mobility 

(cm2V-1s-1) 
Technique 

CsPbBr3-e 

4# 15.61# 3.4** 

2.72 

~40-160 

TRTS 

   (Present      

     work) 
CsPbBr3-h 2.84 

CsPbBr3-e51 
4.3 29.37 4.07 

2.64 48.2 
  TR-OKE 

CsPbBr3-h51 2.76 41.3 
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CH3NH3PbBr357 4.7 32.3 1.53, 5.01 1.69 158   Far-IR 

GaAs58 -- -- -- 0.068 7000 -- 

** Value taken from time domain THz spectrum (Figure 4.2.B). 

# Values taken from our previous chapter, 3. 

From the fitting of the conductivity spectra, the obtained carrier density and mobility 

are plotted as a function of delay for both 400 and 800 nm and are given in Figure 4.11. 

Here also, we can clearly see that the dynamics are slower in the case of TPA compared 

to that in the case of OPA. This observation further confirms our hypothesis that the 

carriers are excited to different initial excited states under OPA and TPA. Mobilities (µ) 

obtained from frequency-resolved dynamics are higher than the effective initial 

mobilities (φµ) obtained from the frequency-averaged peak THz transients by a factor 

of 3. The higher mobilites derived from frequency-resolved conductivity compared to 

mobilities obtained from peak conductivity can be due to the inadequacy of the models 

which we have employed here. It is evident that the quality of the fits is not that good. 

We need to probe further in this regard. 

 

Figure 4.11: Comparison of A) carrier densities and B) mobilities between 400 and 800 nm under similar 

average exciton density obtained from frequency-resolved conductivity at different pump-probe delays.

 

4.3.6 Comparison of mobilities: 

The mobilities obtained in CsPbBr3 NCs film, which is polycrystalline in nature, are less 

than the mobility obtained for NC solution and a single crystal of the same material by 

an order of magnitude.17,59 The discrepancy can be attributed to long-range disorder 
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and grain boundaries present in the film which limits the mobility and even similar 

discrepancy was observed in CH3NH3PbBr3 single crystal and polycrystalline film.60,61 

Care must be taken while doing an experiment to avoid sample degradation or to avoid 

thermal effects. Such effects can add artifacts in the data, for example, PL was 

completely quenched under intense light.3 The reduced mobilities with increasing 

carrier concentration can be attributed to carrier-carrier and/or carrier-ion core 

interaction which randomizes their motion. 

4.3.7 Diffusion Length (LD):  

Diffusion length is one of the key parameters which influence the efficiency of the solar 

cell and its value can be estimated from the given initial mobility and an average 

lifetime as 𝐿𝐷 = √(〈𝜏〉𝜇𝑘𝐵𝑇 𝑞⁄ ); where 𝜇 is the initial mobility, kB is the Boltzmann 

constant, q is the elementary charge and 〈𝜏〉 is the average life time (which can be 

derived from, 〈𝜏〉 =
∑ 𝑎𝑖𝜏𝑖

2
𝑖

∑ 𝑎𝑖𝜏𝑖𝑖
 where 𝑎𝑖 is the amplitude and 𝜏𝑖 is the life time of ith decay 

channel).62 The diffusion lengths at various initial carrier densities for 400, 480 and 800 

nm pump wavelengths are plotted in Figure 4.12, and vary between 0.3 um to 1 um. 

These values are a lower limit since the initial mobilities are lower limits and accuracy 

of these values again depends on the photon to free carrier conversion ratio (φ). The 

diffusion lengths obtained under two-photon absorption are very similar to that for 

one-photon absorption at similar carrier densities. It is to be noted that the nature of 

the diffusion lengths for OPA and TPA (barring one point in TPA) are same and are 

different for 480 nm pump. It may be possible that with 480 nm pump excitation, 

initially charge carriers are trapped in trap-states. This results to a modest initial 

diffusion length of charge carriers, and increases with an increase in pump fluence 

because the charge carriers can access the delocalized bands after all the trap-states are 

filled. However, after certain threshold fluence carrier-carrier and carrier-lattice 

interactions dominate and as a result diffusion length starts decreasing. One would 

expect a similar trend for both 400 and 800 nm excitation as well. In case of OPA and 

TPA, due to the excess kinetic energy available to the carriers the carrier-carrier and 

carrier-lattice scattering is significantly high. This results to a steadily reducing 

diffusion lengths rather than initial increase and consequent decrease. 
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Figure 4.12: Diffusion length as a function of carrier density generated at the optical pump powers used 

in the experiments. 

 

Table 4.3: Parameters obtained from THz transients fitted with a 

multiexponential function  

Wavelength  

(nm) 

Fluence 

(μJ/cm2) 
<N> 

τ
1 

(ps) 

a
1
 τ

2 

(ps) 

a
2
 τ

3
 

(ps) 

a
3
 

 4 0.015 7000 0.24 249.3 0.46 67.4 0.30 

    (0.00) (1.0) (0.002) (0.6) (0.002) 

 11 0.044 7000 0.22 221.9 0.51 47.0 0.22 

    (0.00) (0.5) (0.001) (0.4) (0.001) 

400 23 0.092 7000 0.21 266.7 0.35 76.1 0.38 

    (0.00) (1.1) (0.002) (0.4) (0.002) 

 35 0.137 7000 0.22 255.2 0.42 60.2 0.34 

    (0.00) (0.6) (0.001) (0.3) (0.001) 

 58 0.229 7000 0.20 281.1 0.37 60.5 0.40 

    (0.00) (0.7) (0.001) (0.2) (0.001) 

 72 0.281 7000 0.19 300.8 0.36 64.0 0.43 

    (0.00) (0.8) (0.001) (0.2) (0.001) 

         

 11 0.054 4000 0.42 275.7 0.52 --- --- 

    (0.00) (0.5) (0.00)   

 23 0.109 4000 0.39 238.5 0.46 122.2 0.14 
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    (0.00) (2.4) (0.014) (4.5) (0.013) 

 36 0.171 4000 0.36 258.4 0.38 122.8 0.25 

    (0.00) (2.6) (0.01) (2.1) (0.01) 

480 47 0.225 4000 0.35 262.8 0.38 112.4 0.26 

    (0.00) (1.9) (0.006) (1.3) (0.006) 

 59 0.279 4000 0.32 285.7 0.32 107.9 0.33 

    (0.00) (1.8) (0.004) (0.7) (0.004) 

 70 0.334 4000 0.31 264.4 0.39 85.0 0.28 

    (0.00) (1.0) (0.002) (0.6) (0.002) 

 83 0.396 4000 0.32 238.6 0.41 81.2 0.25 

    (0.00) (0.9) (0.003) (0.6) (0.003) 

 94 0.45 4000 0.31 248.0 0.41 76.7 0.25 

    (0.00) (0.8) (0.002) (0.5) (0.002) 

         

 57 0.002 5000 0.20 156.7 0.25 --- --- 

    (0.001) (2.6) (0.002)   

 86 0.004 5000 0.47 195.1 0.32 --- --- 

    (0.00) (1.1) (0.001)   

 116 
0.007 
 

5000 0.60 160.4 0.35 
--- --- 

    (0.00) (0.6) (0.001)   

 143 0.011 5000 0.61 187.2 0.35 --- --- 

    (0.00) (0.4) (0.00)   

 171 0.015 5000 0.60 202.2 0.39 --- --- 

    (0.00) (0.3) (0.00)   

 202 0.021 5000 0.61 219.03 0.37 --- --- 

    (0.00) (0.3) (0.00)   

800 229 0.027 5000 0.53 249.1 0.41 --- --- 

    (0.00) (0.2) (0.00)   

 259 0.035 5000 0.55 269.2 0.44 --- --- 

    (0.00) (0.3) (0.00)   

 289 0.043 5000 0.51 252.6 0.45 --- --- 

    (0.00) (0.2) (0.00)   

 318 0.052 5000 0.51 258.0 0.47 --- --- 

    (0.00) (0.2) (0.00)   
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 345 0.061 5000 0.50 253.5 0.46 --- --- 

    (0.00) (0.2) (0.00)   

 373 0.071 5000 0.48 217.8 0.52 --- --- 

    (0.00) (0.2) (0.00)   

 402 0.082 5000 0.44 218.3 0.54 --- --- 

    (0.00) (0.1) (0.00)   

 

4.4 Conclusions: 

In summary, by employing time-resolved THz spectroscopy, we have probed carrier 

dynamics under linear (OPA) and nonlinear (TPA) pump wavelengths. The kinetics is 

slower in case of two-photon excitation compared to one photon, confirmed by both 

frequency-averaged and frequency-resolved experiments. The Lorentz oscillator at 3.4 

THz originates mainly due to strong carrier-phonon coupling, which results in large 

polaron formation. In case of TPA, carriers access different state with energy similar to 

the state accessed by the carriers under OPA. Polarons/intrinsic disorder can limit the 

mobilities and diffusion lengths but their effect is not very detrimental due to the large 

nature of the polarons. The mobilities and diffusion lengths in the film are comparable 

to other lead halide perovskites and suggest that there are no fundamental obstacles in 

using these NCs in optoelectronic and photovoltaic applications.  

In immediate future we should focus in the direction of retaining the similar transport 

properties in CsPbBr3 NC film, as observed in the colloidal NCs. One way to approach at 

it is by post-synthetic treatment of the film. Changing the surface ligands may improve 

the conductivity as well as mobilities. Recently, Sarkar et al. (from our group) 

performed one such study on CsPbI3 NCs. When the drop-cast film treated with methyl 

acetate and lead acetate, mobilities were increased by orders of magnitude. This study 

clearly indicates that inter-dot coupling increases when the insulating long-chain 

oleylamine ligands are removed, which in turn increases the conductivity and mobility. 

Although we performed a detailed study on CsPbBr3 NCs, an in-depth study is required 

in future to look at dynamics by varying the compositions of A cations and halides (X) in 

ABX3 perovskites. Recently, it was shown that the power conversion efficiency was 

increased greater than 20% when mixed cation and mixed anion composition was 

employed.63  
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5.1. All-Inorganic perovskite nanoplatelets: 

Quasi-two-dimensional (2D) semiconducting perovskite nanoplatelets (NPLs) have 

been emerging as a new class of functional, optoelectronic materials.1-9 The motivation 

behind their exploration has come from their 3D counterparts, which are defect tolerant 

in nature, as evidenced by high (>80 %) photoluminescence quantum yields, reduced 

fluorescence blinking, and low threshold (~5 µJ/cm2) fluences for lasing.10-16 It is 

expected that the density of states at band edges in low dimensional materials increases 

compared to the bulk counterparts.17 Hence one would expect to achieve population 

inversion and high optical gain at low threshold fluences, which strongly influences the 

efficiency of lasing. In this direction, researchers have already demonstrated lasing and 

light emitting diodes (LEDs) from these low dimensional materials.6,18-20 Achieving 

quantum confinement, which occurs when the size of the NC is less than the exciton 

Bohr radius, in semiconducting NCs is challenging. When the size of the NC decreases 

the surface to volume ratio increases, the optical properties are mainly governed by the 

surface, which in turn determines the efficiency of optoelectronic devices. Synthesizing 

and achieving quantum-confined, highly PL emissive NPLs is relatively easy compared 

to 3D NCs. One could achieve confinement by controlling the size in only one dimension 

irrespective of sizes of other two dimensions.3,4 

Recently, it was shown that excitonic dynamics are same in quantum confined NPLs, 

irrespective of their thickness, and in non-quantum confined samples such as cube-

shaped NCs and polycrystalline film.5 However, it is counter-intuitive to the trend 

observed in quantum dots, where, the probability of overlap between the electron and 

hole wave functions increases as the size decreases. This, in turn, reduces the lifetime 

and increases the recombination rate of photogenerated charge carriers. Further, 

studies related to recombination mechanisms and transport properties such as mobility 

and diffusion length which determine the efficiency of optoelectronic and photovoltaic 

devices, are at a rudimentary stage in this quasi 2D NPLs.21-23 Recombination 

mechanisms and transport properties are highly sensitive to surface defects, also 

experience additional surface defects that arise due to lattice strain present in the low 

dimensional materials.24 Time-resolved terahertz spectroscopy (TRTS), which uses non-

contact low energy THz ac probe, has been successful over the last decade, in 

elucidating the recombination dynamics in picosecond resolution unlike time-resolved 
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photoluminescence (TRPL), which probes dynamics in nanosecond range.25-30 Further, 

probing phonon modes and their energy dependence on the number of monolayers in 

the quantum confinement regime is least explored in these quasi 2D NPLs. Probing 

phonons (lattice vibrations) is of paramount importance since the electron-phonon 

coupling limits the charge carrier mobility as well as broadens the PL emission.31-34    

In this study, we employed time-domain (THz-TDS) and time-resolved terahertz 

spectroscopy (TRTS) along with time-resolved photoluminescence spectroscopy (TRPL) 

to examine the effect of confinement on phonon resonance, photo-induced carrier 

dynamics, and transport properties. THz absorption spectrum shows that as the 

confinement increases phonon frequency is redshifted due to the expansion of the 

lattice, evident from powder X-ray diffraction. Our study clearly shows that dynamics 

are fast due to excitons being the dominant excited species and are strongly dependent 

on the extent of confinement. Furthermore, strong confinement in NPLs curtails 

mobilities and diffusion lengths.  

5.2 Synthesis and characterization of CsPbBr3 nanoplatelets (3 and 5 

monolayers): 

Orthorhombic/cubic CsPbBr3 nanoplatelets were synthesized and characterized by 

Wasim Mir and Jagadeeswara Rao from Dr. Angshuman Nag’s group at IISER, Pune.  

5.2.1 Synthesis of CsPbBr3 nanoplatelets (NPLs): 

 The NPLs (both 5 monolayers (ML) and 3 monolayers) were synthesized by following 

the method developed by Manna and co-workers.5 The reaction precursors and solvents 

used in the synthesis are four times higher than the earlier report to scale up the total 

yield of the NPLs. A mixture (mixture-1) of 5 mL 1-octadecene (ODE), 0.5 mL oleic acid 

(OA) and 0.5 mL oleylamine (OLA) were taken in a 50 mL centrifuge tube and kept at 

room temperature, under ambient conditions. The cesium oleate precursor was 

prepared by dissolving 350 mg of Cs2CO3 in 20 mL of ODE and 1.25 mL of OA at 150 oC. 

A portion (0.4 mL) of the above Cs-oleate precursor was heated to 100 oC and added to 

the mixture-1 in the 50 mL centrifuge tube under vigorous stirring. To this solution, 0.8 

mL of PbBr2 precursor solution (prepared by dissolving 735 mg of PbBr2 in 5 mL 

dimethylformamide (DMF)) was injected. The reaction was quenched after 10 seconds 

by injecting 20 mL of acetone. The reaction mixture was centrifuged at 6000 rpm. The 
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NPLs thus obtained were dispersed in hexane and purified by adding methyl acetate as 

anti-solvent (twice the volume of hexane used).  This mixture was centrifuged again at 

6000 rpm. Finally, the NPLs (5-ML) were redispersed in hexane for further 

characterization.  

Minor modifications were made in the synthesis of 3-ML NPLs. In this case, 40 μL of HBr 

was added to PbBr2 precursor solution to control the thickness. The remaining protocol 

was the same as described above for 5-MLs. As synthesized NPLs were spin-cast on 

high-density polyethylene (HDPE) substrate for photoluminescence and THz 

experiments. 

5.2.2 Characterization: 

The UV-visible absorption spectrum was recorded by using a Perkin Elmer, Lambda-

45 UV-Vis spectrometer. Steady-state and time-resolved photoluminescence (PL) of NCs 

were measured by FLS 980 (Edinburgh Instruments). 

Powder X-ray diffraction (XRD) data were recorded by a Bruker D8 Advance X-ray 

diffractometer using Cu Kα radiation (1.54 Å).

 

 

Figure 5.1. UV-vis absorption (black line) and photoluminescence (red line) spectra of A) 3 monolayer B) 

5 monolayer nanoplatelets dispersed in hexane.

 

Transmission electron microscopy (TEM) images were recorded using a JEOL JEM 

2100 F field emission transmission electron microscope at 200 kV. The sample 
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preparation for TEM was done by putting a drop of the colloidal solution of NPLs in 

hexane on the carbon-coated copper grids. 

Figure 5.1 shows the absorption and emission spectra of as-synthesized NPLs. The 

colloidal dispersion of 3-ML and 5-ML NPLs in hexane exhibit first excitonic absorption 

peaks at 425 and 440 nm, respectively. The PL emission maxima are observed at 434 

and 459 nm for the 3-ML and 5-ML platelets, respectively. The clear blue shift in 

absorption/PL peaks from 5-ML to 3-ML indicates strong confinement of charge 

carriers. These NPLs crystallize in the orthorhombic/cubic crystal structure, confirmed 

from XRD, shown in Figure 5.2. The relatively broader peaks in the observed XRD 

pattern for the 3-ML platelets indicate less number of atomic planes compared with 5-

ML platelets. The sample morphology and thicknesses were confirmed from both TEM 

and AFM, given in Figure 5.3. The thickness of 3-ML is unclear from TEM image. Hence, 

we determined the thickness of 3-ML platelets from the height profile of their AFM 

images. The measured thicknesses for 3-ML and 5-ML are ~2.0 nm and ~3.5 nm, 

respectively, thus confirming as many layers present and are consistent with previous 

literature.5 
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Figure 5.2. A) Powder X-ray diffraction patterns of 3-ML and 5-ML platelets of CsPbBr3 along with 

orthorhombic/cubic reference crystal structures. Three most intense peaks labeled as P1, P2, and P3 

were used to calculate the lattice parameters. B) and C) Expanded view of peaks P1 and P2 showing a 

decrease in 2θ values going from 5-ML to 3-ML (black arrow). D) An expanded view of peak P3 showing 

no change in 2θ position (short dash dot vertical black line).
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Figure 5.3: TEM images and AFM images of 3-ML (A and C) and 5-ML (B and D) of CsPbBr3 nanoplatelets. 

E and F are the height profiles corresponding to the lines drawn in C and D. 

 

5.3. Results and Discussion: 

5.3.1 Steady-state and time-resolved photoluminescence of NPLs:  

The spin-cast films on HDPE were used in both TRPL and TRTS studies. Initially, the 

absorption and PL spectra were recorded to see if there is any spectral change relative 

to the native colloidal NPLs dispersed in hexane. Figure 5.4.A and 5.4.B show the UV-vis 

absorption and PL spectra of 3-ML NPLs film, respectively. The absorption spectrum 

shows the first excitonic peak at ~425 nm, similar to NPLs solution. However, the 

excitonic peak is slightly broader in the film. Also, the absorption spectrum has a very 

weak feature at a higher wavelength (~510 nm). This probably indicates several NPLs 

are stacked together to make a bulk-like state in the film. The same can also be observed 
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in the PL spectrum. The PL spectrum shows emission peak at 434 nm corresponding to 

3-ML absorption peak, whereas the peak at 520 nm corresponds to emission from 

stacked/bulk-like NPLs having absorption feature at 510 nm. Further, as the thickness 

of the film increases, the intensity of the 520 nm emission peak increases, as shown in 

Figure 5.4.B. This clearly indicates stacking of the NPLs. Previous reports also observed 

similar stacked/bulk-like emission peak when NPLs solution was drop-cast on a soda-

lime glass substrate.21,35 From CsPbBr3 NCs solution, it was known that the bonding of 

the organic capping ligand to the NC surface is highly dynamic in nature and easily 

detached during purification process.36 Similar effect is expected in case of CsPbBr3 

NPLs. When the NPLs solution is drop casted on the substrate, the organic capping 

ligands may easily be displaced allowing NPLs to come closer to each other.  

The excited state carrier lifetime from a particular electronic state can be obtained in 

TRPL by probing the temporal evolution of a particular emission wavelength 

corresponding to the energy of a particular electronic state. Figure 5.4.C represents the 

PL traces for 434 nm and 520 nm, corresponding to the 3-ML NPLs and the stacked 

NPLs, respectively. A faster kinetics at 434 nm indicates the emission is mostly from the 

quantum confined 3-ML NPLs. The 3-ML NPLs are strongly quantum confined as their 

transverse dimension (thickness/width) (~2 nm) is much smaller than the exciton Bohr 

diameter (~7 nm). This facilitates a strong overlap between electron and hole wave 

functions, resulting in a decrease in the lifetime and an increase in the recombination 

rate of photogenerated charge carriers. In the case of stacked bulk-like NPLs, the carrier 

wave functions are delocalized across the NPLs, which reduce the overlap between 

them yielding an increased lifetime. However, it was recently reported that the exciton 

dynamics are independent of the extent of confinement in NPLs and even they are the 

same when compared with non-quantum confined systems such as cubes and 

polycrystalline film. Hence, it is imperative to synthesize other NPLs which are thinner 

or thicker than 3 ML to get better insights into the dynamics. Herein we synthesized 5-

ML NPLs (d=3.5nm), which are relatively easy to synthesize and more stable, to 

compare their dynamics with 3-ML NPLs. Figure 5.4.D compares the PL dynamics of the 

3-ML and 5-ML NPLs. The PL traces are fitted with multi-exponential function and 

corresponding fitting parameters are tabulated in Table 1 along with the parameters for 

stacked NPLs having an emission peak at 520 nm. 
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Figure 5.4: Absorption (A) and steady-state PL (B) spectra of 3-ML NPLs. C) TRPL of 3-ML NPLs. The Blue 

trace is obtained by keeping the emission wavelength at 434 nm, comes purely from quantum-confined 3-

ML NPLs whereas the red trace is from stacked NPLs having emission at 520 nm. The green trace 

represents the kinetics obtained from the film, after completion of THz experiments, has emission at 503 

nm. The black solid lines represent the multi-exponential function fit to the data. D) Comparison of PL 

dynamics obtained from 3-ML and 5-ML having emission wavelengths at 434 and 474 nm, respectively. 

The excitation wavelength is at 405 nm. 

 

Table 5.1: Fitting parameters obtained for 3-ML and 5-ML NPLs along with stacked 

NPLs whose emission is at 520 nm.  

λ
emission

 (nm) τ1 (A1) 
(ns) 

τ2(A2) 
(ns) 

τ3(A3) 
(ns) 

<τ> 
(ns) 

434 (3ML) 0.92 (0.61) 

0.006 (0.004) 

3.3 (0.35) 

0.032 (0.004) 

15.1 (0.031) 

0.298 (0.001) 

5.20 

(0.21) 

474 (5ML) 0.89 (0.57) 

0.003 (0.001) 

3.84 (0.36) 

0.015 (0.001) 

17 (0.058) 

0.00 (0.00) 

7.83 

(0.01) 

490  (>5ML) 0.99 (0.53) 5.11 (0.394) 20 (0.078) 10.25 
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0.004 (0.001) 0.013 (0.001) 0.00 (0.00) (0.01) 

520 (stacked) 5.7 (0.65) 

0.046 (0.002) 

33.3 (0.345) 

0.212 (0.002) 

--- 26.60 

(0.18) 

 

Average lifetime: < τ >= ∑ fiτi ; where fi =
aiτi

∑ aiτi
 is the contribution of the ith 

recombination process to the overall recombination dynamics. 

It is clear that the dynamics in 5-ML (λem=474 nm) is relatively slow compared to that in 

3-ML (λem=434 nm). The same is reflected in the average lifetime which is higher for 5-

ML (7.8 ns) compared to 3-ML (5.2 ns) NPLs. We attribute relatively faster 

recombination kinetics in case of 3-ML NPLs to a better overlap between the electron 

and hole wave functions caused by the stronger quantum confinement in 3-ML NPLs. 

Therefore, one should be more careful to rule out the effect of confinement on exciton 

dynamics.  

Figure 5.5.A shows UV-vis absorption and PL spectra of 5-ML NPLs film. The first 

excitonic absorption and emission peaks are redshifted compared to those in the 

colloidal solution. The absorption spectrum has an extra feature at 473 nm, most 

probably originating from the higher order NPLs (greater than 5-MLs).37 The 

corresponding PL emission is at 490 nm. Again, while comparing the PL dynamics at 

both wavelengths (474 nm and 490 nm), shown in Figure 5.5.B, it is evident that the 

dynamics are indeed dependent on the layer thickness i.e. quantum confinement effect 

(7.8 ns vs. 10.3 ns).  

To check the structural changes during TRTS, we have recorded PL after completion of 

TRTS. Steady-state PL recorded before and after the exposure of visible light (pump 

light used in TRTS; 400, 480 and 510 nm) for 3-ML and 5-ML films are given in figure 

5.5.C and 5.5.D, respectively. The PL has changed drastically in the case of 3-ML sample, 

as shown in Figure 5.5.C. The PL spectrum neither has the strong quantum-confined 3-

ML NPLs emission feature (434 nm) nor the stacked/bulk-like NPLs emission feature 

(520 nm). Instead, the emission peak maximum after TRTS experiments appears at 503 

nm. One should note that this emission peak is very close to that observed in CsPbBr3 

nano-cubes having an edge-length of 9 nm.15 This can be understood from the concept 



Chapter 5: Ultrafast Carrier Dynamics in Quasi-Two-Dimensional CsPbBr3 Nanoplatelets 

116 
 

of photon driven transformation (PDT). Exposure of prolonged laser irradiation induces 

desorption of the ligands attached to the surface of NPLs and converts few layer NPLs to 

bulk-like analog.37 PDT process is easily feasible in these NPLs given the dynamic nature 

of the ligands and easy-migrating nature of the halide ions.36,38 Further, the dynamics at 

this emission wavelength (503 nm), shown in Figure 5.4.C, are faster compared to bulk-

like NPLs. This indicates that these NPLs are still under confinement regime. Hence, the 

origin can be either due to stacking/coalescence of 3-ML NPLs or bulk-like phase 

disintegrating into smaller higher order NPLs, as explained by PDT mechanism. On the 

contrary, steady-state PL of 5-ML NPLs, shown in Figure 5.5.D, is only slightly red- 

 

 

Figure 5.5. A) UV-vis absorption and PL emission spectra of 5-ML nanoplatelets. B) TRPL of 5-ML and 

higher order NPLs which have emission wavelengths at 474 and 490 nm, respectively. C) and D) compare 

the steady-state PL of 3-ML and 5-ML before and after time-resolved THz experiments, respectively. 3-ML 

PL has changed drastically whereas 5-ML PL is slightly red-shifted with a decrease in FWHM. 
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shifted after TRTS experiment, indicating better stability of these NPLs to the exposure 

of pump light (visible). FWHM is less, mainly the high energy (455 nm) shoulder is 

missing. 

It is interesting to note that, below 520 nm emission wavelength, a slight change in 

emission wavelength, such as the case in the 5-ML film (474 nm corresponds to 5-ML vs. 

490 nm corresponds to higher order (>5 ML) ML NPLs), the dynamics are clearly 

distinguished. Further, 474 nm dynamics are faster than 490 nm ones. Comparing 3-ML 

and 5-ML NPLs, one would expect even faster dynamics for 3-ML to that of 5-ML due to 

strong quantum confinement effect present in the former case. However, there is a very 

minute change in the rate of decay between both, that might have prompted previous 

reports to propose that PL dynamics are independent of the thickness of the NPLs.  

This inspired us to pose a question that if recombination occurs on the ultrafast time 

scale, can TRPL (time resolution in nanoseconds) capture the dynamics on ultrafast 

time scale? To address this problem, one may use the femtosecond time-resolved 

photoluminescence (up-conversion) technique; but, it is limited to probe carrier 

dynamics only. Here, we employ TRTS, which simultaneously measures carrier 

dynamics and transport properties on the ultrafast timescale. Further, TDS was 

employed to unravel phonon modes.  

5.3.2 THz time-domain spectroscopy: 

Time-domain THz spectroscopy was performed on NPLs films which are spin-cast on 

HDPE substrate. The absorbance and dielectric constant as a function of THz frequency 

were obtained from time-domain THz electric fields passing through both HDPE 

(reference) and NPLs film (sample). Details of the analysis procedure are given in 

chapter 2. The THz absorption spectrum for 3-ML NPLs, shown in Figure 5.6.A, contains 

absorption features at 2.45 and 4.2 THz. These absorption features can easily be 

assigned to anisotropic lattice vibrations of the NPLs; vertical and horizontal directions, 

respectively (see the schematic at the inset of Figure 5.6.A). We assign the phonon 

feature at ~4.2 THz, which is independent of NPL thickness, to in-plane atomic 

vibrations. Since these lateral dimensions are not limited by the thickness of the NPLs, 

phonons are not confined in this direction. Hence, the phonon frequencies are not 

affected by the change in thickness of the NPLs. The most intense phonon feature (2.45 
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THz) which is associated with confinement direction changes with thickness. Most 

probably this is associated with vertical atomic vibrations.  From 3-ML to 5-ML the 

phonon feature is blue shifted. In other words, as the confinement increases the phonon 

feature is redshifted. Figure 5.6.B shows the THz-TDS absorption spectra of 3-ML and 5-

ML along with nanocubes (~11 nm) in colloidal form and film for comparison.  Often, 

the phonon frequency is mainly affected by either lattice contraction or expansion.39-41 

Generally, expansion increases the interatomic distances and reduces the force 

constant, which in turn makes atoms vibrate at low energy (frequency). On the other 

hand, lattice contraction reduces the interatomic distances and increases the force 

constant which in turn increases the vibrational frequencies. Our PXRD data, see Figure 

5.2., clearly shows that the 2θ value decreases going from 5-ML to 3-ML. Since 2θ is 

inversely proportional to interatomic distance, reduction in 2θ indicates the distance 

between atoms increases as well as it leads to lattice expansion. Further, we have 

calculated lattice parameters from the most intense peaks observed in PXRD, labeled as 

P1, P2, and P3, and are given in Table 2. It is difficult to distinguish the cubic lattice from 

the orthorhombic lattice; so we have calculated lattice parameters for both and 

compared with bulk single crystal. 
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Figure 5.6. A) Normalized THz absorption spectrum of 3-ML CsPbBr3 NPLs. B) Comparison of THz 

absorption spectra of 3-ML (Red) and 5-ML (Orange) along with cubic NCs (~11 nm) in colloidal (Olive) 

and drop-cast film (Violet) form, taken from our previous chapters. The dotted vertical line drawn at 4.2 

THz indicates that the phonon feature of the NPL is independent of thickness. C) and D) are THz 

frequency dependent real (red open circles) and imaginary (blue solid circles) dielectric functions of 3-

ML and 5-ML NPLs respectively. 

 

Table 5.2. Lattice parameters obtained from powder X-ray diffraction pattern for both 

cubic and orthorhombic unit cell. 

Crystal lattice 

Lattice Parameters 

a (Å) B (Å) C (Å) 

Cubic (bulk) 5.83 -- -- 

Cubic (5-ML) 
5.90 (P1)  
5.86 (P2) 
5.90 (P3) 

-- -- 
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Cubic (3-ML) 
5.93 (P1) 
5.91 (P2) 
5.89 (P3) 

-- -- 

Orthorhombic 
(bulk) 

8.21 8.26 11.76 

Orthorhombic 
(5-ML) 

8.18 8.29 11.80 

Orthorhombic 
 ( 3-ML) 

8.31 8.36 11.86 

 

It is clearly evident from the peaks P1 and P2 that the lattice parameter increases while 

going from 5-ML to 3-ML, which indicates a clear expansion of lattice, although the P3 

peak lattice parameter remains constant. Even if we consider an orthorhombic lattice, 

we can see a similar increase in lattice parameters on reducing the thickness of the 

NPLs from 5-ML to 3-ML. As discussed above, the lattice expansion leads to a redshift of 

the phonon modes. A Similar expansion was also observed in the earlier report where 

Akkerman et al. have given a possible explanation.5 Cs+ ions present on the top and 

bottom facets of the NPLs are replaced by protonated oleylamine ligands which slightly 

expand the lattice. This was further confirmed by the substantial deficiency of Cs from 

elemental analysis indicating the replacement by oleylammonium cations.5 Therefore, 

we conclude that lattice expansion on reducing the thickness of the NPLs (5-ML to 3-

ML) leads to the redshift of the phonon modes observed in the THz absorption 

spectrum. However, this is in contrary to the observations in CdSe Raman spectrum 

where redshift was attributed to lattice contraction. 

Further, we have calculated the dielectric functions for NPLs, as drop casted film form, 

and are given in Figure 5.6.C and 5.6.D. The reduced dielectric constant (in THz 

frequency) compared to that in NCs can be one of the reason for high exciton binding 

energies observed in these NPLs.12,23 From Coulomb’s law one can understand that 

coulomb attraction (exciton binding energy) between electron-hole pair depends 

inversely on the square of the distance between them and is also inversely related to the 

dielectric constant. The high exciton binding energy indicates that either the distance or 

dielectric constant should decrease. Compared with the nanocubes (~11 nm edge 

length, Chapter 3 and 4), the size of the NPLs is certainly reduced below 3.5 nm in the 

confinement direction. Further, as shown in Figure 5.6.C and 5.6.D, the dielectric 
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function has also been reduced compared to that in cubes, whose dielectric function 

varies between 9 to 5 with THz frequency.12 Hence, the increased exciton binding 

energy can be a result of both effects. The change in dielectric function can be due to the 

dielectric environment present in the NPLs.3,35,42 In the case of the 3-ML NPLs, one 

would expect a lower dielectric constant compared to that in 5-ML because the top and 

bottom facets of the 3-ML NPLs are covered mostly by organic capping ligands with a 

dielectric constant of ~ 2.5. However, due to the lower stability of the 3-ML NPLs, 

coalescence of monolayers takes place readily increasing the effective thickness. Hence, 

the dielectric environment in 3-ML NPLs is mainly affected by the inorganic layer 

(Octahedron layer) having a dielectric constant of >6. This leads to a higher effective 

dielectric function in 3-ML NPLs as observed here. Whereas in the case of 5-ML, no such 

coalescence of NPLs is observed. Hence, the dielectric environment is determined 

mainly by the capping ligands resulting in a  low dielectric function in 5-ML NPLs.     

5.3.3 Recombination dynamics: Optical pump-THz probe spectroscopy: 

Charge transport properties, such as carrier mobility and diffusion length are governed 

by charge carrier recombination dynamics, which in turn determines the efficiency of 

optoelectronic and photovoltaic applications. Therefore, studying them in detail is of 

atmost importance. Given the bandgap of the NPLs is at 425 nm, and considering that 

the film contains stacked platelets along with 3-ML confined platelets, initial excitation 

of the film with 400 nm optical pump pulse primarily excites 3-ML platelets.4 However, 

we cannot completely ignore the contribution from stacked/bulk-like NPLs with 

absorption and emission at 510 and 520 nm, respectively. Figure 5.7.A shows the THz 

transients at 400 nm pump as a function of pump-probe delay. The photoinduced 

change in THz transmission in TRTS is proportional to the THz conductivity, which is 

the product of carrier density and mobility. The initial fast decay indicates fast 

recombination of charge carriers. These charge carriers can be either excitons or free 

carriers. In confined systems, it is expected that excitons are the dominant species. 

Herein, we assume that the dominant carriers are excitons. The maximum carrier 

population (>85 %) decays within 130 ps and the decay profiles become flat thereafter. 

This is reflected in the lifetime parameters which are obtained by fitting the normalized 

THz transients to a multi-exponential function convoluted with a Gaussian function43 of 

the form: 



Chapter 5: Ultrafast Carrier Dynamics in Quasi-Two-Dimensional CsPbBr3 Nanoplatelets 

122 
 

y = G(t-t0) ⊗ ∑ ai exp [-
t-t0

τi
]                 (5.1)

i

 

where G(t-t0) is a Gaussian function centered at t0 with FWHM of ~300 fs which 

represents the instrument response time of our OPTP experiment, and ai is the 

coefficient of the ith exponential decay channel with a time constant τi. As the temporal 

window in our OPTP experiment is up to 1.6 ns, the long decay times cannot be 

determined accurately from our measurement. Hence, we use the long decay time 

constants obtained from the time-resolved PL experiments as the time constant for the 

slowest recombination process. Since long decay tails at all fluences are parallel, we fix 

this to the constant value, obtained from TRPL, and derive other time constants at all 

fluences. We note that variation in long time decay constant can slightly affect the other 

time constants. The THz transients fitted to the multi-exponential function are shown in 

Figure 5.7.B and the corresponding fit parameters are given in Table 3. Two faster 

processes with time constants of 16 ps and ~ 160 ps contribute mostly (greater than 85 

percent) to the overall carrier recombination dynamics. Although the dynamics are not 

strongly dependent on pump fluence, the fastest component contribution increases 

along with a concomitant decrease in the slow component contribution with increasing 

fluence. At low pump fluences (low carrier density) carriers fill up the trap-states first. 

These all-inorganic perovskites are known to be defect tolerant – emission properties 

are not affected by trap states. However, in the blue region, they can form midgap states 

that can trap charge carriers. Therefore, we observe low photoluminescence quantum 

yield. Even strained lattice in these low dimensional materials also contribute to 

additional trap states.24 However, at higher fluences, these trap states being already 

filled with carriers cannot trap further, so the contribution to the fast decay component 

increases gradually.  
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Figure 5.7. A) THz photoconductivity transients for 3-ML NPLs obtained with 400 nm pump light 

excitation at various fluences. The Inset shows that greater than 85 percent population decay within 130 

ps. B) and their corresponding normalized transients fitted to tri-exponential function. The symbols are 

the experimental data points and the solid lines are the fit. 

 

Table 5.3. Fitting parameters obtained when normalized THz transients were fitted to 

Gaussian convoluted multi-exponential function for 400 nm pump pulses.  

Wavelength 

(nm) 

Fluence 

(µJ/cm2) 
a1 

τ1 

(ps) 
a2 

τ2 

(ps) 
a3 

τ3 

(ps) 

 

 

 

 

 

 

    400 

44 
0.61 

(0.002) 

20.5 

(0.1) 

0.28 

(0.001) 

192.2 

(1.2) 

0.15 

(0.00) 

15000 

 

51 
0.65 

(0.002) 

16.0 

(0.1) 

0.28 

(0.001) 

157.5 

(0.8) 

0.13 

(0.00) 

15000 

 

85 
0.67 

(0.002) 

16.6 

(0.1) 

0.26 

(0.001) 

164.1 

(0.7) 

0.11 

(0.00) 

  15000 

 

104 
0.75 

(0.001) 

16.1 

(0.1) 

0.20 

(0.00) 

199.6 

(0.9) 

0.08 

(0.00) 

  15000 

 

134 
0.79 

(0.001) 

16.5 

(0.0) 

0.17 

(0.001) 

241.5 

(1.1) 

0.08 

(0.00) 

15000 

 

 

The steady-state PL of 3-ML NPLs film, as shown in Figure 5.4.B, contains emission 

peaks at 434 and 520 nm corresponding to 3-ML NPLs and stacking/bulk-like analog of 

NPLs, respectively. Photoexcitation with 480 and 510 nm primarily excites the stacked 
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NPLs, which are higher in order (>3 ML) but not completely bulk-like.  The PL emission 

peak after TRTS is at 503 nm and kinetics are very fast at this emission wavelength, 

compared to 520 nm emission peak, see Figure 5.5.C and 5.4.C.  However, excitation of 

confined 3-ML platelets can be completely ignored as the band gap of 3-ML NPLs is at 

425 nm. Hence, the observed kinetics are mainly from higher order NPLs along with the 

contribution from the bulk-like components. THz transients obtained for 480 and 510 

nm pump pulses are given in Figure 5.8. The normalized THz transients fit well to tri-

exponential function. The fitting parameters are given in Table 4. 

 

 

Figure 5.8. THz photoconductivity transients obtained for A) 480 nm pump and for B) 510 nm pump 

pulses at various excitation fluences. These normalized transients fit well to tri-exponential function. 

 

Table 5.4. Fitting parameters obtained from the fits of the normalized THz transients to 

Gaussian convoluted multi-exponential function at 480 and 510 nm pump pulses, 

respectively. 

Wavelength 

(nm) 

Fluence 

(µJ/cm2) 
a1 

τ1 

(ps) 
a2 

τ2 

(ps) 
a3 

τ3 

(ps) 

 14 
0.47 

(0.001) 

30.0 

(0.0) 

0.38 

(0.00) 

363 

(1.2) 

0.18 

(0.00) 

14000 

 

 24 
0.49 

(0.002) 

27.2 

(0.3) 

0.38 

(0.001) 

324 

(1.8) 

0.15 

(0.00) 

14000 

 

 35 
0.56 

(0.001) 

31.0 

(0.2) 

0.26 

(0.00) 

338 

(2.0) 

0.13 

(0.00) 

14000 
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480 47 
0.49 

(0.002) 

32.0 

(0.0) 

0.37 

(0.001) 

290 

(1.3) 

0.18 

(0.00) 

14000 

 

 59 
0.51 

(0.001) 

35.8 

(0.2) 

0.29 

(0.001) 

296 

(1.7) 

0.17 

(0.00) 

14000 

 

 72 
0.51 

(0.001) 

26.9 

(0.2) 

0.35 

(0.001) 

234 

(0.9) 

0.16 

(0.00) 

14000 

 

 95 
0.57 

(0.001) 

37.4 

(0.2) 

0.27 

(0.00) 

342 

(1.8) 

0.15 

(0.00) 

14000 

 

 
8 

0.36 

(0.002) 

40.0 

(0.0) 

0.44 

(0.00) 

280 

(0.0) 

0.22 

(0.00) 

14000 

 

 19 
0.32 

(0.002) 

37.0 

(0.0) 

0.42 

(0.00) 

240 

(0.0) 

0.21 

(0.00) 

14000 

 

 32 
0.32 

(0.002) 

36.6 

(0.5) 

0.45 

(0.002) 

225 

(1.0) 

0.22 

(0.00) 

14000 

 

510 52 
0.35 

(0.002) 

32.8 

(0.4) 

0.42 

(0.002) 

199 

(1.0) 

0.21 

(0.00) 

14000 

 

 63 
0.38 

(0.003) 

32.5 

(0.4) 

0.42 

(0.003) 

205 

(1.2) 

0.22 

(0.00) 

14000 

 

 75 
0.33 

(0.002) 

30.0 

(0.0) 

0.50 

(0.00) 

204 

(0.0) 

0.22 

(0.00) 

14000 

 

 103 
0.47 

(0.002) 

26.2 

(0.2) 

0.38 

(0.001) 

205 

(0.8) 

0.19 

(0.00) 
14000 

 

It is evident from the time constants that the fastest component (τ1) timescale (~32 ps) 

doubled than the fastest component observed in the case of 400 nm pump, where it was 

16 ps. It indicates when the platelets are stacked together, the probability of the 

electron and hole recombination reduces slightly since the wave functions are 

delocalized across the platelets. The second time constant (τ2) also increases to 200 – 

300 ps which also justifies the stacking nature of the NPLs. These results clearly indicate 

that the dynamics are very fast in the case of very strongly confined systems and as the 

confinement reduces the carrier lifetime increases. Further, most of the carrier 

population (>85 %) decays within a few hundred picoseconds (< 350 ps). TRTS can 
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clearly distinguish the dynamics, occurring on ps timescale, in systems with a varied 

degree of confinement. On the other hand, TRPL data reported earlier cannot 

discriminate the dynamics which occur within few hundred ps since its time resolution 

is greater than 100 ps. This might have prompted the earlier researchers to conclude 

that the dynamics are independent of the degree of confinement present in the NPLs. 

This may be further clarified by femtosecond up-conversion study. 

Further evidence of the dynamics being dependent on confinement can also be derived 

by probing 5-ML NPLs, which are also under confinement regime. These 5-ML NPLs are 

more stable compared to 3-ML and are free of the bulk-like component, see Figure 5.5.D. 

The THz transients obtained at 400 nm pump excitation for 5-ML are given in Figure 5. 

9. A. Similar to 3-ML NPLs, the dynamics are very fast in 5-ML NPLs and greater than 85 

% population decreases within a few hundred picoseconds. The fastest component (τ1) 

is less than 10 ps, see the fitting parameters given in Table 5. However, dynamics are 

faster in case of 5-ML as compared to 3-ML. This is counter-intuitive. The carrier 

recombination dynamics is expected to be faster under stronger confinement. TRPL 

probes charge carriers from a particular electronic state by setting the emission 

wavelength. The film contains a distribution of different sizes of NPLs which exhibit 

different emission wavelengths. Dynamics from only specific sized NPLs can be probed 

by fixing the emission wavelength to that particular NPL’s emission wavelength. 

However, in the case of TRTS, optical excitation with particular wavelength can excite 

distribution of NPLs (NPLs with various numbers of monolayers) and THz probe 

interacts with all charge carriers irrespective of the size of NPLs from which they are 

generated. Hence, THz probes the dynamics of the distribution of NPLs in the film. In the 

case of the 3-ML film, the observed dynamics have a contribution from both confined 

NPLs, stacked/bulk-like NPLs, which are higher in order (> 3 ML), and from the bulk 

form (PL peak at 520 nm). On the other hand, the 5-ML film does not contain any bulk 

component (absence of 520 nm emission peak in PL, see Figure 5.5.D). Hence, the 

observed dynamics are purely from confined NPLs and the dynamics are faster in case 

of 5-ML compared to that in 3-ML NPLs. The same can be justified by exciting 3-ML film 

with below bandgap pump light, where only the higher order stacked NPLs get excited. 

The dynamics observed is slow compared to that in strongly confined 3-ML and 5-ML 

NPLs, as shown in Figure 5.9.B.  
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The primary photo-excited species are excitons, as observed in the conductivity 

spectrum in Figure 5.9.C. The characteristic signature of excitons is a zero real 

conductivity and a negative but finite imaginary conductivity.27,44 It is interesting to 

note that a similar THz transmission peak maxima (photoconductivity) were obtained 

at lower fluences with 480 and 510 nm pump compared with 400 nm pump, where 

higher pump fluences are required to get similar peak maxima. The discrepancy to get a 

similar change in THz transmission peak maxima at different pump wavelengths and at 

different fluences can be understood from the relation of polarizability of exciton with 

the size of the quantum dots (nanocrystals). In quantum dots, the polarizability 

increases sharply with quantum dot radius as ~R4.44-46 It is known that in confined QD 

systems the energy gap between intra electron/hole states is few tens to 100 meV hence 

direct transitions with a THz (~4 meV) photon is not possible.47 Hence, the observed 

THz response is due to the change in exciton polarizability on interaction with a THz 

photon. The polarizability of excitons is determined from the off-resonant transitions 

probabilities of electrons and holes comprising the exciton. In the case of CsPbBr3 NPLs, 

the effective masses of electron and hole are similar;5 both contribute equally to the 

exciton polarizability. Exciton response/polarizability primarily depends on two 

factors: the dielectric function and effective masses of the carriers. If the dielectric 

constant is high, there will be more screening of the electric field leading to less exciton 

response. If the effective mass of the carrier is high, the intraband transition energies 

are less; hence the exciton response is more. This is evident in the case of CdSe, InAs, 

and PbSe quantum dots. Since CdSe (ε ≈ 9.5) and InAs (ε ≈ 12.4) possess low dielectric 

constant values compared to PbSe (ε ≈ 215), former quantum dots are more polarizable 

(excitons are more sensitive to THz) than the latter one.45,46 Further, as the effective 

masses of holes are higher compared to electrons in CdSe and InAs quantum dots, holes 

contribute more to the exciton polarizabilities. Here, 400 nm pump primarily excites 

strongly quantum confined NPLs. The intra-band energy level spacing in pure quantum 

confined systems is more. So, the exciton response to off-resonant THz pulse is weak 

and hence higher pump fluences i.e. higher number of excitons are required to get 

similar peak maxima. However, 480 and 510 nm pumps excite stacked/bulk-like NPLs 

whose intra-band spacing is less. Hence, exciton response to THz is more, and a lower 

number of excitons (or low pump fluences) is enough to yield a similar THz peak. These 

results follow the formulations given for ground state (DC) polarizability as45 
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α =
|(e. r)|

∆E

2

                                              (5.2) 

where (e. r)  is the transition dipole moment for electronic transitions with energy level 

spacing ∆E, which is related to quantum dot radius (R) as ∆E ≈
h2

mR2
; where h is the 

Planck’s constant and m is the carrier mass. 

Strong response to THz at lower fluences, slower recombination and high mobilities 

(see below) in stacked/bulk-like NPLs indicates that the excitons are formed across the 

NPLs, in line with the previous reports.21 It is expected that polarizabilities in NPLs are 

high compared to above-mentioned quantum dots since the dielectric function is low (ε 

< 7) and effective masses are high (me = mh = 0.22 and 0.21 for 3 and 5-MLs, 

respectively).5 

Figure 5.9.D. display the complex conductivity spectrum of 3-ML NPLs excited with 400 

nm pump wavelength with a fluence of 85 µJ/cm2 at various pump-probe delays. The 

initial imaginary conductivity is maximum, due to more number of excitons, and 

decreases with pump-probe delay implying recombination of excitons. The initial 

amplitude of the phonon feature at ~2.2 THz in the real part of conductivity 

immediately after photoexcitation is maximum and diminishes within 30 ps. This most 

probably indicates hot excitons thermalize to band edge through the exciton-phonon 

coupling. Similar to what has been observed in NCs (in our previous study), the phonon 

feature is slightly redshifted on photoexcitation compared to the phonon resonance (2.4 

THz) observed in non-photo excited samples. This may also be due to relatively strong 

exciton-phonon coupling with the softer modes observed along longitudinal and 

transverse directions in NPLs. Further understanding is required in this direction. 
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Figure 5.9. A) THz photoconductivity transients obtained for 400 nm pump light at various excitation 

fluences for 5-ML NPLs. B) Comparison of dynamics at similar peak maxima obtained from 3-ML and 5-

ML. C) Photoconductivity spectra of 3-ML NPLs excited with 400, 480 and 510 nm pump wavelengths 

with fluences of 85, 47 and 75 µJ/cm2, respectively, after 3 ps pump-probe delay. D) Photoconductivity 

spectra of 3-ML NPLs excited with 400 nm pump with a fluence of 85 µJ/cm2 at different pump-probe 

delays. The real part of conductivity is zero and the imaginary part is negative and finite; excitons being 

the primary photo-excited species. The short dashed black line indicates zero conductivity. 

 

Table 5.5. Fitting parameters obtained when normalized THz transients fit with 

Gaussian convoluted multi-exponential function at 400 nm pump pulses for 5-ML NPLs. 

Wavelength 

(nm) 

Fluence 

(µJ/cm2) 
a1 

τ1 

(ps) 
a2 

τ2 

(ps) 
a3 

τ3 

(ps) 

 49 
0.65 

(0.004) 

9.6 

(0.1) 

0.24 

(0.001) 

221.3 

(1.7) 

0.13 

(0.00) 

17000 

 

 68 
0.72 

(0.003) 

9.5 

(0.0) 

0.25 

(0.001) 

220.0 

(0.0) 

0.07 

(0.00) 

17000 
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400 90 
0.87 

(0.003) 

8.0 

(0.0) 

0.15 

(0.001) 

210.0 

(0.0) 

0.09 

(0.00) 

17000 

 

 104 
0.80 

(0.003) 

7.3 

(0.0) 

0.16 

(0.001) 

157.9 

(1.3) 

0.09 

(0.00) 

17000 

 

 134 
0.73 

(0.003) 

9.8 

(0.1) 

0.22 

(0.001) 

183.6 

(1.2) 

0.03 

(0.00) 

17000 

 

 

5.3.4 Peak mobility and diffusion lengths from time-resolved dynamics: 

One of the most important parameters which decide the efficiency of the optoelectronic 

device and photovoltaic cell is the carrier mobility. The mobility can be calculated, from 

the peak photoconductivity (Δσ) and number of carriers (N) generated, as follows 

φµ = Δσ
Nq⁄                                                     (5.3) 

where q is the elementary charge and Δσ is related to change in transmission of THz 

electric field as48 

∆σ(tp) =  
ε0c

d
(na + nb)

-∆E(tp)

E0(tp)
               (5.4) 

where ε0 is the permittivity of free space, c is the speed of light, d is the thickness of the 

sample and na and nb are refractive indices of the media on either side of the sample. 

Here the sample was spin-cast on HDPE, hence na=1 (air refractive index) and nb =1.48 

(refractive index of HDPE, measured from our TDS). Finding the exact number of 

absorbed photons converting into electron-hole pairs is difficult. One would assume 

every absorbed photon results in one electron-hole pair and one would get number of 

carriers generated as N = φ2NPh. Unlike cubic NCs, where we had assumed that the 

photon to free conversion ratio was equal to one (φ = 1), NPLs are under strong 

confinement and excitonic contribution may be significant. Hence, the obtained 

mobilities are effective mobilities (φµ). The number of absorbed photons can be 

calculated as NPh = (Fl(1-10-ODλ))/δ. hν where Fl is the fluence, 1-10-ODλ  is the fraction 

of the pump light absorbed by the sample at a particular wavelength λ, δ is the 

penetration depth and hν is the energy of a single photon of wavelength λ. Depending on 
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the carrier density, varying from 1.4 x 1017 to 6.9 x 1017 for 400 nm and 5.0 x 1015 to 8.6 

x 1016 for 480 and 510 nm, and initial conductivity, varying from 5.5 to 18.6 S/m for 400 

nm and 4 to 12 S/m for 480 and 510 nm, the estimated effective mobilities are plotted 

in Figure 5.10. Here, the mobilities in case of-3 ML are twice than that of 5-ML, as shown 

in Figure 5.10.A, which is opposite to the trend expected in the quantum confined 

system. Similar arguments made above can be applicable here. Since TRTS is able to 

probe only excited state species generated, irrespective of the size of the NPLs from 

which they are generated, the higher order stacked NPLs also contribute to mobilities, 

hence the increased mobilities in 3-ML NPLs, whereas, 5-ML is free from higher order 

stacked NPLs, strong confinement reduces the mobilities. It is to be noted that the 

mobilities are one order high when 3-ML NPLs are excited with below band gap photon 

energies at very low carrier densities, as shown in Figure 5.10.C. Another crucial 

parameter, diffusion length, can be obtained from the given initial mobility and a 

weighted average lifetime as LD = √(〈τ〉µkBT q⁄ ) ; where 〈τ〉 is the average life time and 

given as 〈τ〉 =  ∑ fiτi, where fi is the ith decay channel population fraction, µ is the peak 

mobility obtained from the time-resolved experiments, kB is the Boltzmann constant, T 

is temperature and q is the elementary charge.12,49,50 It is important to have diffusion 

length greater than the film thickness and absorption depth of the incident photon to 

effectively collect the charge carriers at electrodes for better performance of the 

photovoltaic cell. The diffusion lengths, shown in Figure 5.10.B and 5.10.D, are in the 

range of typical optical absorption depths (few hundred nm in the visible range), which 

indicates that these NPLs can be used as prospective photovoltaic materials. 
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Figure 5.10: Effective mobility and diffusion length of 3-ML and 5-ML NPLs. A) and B) present a 

comparison of effective mobility and diffusion length of 3 and 5-ML NPLs excited at 400 nm pump pulse, 

respectively. C) and D) compare the effective mobility and diffusion length obtained when 3-ML film 

excited below band gap. 

 

5.4 Conclusions: 

In conclusions, we have employed time-domain and time-resolved THz spectroscopy 

along with time-resolved photoluminescence spectroscopy, to elucidate the effect of 

quantum confinement on phonon modes and carrier dynamics in CsPbBr3 NPLs. The 

THz absorption spectrum has two peaks. One is independent of confinement and the 

second one is strongly dependent on confinement. We attribute the former to 

longitudinal (in-plane) optical phonons and latter to the transverse optical phonons 

(out-of-plane). The red-shift of the out-of-plane phonons with increasing confinement is 

due to lattice expansion. Dominant excited species being excitons on photoexcitation, 

the most of carrier population (>85 %) recombination occur within a few hundred 

picoseconds as evident from TRTS. Hence, we infer that TRPL could not resolve the 
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dynamics and prompted previous researchers to conclude that the dynamics are 

independent of the degree of the confinement. Further, strong confinement in NPLs 

curtails mobilities (1.0-3.0 cm2V-1s-1) and diffusion lengths (0.2-0.36 µm). However, 

when the NPLs are stacked, the mobilities (> 40 cm2V-1s-1) and diffusion lengths (1 µm) 

increase drastically. Therefore, we anticipate that these quasi 2D nanoplatelets can 

serve as promising candidates for prospective light-emitting applications when they are 

confined and photovoltaic applications when they are stacked. 
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Ultra-broadband Time-domain and Time-resolved THz spectroscopic techniques were 

employed to probe the origin of phonon modes and the nature of the carrier dynamics 

with sub-picosecond temporal resolution in CsPbBr3 perovskite cubic nanocrystals and 

nanoplatelets. We were able to determine the different transport properties, such as 

carrier mobilities and diffusion lengths in these systems.  The broadband THz probe 

was generated by using air as an active medium and detected by air biased coherent 

detection (ABCD) method.  

Using time-domain THz spectroscopy, we observed that the phonon absorption band 

has a peak at ~3.4 THz and assigned its origin from first principles DFT calculations. 

The major contribution comes from an anti-symmetric apical Pb-Br stretching mode 

and one in-plane Br-Pb-Br bending mode.  Our Time-resolved THz spectroscopy study 

of the photoexcited carrier dynamics reveals that three-channel recombination 

mechanisms are present. Auger recombination, bimolecular electron-hole 

recombination, and monomolecular trap-assisted recombination with respective time 

constants of ~25 ps, 150-300 ps, and >15 ns, contribute to the overall carrier 

recombination. Inefficient trap-assisted recombination results in high charge carrier 

mobilities (~ 4500 cm2V-1s-1) and larger diffusion lengths (> 9.2 µm). From early 

dynamics, we found the time constant for the dissociation of exciton to free carrier to be 

5-6 ps. A strong exciton-phonon coupling with softer modes redshifts the phonon 

resonance in the photoexcited NCs. These studies clearly indicate that CsPbBr3 NCs are 

a promising material for optoelectronic and photovoltaic applications.  

We extended our study to probe dynamics in CsPbBr3 NC film because many 

optoelectronic and photovoltaic devices use film as an active layer. In the film, carriers 

encounter grain boundaries, and thereby alter the dynamics and transport properties. 

Here, we studied kinetics under one-photon absorption (OPA) and two-photon 

absorption (TPA) pumping. Carrier recombination kinetics in TPA is slightly slower 

compared to that in OPA. We attribute this difference in carrier dynamics to the 

presence of different initial excited states. Further, we observe the presence of large to 

intermediate polaron formation. This explains the reduction in mobility and diffusion 

length across the film by more than an order compared to those within individual NCs.  

The observed transport properties are similar to those reported for other hybrid 

organic-inorganic lead halide perovskites (single crystal and polycrystalline film) used 
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as active material in high-efficiency devices. This observation is certainly encouraging 

and indicates that these CsPbBr3 nanocrystal films also can be a potential candidate in 

prospective photovoltaic and optoelectronic devices.  

The size of our nanocubes was ~11 nm, which are in a weak confinement regime. 

Further, we extended our study to probe carrier dynamics in CsPbBr3 nanoplatelets 

(NPLs), which are in strong quantum confinement regime due to their thickness being 

much smaller than the exciton Bohr radius. The primary photoexcited species being 

excitons, the carrier recombination is faster in NPLs compared to that in colloidal 

dispersion and film. The THz-TDS absorption spectrum has two prominent features and 

we attribute them to in-plane and out-of-plane lattice vibrations. The one at ~4.2 THz is 

independent of the thickness of the NPLs and is attributed to the in-plane vibrations. On 

the other hand, the peak at ~ 2.5 THz varies with the thickness of the NPLs, and we 

attribute this feature to the out-of-plane vibrations. The observed redshift of the 

phonon resonance with increasing confinement is due to the lattice expansion. Strong 

confinement present in these NPLs also curtails the carrier mobilities and diffusion 

lengths. However, these NPLs are prone to stacking (self-assembling) in a film. The 

stacked forms behave like bulk or larger (than exciton Bohr diameter) NCs and exhibit 

high mobilities and diffusion lengths. These studies clearly indicate that strongly 

confined NPLs can be used in light emitting applications in the blue region of the 

spectrum. However, by varying the distance between NPLs, one can tune the transport 

properties and hence may be suitable for optoelectronic applications. 

Overall, the nanocubes whose size is in ~11 nm experience weak to no confinement, 

and hence exhibit bulk-like carrier dynamics. Strong confinement present in NPLs 

makes carriers undergo fast recombination. The transport properties in nanocubes film 

reduce more than an order. In the case of single nanocube, the polaron, whose size is 5-

6 nm, is delocalized over a major portion of the NC leading to higher effective transport 

properties. On the contrary, in the film, the large and heavy polaron has to travel across 

the film overcoming the barrier arising from the grain boundaries, inter-NC contact and 

length of the capping ligand. The overall summary is given in table 6.1. 

Although we have shown that trap-states play a minor role in impeding the transport 

properties, one needs to carry out the work further to understand the reduction in 
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mobilities and diffusion lengths in the CsPbBr3 NC film. One way to improve the 

efficiency is to replace the insulating organic capping ligands with shorter chain capping 

ligands. Further studies are required to look at the dynamics at low temperature, where 

lattice vibrations are frozen and the electron-phonon scattering is reduced. It will be 

interesting to look at the dynamics in doped NCs, where doping may alter the soft ionic 

nature of the lattice. The reduced intraband energy gap also indicates that these NCs can 

be potential candidates for intraband photodetectors in the far infrared region.  

Table 6.1. Comparison of carrier dynamics, effect of confinement, nature of the charge 

carriers, mobilities and diffusion lengths for the three systems (CsPbBr3 colloidal NCs, 

film and nanoplatelets) studied in this thesis.  

System Dynamics 
Effect of 

confinement 

Nature of 

the 

primary 

charge 

carriers 

Mobility 

(cm2V-1s-1) 

Diffusion 

length 

(µm) 

Colloidal 

CsPbBr3 NCs 
Slow Weak 

Mostly free 

carriers 
~4500 9.2 

CsPbBr3 Film 

Relatively fast 

compared to 

colloidal NCs 

No 

Free 

carriers in 

the form of 

polarons 

~ 55-180 1 

CsPbBr3 

Nanoplatelets 
Very fast Strong Excitons 1-3 0.2-0.36 
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